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Abstract: Polyolefin waste is the largest polymer waste
stream that could potentially serve as an advantageous
hydrocarbon feedstock. Upcycling polyolefins poses sig-
nificant challenges due to their inherent kinetic and
thermodynamic stability. Traditional methods, such as
thermal and catalytic cracking, are straightforward but
require temperatures exceeding 400 °C for complete
conversion because of thermodynamic constraints. We
summarize and critically compare recent advances in
upgrading spent polyolefins and model reactants via
kinetic (and thermodynamic) coupling of the endother-
mic C—C bond cleavage of polyolefins with exother-
mic reactions including hydrogenation, hydrogenolysis,
metathesis, cyclization, oxidation, and alkylation. These
approaches enable complete conversion to desired prod-
ucts at low temperatures (<300 °C). The goal is to
identify challenges and possible pathways for catalytic

Review

conversions that minimize energy and carbon footprints.

N

1. Introduction

Polyolefins comprised of polyethylene (PE) and polypropy-
lene (PP) emerge as the primary category of synthetic
plastics, with current demand estimated at over 200 million
tons worldwide, constituting nearly two-thirds of all plastics
consumption.['?] The global polyolefin market is anticipated
to sustain its growth in the forthcoming years. In 2023 alone,
the new capacity of PE and PP was 17.5 million tons.”’!
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Due to their low cost, light weight, versatility, and durability,
polyolefins have become ubiquitous in our daily lives.[*] Their
extensive utility includes single-use items such as plastic bags,
packaging materials, and disposable masks, as well as diverse
manufacturing sectors encompassing automotive, construc-
tion, pharmaceuticals, medical, electronics, and electricals.”]
However, their excessive consumption presents a persistent
risk of severe environmental pollution due to their high
resistance to degradation, resulting in their accumulation in
landfills and uncontrolled release into the environment.[®7]

As the largest polymer waste stream, discarded poly-
olefins can be effectively separated from other plastics. Their
substantial presence represents a notable yet untapped hydro-
carbon resource.?! In 2019, the United States generated an
estimated 30 million metric tons of polyolefin waste annually,
equivalent to 1.2 million barrels per day (bbl/d) of refining
capacity. This amount matches the output of two of the largest
U.S. refineries and accounts for approximately 7% of the
nation’s total refining capacity.['”) Considering the potential
for co-processing, upcycling polyolefins as a clean hydrocar-
bon feedstock offers substantial benefits,[''?] obviating the
necessity for saturation and heteroatom removal.l'>'*] The
deconstruction of polyolefin waste allows for the production
of a diverse range of products, including chemicals, interme-
diates, fuels, and lubricants suitable for existing end markets.
These can either be employed directly as end-use products
or as feedstocks for well-targeted processes. Consequently,
polyolefin upcycling emerges as a rapidly evolving research
domain, garnering significant attention in the global pursuit
of carbon neutrality and a circular economy.

While polyolefins offer potential, their kinetic and thermo-
dynamic stability, caused by the highly stable C(sp®)—C(sp?)
and C(sp’)—H bonds, presents a significant barrier to
the conversion at modest conditions.'] These bonds are
significantly more stable than the carbon-heteroatom bonds in
functionalized polymers such as polyethylene terephthalate,
polyesters, and polyamides.'®! Traditional methods, such
as thermal and catalytic cracking, are straightforward but
necessitate temperatures exceeding 400 °C to overcome
equilibrium limitations in the endothermic C—C and
C—H bond cleavage.'”!81 Alternatively, recent catalytic
techniques have emerged in lowering reaction temperatures
via kinetic coupling of the endothermic C—C cleavage
within polyolefins with exothermic hydrogen addition and
C—C bond formation (Figure 1). The selected reactions
utilize a variety of co-reactants, including Hy, light paraffins,
olefins, and O,. They serve to balance the energy required
for breaking a C—C bond with the formation of a new
one, either through metathesis or oxidation or via the
addition of hydrogen, which can take the form of H,
(hydrogenolysis and hydrocracking) or R—H (alkylation).
Examples employing reactions such as hydrogenolysis,'%2¢]
hydrocracking,”?!  cyclization,’**21  metathesis, 7]
oxidation,[’*1 and alkylation!*! have achieved conversions
that surpass the equilibrium limits of standalone cracking
processes. In principle, these mild catalytic transformations
with polyolefins share similarities with those employed
in the conversion of smaller hydrocarbon molecules in
traditional refining operations.[**] Fundamental insights
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from previously established strategies with gaseous and
liquid alkanes can serve as a foundation for comprehending
polyolefin conversion.

While several reviews have either summarized progress in
these catalytic systems or discussed the potential of polyolefin
as an untapped resource for producing new functional
polymeric materials and valuable feedstock,!'*1047-%01 few
of them have focused on the chemically more challenging
polyolefins.[®-%*] The rapidly expanding field of polyolefin
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upcycling is expanding rapidly but still lacks a compre-
hensive understanding of how to selectively and efficiently
upgrade polyolefins. This review presents an overview of
the latest advances in mild catalytic transformations of
polyolefins, %] emphasizing the principle of low-temperature
catalytic upcycling. In particular, it highlights the kinetic and
thermodynamic interplay between endothermic C—C bond
cleavages and the exothermic formation of new C—H and
C—C bonds. The aim is to identify existing challenges and
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Metathesis

Figure 1. A summary of recent advances in low-temperature upcycling
strategies for waste polyolefins emphasizes the kinetic coupling of
endothermic C—C bond cleavage in polyolefins with various exothermic
reactions. These include hydrogenation, hydrogenolysis, metathesis,
cyclization, oxidation, and alkylation, which process the alkene
intermediates formed in the primary cleavage.

potential routes for catalytic conversions that reduce energy
consumption and carbon footprint.

2. Thermodynamics and Kinetics of Catalytic
Upcycling of Polyolefins

In polymer science, thermodynamic control of polymerization
and depolymerization can theoretically enable a reversible
transition between polymers and monomers, with the ceiling
temperature (7¢) marking the de/polymerization equilibrium
point. Above T, depolymerization is favored thermodynam-
ically over polymerization. Given the stable saturated C—C
and C—H bonds in polyolefins, their 7 surpasses 400 °C.
As a result, techniques such as direct pyrolysis and cracking
into light olefins require temperatures considerably higher
than T¢."2%] However, these methods lack control in product
distribution and can kinetically favor unwanted side reactions
with lower activation energies, yielding lower-value mixtures
such as gases, waxes, and char.[**]

From a thermodynamic perspective, the entropy change
(AS) in the depolymerization process is invariably positive,
leading to a decrease in the overall reaction free energy
(AG = AH — TAS). This tendency favors a broad distribution
of small molecules, especially at high temperatures. To achieve
the desired selectivity, the depolymerization process should
be operated at low temperatures under kinetic control, tai-
lored through the design of catalysts and reaction systems.[!]
For example, hydrogenolytic C—C cleavage operates at
temperatures lower than in pyrolytic processes, which allows
for better control on product distribution and demonstrates
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the potential for catalytic upcycling of polyolefin waste. The
enthalpy change (AH), dependent on the target products, is
fixed and remains unaffected by catalysts. Polyolefin depoly-
merization faces significant enthalpic stability challenges. To
overcome the thermodynamic constraints at lower reaction
temperatures, the endothermic C—C cleavage must be kinet-
ically coupled to exothermic reactions. Figure 2 highlights
recent advancements in catalytic strategies, illustrating that
the unfavorable thermodynamics of C—C cleavage at low
temperatures can be offset by exothermic reactions such
as hydrogenation, hydrogenolysis, metathesis, cyclization,
oxidation, and alkylation. The chosen reactions either balance
the energy of breaking a C—C bond with that of forming a new
one (as in metathesis and oxidation) or through the addition
of hydrogen, either in the form of H, (during hydrogenation
and hydrogenolysis) or R—H (in alkylation).

While thermodynamics establishes the viability of coupled
reactions, kinetics determines their rates and product pro-
files. Achieving high conversion rates at lower temperatures
requires kinetic control, especially in coupling strategies
within cooperative catalysis. Even though the catalytic mech-
anisms of individual reaction steps are well understood
for converting small hydrocarbons, lowering the activation
energy to achieve kinetic control remains a significant
challenge in polyolefin deconstruction. It should be noted
that C—C bond cleavage in long polyolefin chains is more
daunting than in small paraffins, primarily due to the intrinsic
difficulty of polymers in chain mobility and access to catalytic
sites. In particular, in tandem catalysis with diverse catalytic
functions, the distance between various site types can impede
the interaction of polymer strands with active catalytic sites,
thereby retarding the reaction.

Catalyst selection and reaction conditions are pivotal for
both thermodynamic and kinetic control. The breakdown
of polyolefins into specific products is mainly governed by
enthalpy changes (AH) and a specific reaction barrier (E,).
Namely, AH determines the thermodynamics of coupling
reactions, whereas E,, manipulated kinetically via cataly-
sis, addresses the kinetic limitations by enabling targeted
reactions to proceed at significant rates.

As such, we will provide a comprehensive overview
and critical assessment of recent advances in the upgrading
of polyolefins and model reactants. This encompasses the
kinetic and thermodynamic coupling between endothermic
C—C bond cleavages and exothermic processes, including
hydrogenation, hydrogenolysis, metathesis, cyclization,
oxidation, and alkylation, aiming to establish proof-of-
concept demonstrations at lower temperatures, targeting
single-stage, energy-equilibrated conversion processes that
yield diverse target products.

3. Recent Advances in Catalytic Upcycling of
Polyolefins

3.1. Coupling C—C Cleavage with Alkylation

Alkylation, a widely used conversion process in petroleum
refineries, produces highly branched gasoline-range
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Hydrogenolysis
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Figure 2. The thermodynamic analysis shows model reactions with respective Gibbs free energies using HSC Chemistry 10 software at the indicated
temperatures. The unfavorable thermodynamics of the initial C—C cleavage at low temperatures need to be offset mainly by alkylation and hydrogen
addition (hydrogenation and hydrogenolysis) and oxidation, and near-neutral isomerization and metathesis.

hydrocarbons from upgrading low molecular-weight alkenes
and isoparaffins, which are byproducts during fluid catalytic
cracking (FCC).[*! Typically, this involves the alkylation
of isobutane (iC,) with C;s alkenes in the presence of
strong acids and leads to the formation of complex mixtures
of branched alkanes, called alkylate, that are blended to
improve octane number.l®’] Despite the increasing influence
of battery-powered electric vehicles on the petrochemical
market, the global alkylation market is poised for significant
growth in the years to come.[®8] This growth is driven by
geopolitical factors and the sustained demand for high-octane
gasoline, which remains essential as long as automobiles
continue to rely on it as a primary fuel source (i.e., hybrid
vehicles).[®]

Polyolefin waste holds potential as an advantageous feed-
stock for a next-generation refinery, serving as a replacement
for the C3-C5 olefin cut to produce alkylates. Conceptually,
the endothermic cleavage of C—C bonds is kinetically coupled
with the exothermic alkylation of isoparaffins. This coupling
becomes thermodynamically favorable by the formation of
the new C—C bond between the olefins and the hydride
transfer-activated hydrogen-rich alkane containing a tertiary
carbon atom (e.g., iC4 and iCs).

Thermodynamic analyses (see Figure 3a) indicate that
olefin alkylation with isoparaffin is thermodynamically
favored under mild conditions, with a Gibbs free energy
change (AG°) of approximately —56 kJ mol~! at 60 °C and
ambient pressure. This will overcome the thermodynamic
limitations of the endothermic cleavage of C—C bonds. The
exergonic nature of isomerization, with a AG° of around
—8 kJ mol~!, aids to that Gibbs free energy change. Impor-
tantly, acid-catalyzed cracking and alkylation are posited to
share carbenium ions as intermediates,*’] enabling them to
occur simultaneously within the same reaction medium and
with the same catalyst.

Our group used this tandem cracking-alkylation strategy
for transforming discarded polyolefins into gasoline-range
isoalkanes using a single-stage process at temperatures below
100 °C in a few hours (Figure 3b).[*1 The mass yield of

Angew. Chem. Int. Ed. 2025, 202500559 (5 of 27)

alkanes observed is approximately twice the mass of LDPE
converted within 3 h. Approximately 2/3 of the products were
in the gasoline/kerosene range, somewhat less than 1/3 in
the form of isobutane (iC;). The negligible production of
C,—C; hydrocarbons minimizes carbon loss. All light isoparaf-
fins (C4—Cs) produced during the process, along with any
unreacted isopentane, can serve as alkylation partners. This
setup enables largely self-sufficient operation and facilitates
the complete conversion of recycled materials. The acidic
chloroaluminate-based ionic liquids (e.g., n-butyl pyridinium
chloride-aluminum chloride) catalyze both the decomposition
of polyolefins and the alkylation with light alkanes. Besides
its function of generating the active sites,”] the presence
of a high concentration of ions in the ionic liquid is critical
for the high conversion rate of the polyolefin at such low
temperatures; it not only stabilizes carbenium ions that are
involved in all transition states of the two cycles but also
allows for easy separation of nonpolar alkane products from
the reaction media. The proposed mechanism (Figure 3c)
suggests two interrelated catalytic cycles based on carbenium
ions, independently generated within polymer strands and
iCs, necessitating a Lewis acid-catalyzed hydride transfer.
Cracking-derived alkenes act as intermediates that link these
cycles. The process is initiated by small amounts of tert-butyl
chloride, providing the initial carbenium ions for the chain
process.’!l These carbenium ions preferentially abstract a
hydride from tertiary carbon atoms, both from the polymer
and from iCs. The carbenium ions formed in the polymer
strands tend to undergo skeletal isomerization and cracking
via B-scission. Simultaneously, alkenes formed in this process
(the cracking cycle) react with carbenium ions formed from
iCs in the alkylation cycle. Larger fragments undergo further
cracking and alkylation cycles to the branched alkylate.

We further found that Lewis acid chlorides, especially
aluminum and gallium chlorides, showed greater activity
than the corresponding ionic liquids and did not require
the addition of fert-butyl chloride as the carbenium ion
initiator.[”? Notably, at 60 °C, anhydrous AlCl; achieved full
LDPE conversion with over 70% selectivity for liquid alkanes
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Figure 3. Tandem cracking for converting PE into liquid isoalkanes. a) Thermodynamic calculation of model reactions for cracking, alkylation, and
isomerization with the respective Gibbs free energy of reaction at varying temperatures. b) Process depiction of the one-pot catalytic LDPE/iCs
upcycling into liquid alkanes over Lewis acidic chloroaluminate ionic liquid at 70 °C. The time-resolved conversion profile of LDPE and cumulative
yield of alkanes (C4, green diamond; Cs—Cyo, orange triangles; C;1—Cse, red squares). Reaction conditions were as follows: LDPE, 200 mg; iCs, 800 mg;
[C4Py]CI-AICl;5 ([C4Py]CI-AICI3 molar ratio of 1:2), 3 mmol; TBC as an additive, 0.05 mmol (5 mg); DCM 3 mL, 70 °C. The snapshots of the LDPE
conversion (top) are at 0, 60, and 180 min from left to right. Curves represent the optimal fit to the data, and all data were repeated at least five times
and are shown as mean data points with error bars. c) Proposed reaction mechanism for the tandem cracking-alkylation process of a polyolefin with
iCs. The 2-methyl-butene formed in the cracking cycle is depicted as an example. Reprinted with permission from Ref. [40]. Copyright 2023, AAAS.

in the gasoline range, significantly surpassing other Lewis
acid catalysts in efficiency by two orders of magnitude. This
reactivity is attributed to the Lewis acid’s ability to facilitate
chloride and hydride transfer and to stabilize carbenium
ions in solution, rather than to its acid strength. The Lewis
acid and dichloromethane solvent create a highly polar
environment that leads to the formation of an electron
donor-acceptor complex (i.e., AlCl; «<— CICH,Cl). It further
evolves into a chloromethyl-carbenium ion and AICl,~ pair,
initiating carbenium ion chemistry. Intermolecular hydride
transfer is then critical for propagating the carbenium ions
in the cracking and alkylation cycles along with concurrent
isomerization. Remarkably, AI** is identified as the most

Angew. Chem. Int. Ed. 2025, 202500559 (6 of 27)

effective catalyst for this elementary step, with the softer
and more polarizable nature of the halogenide enhancing the
hydride transfer rate.

Currently, industrial alkylation predominantly uses con-
centrated sulfuric acid and hydrogen fluoride as catalysts
for producing branched gasoline-range alkanes from light
isoparaffins (isobutane/isopentane) and C;—Cs olefins. The
alkylation typically needs a large excess of isoparaffins
over the olefins (Misoparatfins—lolefins = 7/10) to lower the
competing oligomerization of olefins to acid-soluble oils
(ASO) as by-products. The synchronous release of olefins
via polyolefin cracking in the presented cascade cracking-
alkylation conceptually allows for better control on product
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distribution and minimizes the formation of the “red-oil”
waste,[®”] making polyolefins a potential feed for alkylation in
existing refineries.

3.2. Catalytic Hydroconversion via Hydrogenolysis and
Hydrocracking

Catalytic hydroconversion, which includes hydrogenolysis
and hydrocracking, has arguably emerged as the most preva-
lent strategy for converting polyolefins into hydrocarbons
within specific molecular weight ranges like fuels, lubricants,
and waxes at moderate temperatures (200-350 °C).[7374]
Hydrogenolysis and hydrocracking are both exothermic cat-
alytic processes involving the addition of H, that involve
hydrogen addition to alkenes resulting from endothermic
C—C bond cleavage at relatively low temperatures, enabling
significant advances in energy efficiency. Despite their sim-
ilarities, they have distinct mechanistic pathways and end
products, as well as varied catalysts. Hydrogenolysis involves
C—C bond cleavage followed by hydrogenation on metal sur-
faces, producing smaller molecules that incorporate hydrogen
into the newly formed fragments. By contrast, hydrocracking
employs bifunctional cooperative catalysts, combining metal-
induced C—H bond activation with acid-catalyzed C—C
cleavage and subsequent skeletal rearrangements, yield-
ing more valuable products such as gasoline, diesel, and
other fuels.[””] Notably, hydrogenolysis typically operates at
lower temperatures between 200-250 °C, yielding significant
amounts of gaseous products (predominantly methane), but
produces less gasoline range alkane than hydrocracking,
which operates within the 250-375 °C range.[”’! Due to the
elevated temperatures used in hydrocracking via carbenium
ion chemistry, C—C cleavage occurs more rapidly than in
metal-catalyzed hydrogenolysis. In general, hydrocracking
predominantly produces branched (liquid) alkanes, while
hydrogenolysis tends to produce gaseous and heavier straight-
chain alkanes. Moreover, significant methane production dis-
tinctly characterizes hydrogenolysis, whereas hydrocracking
typically avoids C1 intermediates like methyl cations.

3.2.1. Hydrogenolysis

In petroleum refineries, hydrogenolysis is often consid-
ered an undesired side reaction during reforming and
isomerization.[’®”’1 However, it offers the advantage of
selectively breaking down polyolefin waste into specific short-
chain alkanes at moderate temperatures.’®! The mechanisms
of hydrogenolysis for polyolefins and small hydrocarbons are
consistent. This process involves a sequence of elementary
steps: H, dissociation, alkane adsorption, and the dehydro-
genation of the adsorbed alkane vis sequential C—H bond
cleavage on metal surfaces. This results in quasi-equilibrated
unsaturated intermediates, which differ according to the
number and positions of the removed H atoms. Both kinetic
studies and simulations reveal that the C—C bond cleavage
is the only kinetically relevant step.[”®! Flaherty and Iglesia
systematically studied the hydrogenolysis of n-alkanes (C,—
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Cyo) using Ir, Rh, Ru, and Pt catalysts.[*>%] They found that
C—C bond cleavage exhibited remarkably high activation
enthalpies (AH'), which slightly decreased from 257 to
214 kJ mol~! as the n-alkane size increased. To offset the high
AH* values, large activation entropies (AS*) are necessitated
via the generation of gaseous H,. This results in the formation
of unsaturated intermediates, which weaken C—C bonds
by substituting C—H bonds with C-metal bonds on metal
surfaces.”] As the n-alkane size increased from C, to Cy,
the entropies varied from 118 to 673 J mol~! K~!, with C—C
cleavage rates increasing by 8 orders of magnitude.[*] Impor-
tantly, hydrogenolysis rates decreased at more substituted C
atoms owing to increased AH* and AS' values regardless of
the molecule being cyclic or acyclic, following the order of
IC ~ 2C > 3C > *C.3%2] Ag a result, cleavage of terminal
'C—2C bonds is typically more favorable than that of internal
C—C bonds, which leads to undesired methane formation,
a phenomenon observed similarly in polyolefins. Thus, it is
imperative to redirect regioselectivity away from terminal
C—C bond cleavage, especially during the hydrogenolysis of
highly branched polypropylene (PP).

Pt-catalyzed hydrogenolysis of polyolefins: Noble metal-based
catalysts, such as Ru, Pt, and Rh, are prevalent and highly
active for the hydrogenolysis of polyolefins. These mono-
functional catalysts are typically dispersed on non-acidic
support materials.[®*] For example, Celik et al. reported that
Pt nanoparticles supported on SrTiO; can effectively convert
both commercial high molecular weight PE and single-use
plastic bags into lubricants and waxes within 96 h at 300 °C
and 11.7 bar H,.[?l This superior performance, compared
to commercially available Pt/Al,O;, was attributed to PE’s
stronger adsorption affinity for Pt sites on the SrTiO; support.
Further, the edge sites of Pt exhibited greater reactivity for
PE hydrogenolysis compared to Pt facets. The cube-on-cube
epitaxial alignment of Pt on the (100) facets of SrTiO; resulted
in strong interactions that effectively inhibited sintering.
Generally, the behavior of hydrogenolysis is influenced by
the detachment of the Pt nanoparticles from the support,!%]
followed by their migration and subsequent sintering.[%]
Jaydev et al. observed that Pt supported on carbon performed
better than that supported on SiO, and Al,O; for PP
hydrogenolysis.[®*] Carbon exhibited a high capacity for
hydrocarbon adsorption, while SiO, and Al,O; displayed
minimal to no adsorption. As a result, Pt/C exhibited signifi-
cantly enhanced selectivity toward the C,;—Cys hydrocarbons.
Contrary to the open environment typically seen with
active metal sites on supports, Tennakoon et al. devised an
ordered mesoporous shell/active site/core structure featuring
Pt nanoparticles situated at the base of the mesopores
(mSiO,/Pt/Si0,, Figure 4a).I’1 This allowed the selective
hydrogenolysis of HDPE at 250 °C and 13.8 bar H,, resulting
in a bell-shaped distribution of liquid alkanes, primarily
centered around Cj;,—Cis (about 40% at 10% conversion).
In contrast, nonporous Pt/SiO, and mesoporous Pt/MCM-
41 and Pt/SBA-15 catalysts produced a broader hydrocarbon
distribution, ranging from C,g to Cs¢ (Figure 4b). Additionally,
this team synthesized three sizes of Pt nanoparticles within
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Figure 4. a) Processive deconstruction of polyethylene mSiO, /Pt/SiO;
catalyst. b) Combined distributions of the gas and liquid products
(weighted by % yield of the products in the two phases) obtained from
the hydrogenolysis of HDPE using mSiO;/Pt/SiO; (top) and Pt/SiO,
(bottom) after 6 h at 250 °C and 13.8 bar H,. Reprinted with permission
from Ref. [87]. Copyright 2020, Springer Nature.

the mSiO,/Pt-x/SiO, matrix: small (1.7 nm), intermediate
(2.9 nm), and large (5.0 nm).I%¥] The rate of polyethylene
hydrogenolysis catalyzed by the smaller Pt nanoparticles was
higher than that of the larger ones, although all three catalysts
exhibited similar selectivity. This indicates that the mesoscale
pores within the catalytic structure affect product distribution,
while the active Pt sites appear to influence the C—C bond
cleavage rate. The core-shell design improved the activity and
longevity of the Pt nanoparticles, highlighting the advantages
of confined environments for distinct catalyst particles in
condensed-phase reactions.

Ru-catalyzed hydrogenolysis of polyolefins: In general, Ru exhibits
greater activity than Pt in alkane hydrogenolysis, though it
tends to catalyze substantial methane production. Ru-based
catalysts, specifically Rw/C,[?! Ru/TiO,,°°!l Ru/CeO,,?!
and Ru/SiO,,*! have been shown to have high rates
of alkane hydrogenolysis. Rorrer and coworkers recently
reported the efficacy of Ru nanoparticles supported on carbon
(5 wt% Ru/C) in the hydrogenolysis of polyethylene (average
M, ~4000 Da) and the model compound rn-octadecane,
operating within a temperature range of 200-250 °C under
15-30 bar H,.['] Reaction parameters, such as temperature,
H, pressure, and contact time, have been found pivotal in
tailoring product distribution and selectivity. Manipulation
of these reaction parameters enables both the production
of liquid products and the selective hydrogenolysis to CHy4
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(at 250 °C). Overall, at intermediate temperatures low
H, pressures favor terminal C—C cleavage, while higher
pressures lead to breaking of internal C—C bonds.

Solvents have also been shown to significantly impact
hydrogenolysis kinetics and product selectivity. Jia et al.
examined the hydrogenolysis of HDPE using Ru/C in various
solvents. HDPE deconstruction was slow in subcritical water,
attributed to its low solubility.’!] Among nonpolar solvents,
n-hexane outperformed cyclic alkanes like methylcyclohex-
ane and decalin for HDPE depolymerization, achieving
a 90 wt% HDPE conversion to 60 wt% Cg—Ci liquid
hydrocarbons within 1 h at 220 °C and 30 bar H,. Molecular
dynamics (MD) simulations indicated that PE polymers have
only weak interactions with the solvent, typically in a coil.
The structural resemblance between n-hexane and HDPE
is, therefore, speculated to uncoil significant portions of PE,
enabling sufficient mobility for the polymer strands to access
the Ru/C catalyst surface.

The type of support critically influences the Ru activity
and selectivity toward light gases and valuable liquids.!’]
Kots et al. found that most of the supported Ru primar-
ily produces light C;4 hydrocarbons in PP hydrogenol-
ysis, with methane yields reaching as high as 82%.[/]
The methane formation decreased, however, in the order
Ru/C > Ru/CeO, > Ru/SiO, > Ru/ALO; =~ Ru/TiO,.
Notably, Ru/TiO, gave the highest liquid yield, ranging
between 66% and 80% depending on the polyolefin type, and
produced a total gas yield of less than 20% at 250 °C under
30 bar H; pressure. The marked differences are attributed to
variations in H coverage.!*’] H, binds to the Ruw/TiO, metal-
support interface (Figure 5a), leading to the formation of
a hydride on partially positively charged Ru (Ru’*-H~ ion
pairs), and H" on the neighboring oxygen (forming Ti-
OH groups). This mechanism results in a partial reduction
of TiO, and a significant increase in hydrogen spillover,
thereby tripling the hydrogenolysis rates. This is concluded to
promote internal C—C bond cleavage and to reduce methane
formation.

These results contrast with those of Nakaji et al., who
reported that Ru/CeO, showed much higher activity for
LDPE hydrogenolysis than other Ru-supported catalysts,
such as Rw/TiO,, Ru/C, RuMgO, Rw/ZrO,, and Ru/Si0O,.[*’]
It yielded liquid fuel (Cs5—C,;) and wax (Cxn—Cys) at 77%
and 15%, respectively, together with the low selectivity
(9.8%) to gas products (C;-C4, mainly CH,4) under a mild
temperature of 200 °C and 20 bar H,. Chen et al. noted
that the ultra-low loading (<0.25%) of Ru/CeO, resulted in
decreased methane selectivity in polyolefin hydrogenolysis. In
this context, Ru is characterized by its cationic nature (Ru’*),
inducing hydride formation.?>*] Also, Ji et al. observed
a maximum in the activity of CeO;-supported Ru when
comparing single atoms, nanoclusters, and nanoparticles in
LDPE hydrogenolysis.[”’l Metal-support interactions (MSI)
and hydrogen spillover were identified as pivotal factors for
this reaction. Specifically, MSI correlates strongly with the
Ru surface states, where more electronegative Ru centers
favor the activation of C—H and C—C bonds. Conversely,
hydrogen spillover capability is determined by the affinity
between catalysts and active H atoms. Enhancing this affinity
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benefits the hydrogenation of hydrocarbon surface species.
While reducing Ru sizes amplifies MSI, it is speculated
to reduce hydrogen spillover.”®] Optimal hydrogenolysis
activity is achieved when these two effects are balanced, as
seen in CeO,-supported Ru nanoclusters. Lu et al. further
investigated the effect of the chemical state of Ru on the
positions of C—C bond cleavage by comparing two Ru/CeO,
catalysts, each with a distinct Ru chemical state influenced
by the metal-support interaction (Figure 5b).[*1 Consistent
with Chen/??! and Vlachos’s!*! findings, positively charged
Ru’* species favor the hydrogenolysis of internal secondary
C—C bonds and methane formation (Figure 5c). Interestingly,
this is not attributed to the binding of hydrogen but to
the fact that Ru’" species preferentially form bonds with
the electron-rich internal secondary carbons (a result of the
electron-donating effect from adjacent alkyl groups), rather
than with the terminal carbons.

Earth-abundant metal-catalyzed hydrogenolysis of polyolefins:
Earth-abundant metals have emerged as cost-effective cata-
lyst alternatives to noble metals in polyethylene hydrogenol-
ysis. While the economic advantage is evident, another
significant benefit is their stability. Noble metals, despite their
effectiveness, are highly susceptible to poisoning by impurities
and contaminants from commercial plastic additives and
waste streams. Such impurities significantly compromise the
activity and selectivity of catalytic conversions.

Zr-based catalysts. Dufaud et al. pioneered the demon-
stration that the zirconium hydride supported on silica-
alumina, [(=SiO);ZrH], as a catalyst for olefin polymeriza-
tion, effectively converted LDPE and PP into alkanes via
hydrogenolysis at temperatures ranging from 150 to 190 °C
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requiring only 1 bar H,.['! Specifically, the ZrH catalyst
achieved a 100% conversion of LDPE (M = 125 000 Da) into
saturated oligomers within 5 h or into lower alkanes over the
subsequent 10 h at 150 °C. For isotactic PP (M = 250 000 Da),
this catalyst achieved a 40% conversion into lower alkanes
(Cy7) after a reaction time of 15 h at 190 °C.

Compared to the neutrally charged Zr attached to weak
Brgnsted acidic silica-alumina, the cationic Zr alkyls on the
highly Brgnsted acidic sulfated alumina showed remarkable
catalytic activity for polyolefins hydrogenolysis.['’!l For
example, Zr(neopentyl),/sulfated alumina produces weakly
coordinating conjugate Brgnsted base counteranions, thereby
in situ generating sufficiently electrophilic Zr-H species that
can rapidly cleave polyolefin C—C bonds (Figure 6a,b). The
catalyst successfully converted 86% of polyethylene into
both liquid (43%) and volatile hydrocarbons (43% ) within 50
min, under conditions of 200 °C and 2 bar H, pressure. DFT
analysis using n-dodecane as a model revealed that the rate-
determining step in alkane/polyolefin C—C bond cleavage is
governed by intramolecular $-alkyl transfer, instead of the
o-bond metathesis process illustrated in Figure 6c. When
considering C—C bond scission via o-bond metathesis (as
shown in Figure 6¢, left), the ZrH species confronts a notably
high energy barrier of 76.3 kcal mol™' (319 kJ mol™).
Conversely, a Zr-sec-dodecyl complex is efficiently formed
through the H, elimination step, associated with a AG® of
roughly —5 kcal mol~! (=21 kJ mol~!) and an energy barrier
as minimal as 16.0 kcal mol~! (67 kJ mol™"). Following this
activation, a secondary activation within the polyolefin chain
seems more plausible. The intermediate then undergoes
an intramolecular B-alkyl transfer, yielding a Zr-alkyl and
an olefin. This transition is calculated as a AG® barrier of
26.1 kcal mol™' (109 kJ mol~"), which plays a crucial role
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in defining the chain deconstruction rate. Subsequently, the
Zr—C bond undergoes hydrogenolysis, presenting an energy
barrier of 11.0 kcal mol™! (46 kJ mol~"). This process led to
the formation of a Zr dihydride, with an associated AG® of
0.6 kcal mol~! (2.5 kJ mol~!), producing shorter alkane chains.
In summary, the hydrogenolysis process overall is exergonic,
exhibiting a AG° of —14.3 kcal mol™! (=60 kJ mol™').
While converting longer polyolefin strands into smaller
alkenes, essentially reversing single-site polymerization, is
endergonic in nature, the simultaneous olefin hydrogenation
ensures the entire alkane transformation, and by extension,
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polyethylene deconstruction, remains decidedly exergonic.
Notably, DFT simulations also showed that alkene produced
from B-alkyl transfer rapidly inserts into a Zr—H bond.
This transition is barrierless and notably exergonic with
AG° = —242kcal mol™' (=101 kJ mol~!), subsequently
leading to its hydrogenolysis. Experimentally, this agrees with
observations that alkenes are never detected throughout the
reaction.

Co-based catalysts. Zichittella et al. investigated several
bulk metal oxides for their effectiveness in catalytic n-Cy
hydrogenolysis.”?>! They found that cobalt oxide (CosOy4) was
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active but predominantly produced methane at 250 °C and
40 bar H,. This suggested that Co;O, primarily favors a
terminal C—C bond cleavage. While dispersed cobalt oxide
on a redox-inert support allows for a range of oligomeric
products. Borkar et al. found that silica-supported cobalt
(5 wt% Co/SiO,) led to 55% liquid products (C-mol basis)
and restricted gas yields of ~19% under conditions of
275 °C, 30 bar H, and 8 h. Borkar et al.,, comparing
Co304 with Co/SiO,, note that there was a marked shift in
selectivity from primarily gaseous to predominantly liquid
products under identical reaction conditions, showing 7%
versus 53% liquid-phase selectivity.['%] The polymer chain
was hypothesized to adsorb weakly on the redox-inert SiO,
support. This facilitates desorption of the severed branches,
avoiding successive terminal cleavage and resulting in liquid
products. Although Co/SiO; transitioned from Co;0O4 to CoO
during the reaction, this change in valence state had only a
minor impact on the hydrogenolysis activity.

Ni-based catalysts. Vance et al. showed that Ni/SiO, had
catalytic activity hydrogenolysis of LDPE comparable to
that of supported noble metals.['®] Specifically, a sample
tagged 15Ni/SiO; achieved high yields of diesel (Cy—Cy,) and
lubricant (Cy, ) range hydrocarbons with maximum yields of
65 wt% and low methane yields of 17% after 9 h at 300 °C,
30 bar H,. Later, his team reported a nickel aluminate cata-
lyst, wherein Ni atoms were closely associated with Al atoms,
effectively suppressing methane formation, leading to less
than 5% methane selectivity during LDPE hydrogenolysis
under consistent conditions.['"] Lowering the ex situ reduc-
tion temperature from 550 to 350 °C significantly decreased
methane selectivity, from ~33% to less than 5%, while leaving
the yields of liquid alkanes (Cs—C35) unchanged. Ni nanopar-
ticles form through the migration of cationic Ni within
the topmost nanometers (Figure 7). Initially, this cationic
nickel predominantly exists as octahedral Ni’* (denoted as
Nion?") in the subsurface, and these species are inactive for
polyethylene hydrogenolysis. As the reduction temperature
increases, the amount of tetrahedral Ni** (denoted as Nitq>")
increases, and the higher concentration results in the for-
mation of metallic Ni nanoparticles (Ni’) upon reduction
with H,. Higher reduction temperatures tend to produce
more Ni’ and alter the fractions of the Nig,?t and Nipg?t
in the subsurface. Interestingly, a strong linear correlation
exists between the Nirq>"/Nig,>" ratio and CHy selectivity,
with higher fractions of Nirg?* resulting in increased CH,
selectivity. These findings indicate that metallic Ni° appears to
be responsible for hydrogenolysis, while the Lewis acid sites
associated with surface Niry>* are located near the periphery
of Ni’, generating metal-Lewis acid pairs (MLAPs) that favor
terminal C—C scissions, leading to excessive CH, generation.
This highlights the pivotal role of catalytic support and site
pairing in determining both activity and selectivity.

3.2.2. Hydrocracking

Although the hydrogenolysis strategy is widely used for
polyolefin deconstruction, it lacks isomerization and thus
tends to form unbranched alkanes. As highlighted above,
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kinetic coupling of Brgnsted acid-catalyzed C—C bond
cleavage with hydrogenation on the metal function provides
an efficient method to offset the endothermicity of the
cleavage process,'! enhancing selectivity for nonterminal
C—C bond cleavage via 8-scission pathways and consequently
minimizing methanation. Hydrocracking catalysts typically
feature metal sites supported on solid acids, such as sulfated
metal oxides, mixed oxides, or crystalline zeolites.[!%-10]
Their functionality necessitates the cooperation between
metal and acid sites for both C—C bond cleavage and the
processes of hydrogen addition and abstraction in reactants
and products (Figure 8a).[*8! Product distribution is deter-
mined by the rates of C—C bond cleavage, isomerization,
and hydrogenation/dehydrogenation activities. These rates,
in turn, are influenced by the nature of the acid and metal
sites encompassing their acid strengths and concentrations
and the catalytic behavior of metals in hydrogenation and
dehydrogenation.[''] These factors are further modulated
by the reaction temperature, pressure, and the chemical
potentials of reactants and products.

Ru-catalyzed hydrocracking of polyolefins: In addition to its
function as a hydrogenolysis catalyst, Ru has been extensively
studied for its role in polyolefin hydrocracking. Rorrer et al.
investigated Ru catalysts supported on a series of supports
known for their strong Brgnsted acidity.[?! Specifically, Ru
supported on Brgnsted acidic FAU and H-BEA resulted in
yields of liquid alkanes at 67% and 51%, respectively. In
comparison, using an inert silica support (Ru/SiO,) yielded
only 33% under identical conditions of 200 °C, 30 bar H,,
and 16 h for PE conversion. For reactions involving PP
hydrocracking, a distinct and positive correlation is evident
between the liquid yield and the concentration of acid sites,
as illustrated in Figure 8b. This observation agrees with the
mechanism that Brgnsted acid sites catalyze cracking via
carbenium ions, suppressing methane formation and favoring
central C—C bond cleavage, leading to increased production
of liquid-range alkanes.

Wang et al. reported that Ru-supported zirconia catalysts
doped with Ti, Nb, Ce, W, V, Mo, and Fe for poly-
olefin deconstruction.’!] In particular, tungstated zirconia
(Ru/WO5/Zr0,) significantly minimizes methane production
and yields branched liquid wax/lubricant hydrocarbons in the
hydrogenolysis of LDPE. This performance outperformed Ru
supported on bare zirconia, tungstated silica, HY zeolite, and
mesoporous AI-MCM-41, suggesting that acidity is not the
primary factor in methane suppression.’l They proposed
that while WO, does not promote Ru-catalyzed C—C bond
activation (which is rate-limiting under high pressures), its
high dispersion increases the H storage capacity in surface
hydroxyls, a consequence of hydrogen spillover from Ru to
WO, (Figure 9a). Specifically, when Ru and WO, species are
highly dispersed on ZrO,, the partially reduced ZrO, sites
mediate the transfer of H** species and electrons between Ru
and WO,. These H** species can reversibly spillover between
Ru and WO, clusters, facilitating efficient hydrogenation
and product desorption. This prevents Ru from generating
olefins susceptible to hydrocracking and isomerization on
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Chemical Society.

the Brgnsted acid sites. Shang et al. highlighted the critical
role of the local acid site environment in governing reaction
pathways and product distributions (Figure 9b).[''!l They
observed that variables such as calcination temperature
and WO, loading influence WO, surface density and the
Brgnsted to Lewis acid site ratio (B/L ratio). A higher
B/L ratio promotes LDPE hydrocracking through synergistic
acid site interactions. Conversely, excessive WO, leads to
WO; crystallization and lowers the B/L ratio, favoring

Angew. Chem. Int. Ed. 2025, 202500559 (12 of 27)

hydrogen transfer over S-scission, thereby hindering LDPE
hydrocracking. Overall, acid sites are essential to facilitate
polymer isomerization and catalyze chain truncation via g-
scission of carbenium ions, producing unsaturated alkenes,
which are subsequently hydrogenated at metal sites.!”>]

Pt-catalyzed hydrocracking of polyolefins: Nevertheless, Ru sup-
ported on Brgnsted acidic supports shows limited isomer-
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Figure 9. a) Comparison of proposed reaction mechanism for LDPE hydrocracking on Ru supported by zirconia (ZrO,) and tungstated zirconia
(WO4-ZrO;y). Reprinted with permission from Ref. [20]. Copyright 2021, American Chemical Society. b) The Brgnsted/Lewis acid sites (B/L) ratio of
WO,-ZrO, governs reaction pathways and product distributions. Reprinted with permission from Ref. [111]. Copyright 2024, Elsevier.

ization activity compared to its Pt analogous.”?! Ru is

characterized by pronounced metal—carbon bond strength
leading to deep dehydrogenation and subsequent C—C
scission, thereby inhibiting its production of olefin inter-
mediates to hydrocracking and isomerization at Brgnsted
acid sites.['"] Zhou et al. found that PE chains bind to
oxygen vacancies in Pt/WOQOj;, leading to the formation
of C=0 and subsequently C=C intermediates, which are
then converted to alkanes via hydrogenation. This process
achieved complete HDPE conversion, producing 88.9% fuel
at 200 °C under 30 bar H, for 20 h.®! Vlachos et al.
identified Pt/WO3/ZrO, as a bifunctional catalyst for LDPE
hydrocracking, producing branched alkanes suitable for fuels
and lubricants."'>!'"*] Mechanical mixing Pt/WOs/ZrO, with
HY zeolite significantly improved catalytic activity, reduc-
ing solid residue and shifting product distribution toward
gasoline-range molecules (Figure 10).[7] At these conditions,
it was found that HY zeolite alone had lower activity (91%
solid residue), indicating a synergy between Pt/WO;/ZrO,
and HY zeolite. Within the zeolite pores, rapid cracking
into smaller Cs—C; alkenes occurs, while the slower cracking
rate on Pt/WO;/ZrO, is attributed to weaker acid sites
and the lack of activity enhancement by the micropore
solvation. The efficiency of LDPE conversion also varies
with zeolite pore size (HY ~ HBEA > H-MOR > HZSM-

Angew. Chem. Int. Ed. 2025, 202500559 (13 of 27)

5). The proposed mechanism suggests that LDPE initially
cracks on Pt/WO;/ZrO, and then diffuses into the zeolite
pores. Similar to the Pt/WO3/ZrO, + HY observations, initial
cracking is catalyzed on external acid sites before diffusion
of smaller product molecules into the microporous protons
occurs. Indeed, directly supported Pt on HY induces diffu-
sion limits for larger hydrocarbons, favoring lighter alkane
production.'®] Wu et al. demonstrated that introducing
Ce into Pt/HY catalysts markedly enhanced adsorption of
intermediates, achieving 81% selectivity toward liquid fuels
from fully converted LDPE at 300 °C in 2 h. This performance
significantly surpasses that of Pt/HY alone under identical
conditions, which results in only a 40% conversion of LDPE
with a 21% selectivity for liquid fuels.[''! The communication
via diffusion between the metal and acid sites is pivotal
for effective hydrocracking processes, particularly with bulky
polymer molecules.

Noble metal-free catalysts for polyolefins hydrocracking: Noble
metal-free catalysts offer a cost-effective alternative for
polyolefin hydrocracking; however, they are rarely studied in
the context of polyolefin hydrocracking. This limited attention
stems from their slower dehydrogenation and hydrogenation
kinetics compared to noble metal-based catalysts, resulting
in reduced hydrocracking efficiency. Recent studies have
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Reprinted with permission from Ref. [27]. Copyright 2021, AAAS.

primarily focused on metal-free zeolites,''""°! supported
nickel and cobalt,["'120:121] and molybdenum sulfides.[1??]

Duan and his coworkers developed ZSM-5 zeolite
nanosheets for PE cracking into olefins at 280 °C under
a flowing hydrogen carrier gas.''”! More specifically, the
Brgnsted-acidic ZSM-5 nanosheets, characterized by a high
external surface area and abundant micropores, catalyzed PE
cracking on the zeolite surface. This process facilitated the
formation of intermediates that diffused into the micropores,
where they underwent further cracking into small molecules.
By promoting rapid transport and conversion within the
micropores, the ZSM-5 nanosheets effectively suppressed
intermediate accumulation on the surface, thereby minimizing
coke formation. The study also revealed that reactions
conducted in the absence of H, showed significantly lower
yields of C;—C; hydrocarbons compared to those performed
under H,, while producing substantial wax fractions. Based
on these observations, the authors proposed that H, par-
ticipates in the cracking mechanism by suppressing the
formation of polycyclic aromatic intermediates within the
zeolite micropores.

Lee’s team found that HZSM-5 achieved only 14%
conversion of n-hexadecane (n-Cis) as a model substrate
at 275 °C and 4.5 MPa H, pressure, while the conversion
increased to 98% when the temperature was raised to
375 °Cl"?1l Similar to the findings of Duan et al., the
conversion of n-Cis was slightly reduced from 98% to
93% when conducted under N, compared to the reaction
conducted under H,. They also found that Co and Ni
nanoparticles supported on amorphous silica-alumina, HY,
and HZSM-5 were less active than the zeolite supports

Angew. Chem. Int. Ed. 2025, 202500559 (14 of 27)

alone. However, these nanoparticles significantly increased
the proportions of saturated hydrocarbons in the final product
distribution. These findings further demonstrate that Co and
Ni nanoparticles are unable to efficiently cleave C—C bonds
but can effectively catalyze the hydrogenation of unsaturated
bonds formed during the cracking process.

Interestingly, Tan’s group found that at a lower tempera-
ture (200 °C) and H, pressure (10 bar), the zeolite (HFAU,
HZSM-5) could catalyze cracking of LDPE without metal
to form predominately C;—C; gaseous products.''¥! Similar
carbon selectivities were also observed under N,, though
increased selectivity to alkenes at a given carbon number was
observed. Regardless, there was significant alkane production
in metal-free zeolite reactions (under either H, or Nj),
indicating hydrogenation and/or hydride transfer events by
acid sites.""”] Through external site titrations, they demon-
strated that initial activation of polymer species occurs on
external acid sites before molecules diffuse into micropores
for additional cleavage events, which can be facilitated with
incorporation of mesopores. Cen’s team showed that PE
can be converted into gasoline-range alkanes with yields of
up to 81% and a selectivity of 99% at 240 °C (without
the presence of H,) by using a layered self-pillared zeolite
(LSP-Z100). In this process, the polymer itself serves as the
hydrogen source.['?*] They reasoned that the PE is initially
activated by the open framework tri-coordinated aluminum
sites of zeolites, followed by B-scission and isomerization over
Brgnsted acid sites, and then undergoes hydrogen transfer via
a self-supplied hydrogen pathway.[1?412%]

It is evident that the C—C cleavage step should proceed
through a Brgnsted acid-catalyzed cracking mechanism rather
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Figure 1. a) Tandem hydrogenolysis/aromatization for converting PE to long-chain alkyl aromatics under solvent-free and H,-free conditions. Note
that the schematic illustrates the reactor and product fractions. This includes photographs of the powdered polymer and liquid products, along with
a transmission electron micrograph of the catalyst. b) Proposed pathway of polyethylene to alkylaromatics and alkylnaphthenes through tandem
hydrogenolysis/aromatization via dehydrocyclization. Reprinted with permission from Ref. [30]. Copyright 2020, AAAS.

than hydrogenolysis in zeolite catalysis; H, is only required
for the hydrogenation of cracked unsaturated hydrocarbons
(or hydride transfer to carbenium ions) and does not directly
participate in the C—C bond cleavage. Given that the
cracking of PE is a thermodynamically unfavorable process,
it is plausible that the unfavorable thermodynamics at low
temperatures may be largely compensated by hydrogenation
and hydrogenolysis at such low temperatures. Therefore, it
is essential to verify the presence of metal impurities in the
zeolite catalysts, the polyolefins, and the reactor throughout
the entire process.

Despite advancements in hydrocracking, a key chal-
lenge remains in balancing and controlling the strength
and concentration of acid and metal sites to enable lower
reaction temperatures and H, pressures. Addressing this
challenge requires a deep understanding of the interplay
between these sites and the integration of acid-catalyzed C—C
bond modifications with metal-catalyzed hydrogen addition.
Variations can be introduced by combining active sites on
solid acid surfaces, or in hierarchical zeolite mesopores, and
through solvent interactions. The relative rates of catalytic
functions and their interactions raise essential questions
rooted in reaction-diffusion theories.''! Utilizing model
hierarchical or nano-sized zeolites with model compounds
enables fine-tuning of functional separation, strength, and
concentration.

3.3. Cyclization /Aromatization

The strategy of using metal-catalyzed C—C cleavage in poly-
olefins followed by cyclization and intermolecular rearrange-
ments offers a promising approach for producing high-value
aromatics. Zhang et al. reported this tandem hydrogenoly-
sis/aromatization method enables thermodynamic and kinetic
coupling through hydrogen redistribution at relatively low
temperatures (280 °C) using a bifunctional Pt/y-alumina
catalyst (Pt/y Al,O3, Figure 11a).1*" This bypasses the reliance

Angew. Chem. Int. Ed. 2025, 202500559 (15 of 27)

on H,, which has been a significant obstacle for hydrogenol-
ysis technologies.'?°] Specifically, after 24 h at 280 °C, the
tandem catalytic system produced liquid yields of 80, 69, and
55 wt% for low-molecular-weight PE, LDPE, and HDPE,
respectively. These yields had an average carbon number
of approximately C;,, with alkyl aromatic selectivities of
approximately 57, 44, and 50 mol %, respectively.

The dehydrogenation of PE predominantly produces
either an olefin, though its formation at adjacent polymer
chain sites was not observed, or a cycloalkane due to dehy-
drogenation at non-adjacent sites. Subsequently, the olefin
formed may undergo rapid cyclization, potentially aided by
the acid sites on the support. This process releases H,, which
participates in the exothermic C—C bond hydrogenolysis,
truncating the polymer chain. When a cyclopentane ring
forms, it likely converts into cyclohexane via acid catal-
ysis, eventually forming dialkylaromatics (Figure 11b).[1%7]
The equilibrium between the exothermic and endothermic
reactions allows the overall PE conversion for polyethylene.

Direct conversion of PE to aromatics appears to require
elevated temperatures since n-alkane aromatization is an
endothermic process.'?®! Thermodynamic values, calculated
for the conversion of linear PE chains to alkyl aromatics
at 280 °C under 1 bar H,, are AH° = 246 kJ mol~! and
AG° =31kJ mol~ 1.3 It has been suggested that the reaction
occurs in tandem with the hydrogenation by H,, sourced from
the PE chains that act as an internal hydrogen reservoir.
Despite the dehydrogenation of PE to produce H, endother-
mically at moderate temperatures, it can proceed to an extent
when facilitated by small Pt nanoparticles (approximately
1 nm in diameter). In the presence of H,, the thermodynamic
values for C—C bond hydrogenolysis are estimated to be
AH° = —49 kJ mol~! and AG®° = —74 kJ mol~!. As a result,
at 280 °C, aromatization becomes favorable (AG° = 0) if
even 10% of the generated H, is used in PE hydrogenolysis.
Product analysis indicates that over 90% of the produced
H, was used in PE deconstruction through hydrogenolysis,
making the tandem process thermodynamically favorable.
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Figure 12. a—c) The number of strong Brensted acid sites controls the kinetics of triacontane (n-C3pHg2) conversion and e—f) Proposed mechanisms
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To clarify the role of acid sites in the tandem mechanism
and the synergy between the strength and proximity of acid
and metal sites, further investigations were conducted using a
series of acidic supports for Pt nanoparticles.'!] Halogenated
y-Al, O3, modified with CI or F, showed enhanced surface
acidity, in close similarity to the classic petroleum reforming.
This resulted in markedly higher average rates of C—C
bond cleavage, skeletal isomerization, and alkyl aromatic
production. The rates of each type of reaction show a limited
correlation with the number of Lewis acid sites (LAS) or
weak to moderate Brgnsted acid sites (BAS). However,
they exhibit an approximately linear relationship with the
presence of strong BAS, which is modulated by the physical
mixing of Pt/y-Al,O; with halogenated alumina (Figure 12).
The proposed pathways suggest that Pt sites primarily
catalyze hydrogenation/dehydrogenation, while strong BAS
facilitates the protonation of alkenes, forming carbenium
ions that undergo C—C bond cleavage, isomerization, and
cyclization.['”! Chang and Rangarajan employed machine
learning-based thermochemistry calculations to investigate
potential reaction pathways for the dehydroaromatization of
n-decane, a model polyolefin, into aromatics.'**! From the
24000 reactions and 3759 species generated, they identified 78
aromatic molecules that undergo a sequence of dehydrogena-
tion, pB-scission, and cyclization. Specifically, thermodynami-
cally, decane predominantly follows this pathway (Figure 14):
(i) two dehydrogenation steps, (ii) a B-scission yielding an
ethylene molecule, (iii) a third dehydrogenation, (iv) another
B-scission producing an ethylene molecule, (v) cyclization,
and (vi) a final dehydrogenation resulting in benzene. Among
them, the most thermodynamically challenging step was
found to be either the first or second dehydrogenation, given
that its AH,y, was higher than that of the other reaction steps.

Angew. Chem. Int. Ed. 2025, 202500559 (16 of 27)

The bifunctional nature of the metal-acidic catalyst is
crucial for the tandem hydrogenolysis/aromatization process.
Catalysts with high acid site concentrations, like Pt/HZSM-5
and Ni/Cuw/HBETA, predominantly facilitate cracking toward
BTX (benzene, toluene, and xylene) but also result in a
significant yield of light gases.[’>'3!l Catalysts like Pt/SiO,
or Pt/C, which lack acid sites, fail to effectively deconstruct
polyethylene, even when the size of the Pt nanoparticles is
comparable.

Du et al. demonstrated that Ru nanoparticles supported
on low-alumina HZSM-5 can efficiently catalyze the solvent-
and hydrogen-free upcycling of HDPE into linear (C;-Cs)
and cyclic (C;—C;5) hydrocarbons at 280 °C for 24 h. This
process achieved up to 60.3 mol% selectivity for monocyclic
hydrocarbons, which included cycloalkanes (14.9 mol%),
cycloolefins (0.9 mol%), and aromatics (44.5 mol%).[’!]
Remarkably, Ru/HZSM-5 achieved a selectivity of up to
60.3 mol% for valuable monocyclic hydrocarbons, including
cycloalkanes (14.9 mol%), cycloolefins (0.9 mol%), and
aromatics (44.5 mol%). In contrast, ZSM-5 alone gave a
selectivity of 42.5 mol%, with aromatics accounting for
only 24.0 mol%. Mechanistic studies show that Ru sites
promote the dehydrogenation of HDPE to produce C=C
bonds, while the Brgnsted acid sites on HZSM-5 are key to
transforming these bonds into carbenium ions (Figure 13). If
a carbenium ion is positioned at an appropriate distance (2—
4 carbon atoms) from a neighboring C=C bond, cyclization
can produce five- or six-membered cycloalkanes (Path I-iii).
Five-membered cycloalkanes can transform into cycloolefins
via dehydrogenation (Path I-i), while six-membered ones
lead to aromatics via dehydroaromatization (Path I-vi). In
Path II, the carbenium ion facilitates B-scission, producing
short-chain hydrocarbons, including olefins and alkanes (Path
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B-scission. To the left of the figure, the species above the line shows the active component responsible for the elementary step shown below the
corresponding line. The steps without a line are spontaneous, not requiring catalysts. The selectivity for different products was determined over
Ru/HZSM-5(300) in HDPE upcycling at 280 °C for 24 h. Reprinted with permission from Ref. [31]. Copyright 2023, Springer Nature.

II-viii). Additionally, polymer chains may undergo direct
hydrogenolysis by H, or species from the dehydrogenation
processes (Path III-vii). External H, promotes hydrogenolysis
and hydrogenation but inhibits initial H,-producing reactions,
such as ring closure and dehydroaromatization. Notably,
decreasing the Si/Al ratio of HZSM-5 facilitates HDPE
deconstruction due to the increased availability of Brgnsted
acid sites, which in turn promotes carbenium ion formation,
cyclization, and B-scission. While Ru/USY and Ru/SAPO-
34 have more acid sites, their steady-state activities are
significantly lower than Ru/HZSM-5. This suggests that the
constrained pore volume of HZSM-5 prevents the formation
and spread of fused aromatic rings, reducing coking and
maintaining catalyst stability during HDPE upcycling.

Wang et al. noted that by integrating Pt into ZSM-5,
the BTX yield increased to 52% with a 31% yield of C,—
C,4 hydrocarbons.['!] This surpassed the results from direct
pyrolysis using ZSM-5, which predominantly produced 66 %
of C,;—C, alkenes/alkanes and 21 % BTX. Given dehydrogena-
tion was proposed to be the rate-determining step during
the alkene aromatization on zeolites,'?] the discrepancy
likely arises from the distinct characteristics of sites for g-
hydrogen abstraction in Pt/ZSM-5 compared to ZSM-5. The
DFT calculation showed that adsorbed ethene undergoes two
consecutive oligomerization reactions to form alkyl fragments
of Si-OH***Cg¢H;; and Pt-H***C¢H,;; over ZSM-5 and
Pt/ZSM-5, respectively.!'3!] These fragments subsequently
undergo cyclization to produce cyclic Cq species followed
by dehydrogenation. Based on the identified transition
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states, -H abstractions required energy barriers of 2.79 eV
(269 kJ mol™!) on ZSM-5 and 1.39 eV(134 kJ mol™!) on
Pt-ZSM-5. The final product, benzene, was produced after
successive dehydrogenation processes.

It is important to note that the tandem hydrogenol-
ysis/aromatization generates substantial amounts of Hp,
making C—C bond hydrogenolysis more favorable than
aromatization. As a result, achieving aromatic selectivity
greater than 50% in hydrogenolysis-aromatization systems
poses a significant challenge. Several studies have reported
the introduction of CO, as a hydrogen scavenger (via
CO; hydrogenation), effectively preventing alkane formation
via hydrogenolysis and facilitating aromatization.[33-131 For
instance, Chen et al. utilized a physically mixed Cu-Fe;O,
and Zn/ZSM-5 as multifunctional catalysts, which significantly
enhanced aromatic selectivity to 64.0% in the presence of
30 bar CO, at 390 °C (Figure 14a).'*] This approach creates
tandem catalysis involving polyethylene aromatization and
CO; hydrogenation via reverse water-gas shift reaction
(RWGS, CO; + H,—CO + H,0). Coinciding with this work,
the CO;-mediated PE aromatization was also investigated
by Liu et al., who employed a combination of HZSM-5 and
CuZnZrO, catalysts.['*] They achieved the highest aromatic
yield of 62.5 wt% with a CO, conversion of up to 1.5 mmol
gpe ! at 380 °C and 20 bar CO, pressure. They posited that
the Brgnsted acid sites of HZSM-5 function as a “hydrogen
storage cell” (Figure 14b). H, is generated from the cracking
and aromatization of polyethylene over these Brgnsted acid
sites. It then diffuses through the sites to the adjacent
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Figure 14. a) A coupling reaction of PE and CO; to aromatics over Cu-Fe3O4 and Zn/ZSM-5 via tandem PE aromatization and CO; hydrogenation.
Reprinted with permission from Ref. [133]. Copyright 2023, Chinese Chemical Society. b) The proposed hydrogen capture and CO; hydrogenation
mechanism for PE-CO; co-conversion in the presence of Brgnsted acid sites of HZSM-5. Reprinted with permission from Ref. [134]. Copyright 2024,

AAAS.

CuZnZrO,. There, H, is captured in situ by chemisorbed
CO,, which is subsequently hydrogenated to CO.

Since both C—C bond cleavage and RWGS reactions are
endothermic, they typically require operating temperatures
exceeding 350 °C and high CO, pressure to achieve satis-
factory results. Note that CO, does not participate in the
cyclization/aromatization; instead, it is primarily converted
into CO via RWGS. Inspired by the CO hydrogenation to
aromatics in the oxide-zeolite (OXZEO) catalysis, Ding et al.
employed a bifunctional Pt/MnO,-ZSM-5 catalyst capable
of converting polyolefins and CO, below 300 °C.['*3] They
achieved a yield as high as 64 %, with BTX accounting for 60%
of the aromatics produced. Intriguingly, CO, not only acts as a
hydrogen scavenger that suppresses alkane formation but also
serves as a carbon source incorporated into the aromatics.

3.4. Metathesis

Alkane metathesis, achieved via the tandem processes
of alkane dehydrogenation and olefin metathesis, is gar-
nering increased attention in petrochemistry and organic
synthesis.['**137] This approach enables the interconversion
between long-chain and short-chain alkanes, integrating
alkane dehydrogenation, olefin metathesis, and alkene hydro-
genation. Specifically, it is initiated by converting large
paraffins into olefins, either via metal-catalyzed dehydro-
genation or through transfer dehydrogenation with smaller
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alkenes.'*®] Goldman et al. used Pincer-ligated iridium (Ir)
complexes to convert saturated alkanes into internal olefins
and H,; these internal olefinic intermediates subsequently
underwent cross-metathesis with molybdenum alkylidene or
supported Re,07/AL, O3 catalysts to afford a range of olefin
chain lengths, followed by rehydrogenation on the Ir catalyst
to yield midrange paraffins.*’! Given that the polyolefin is
essentially an ultra-long alkane, it is conceivable that kinetic
coupling C—C cleavage with sequential metathesis enables
low-temperature conversions of polyolefins to a controlled
alkane size.

Jia et al. employed a tandem cross-alkane metathesis
between polyolefin and light alkanes, such as n-hexane
and petroleum ether, achieving complete conversion of
polyolefin into liquid fuels and waxes (ranging from C;
to Csg) at 175 °C within 1-4 days, highlighting the low
reaction rates as one of the challenges.[*¥] Their dual-
catalyst system combined active pincer-type Ir complexes for
the dehydrogenation of PE and light alkane (as depicted
in Figure 15a). The generated internal olefins underwent
Re,O/y-Al,Os-catalyzed cross metathesis, leading to inter-
molecular mutual exchange of alkylidene fragments between
two olefins. These were subsequently hydrogenated by the
Ir catalyst into saturated alkanes. Importantly, the successful
degradation of PE depended on the metathesis of its internal
double bonds, controlled by the Ir complex, which in turn
influenced the yields and distribution of the resulting liquid
products. Bis(phosphinite)-based Ir-POCOP complexes ([Ir2]
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Figure 15. a) Coupling catalytic (de)hydrogenation and metathesis for converting PE to liquid fuels and waxes in the presence of a light alkane solvent
(for example, n-hexane). In this example, a molecular pincer [Ir] complex dehydrogenates saturated hydrocarbons to generate internal olefins and H.
Cross-metathesis of the resulting olefins occurs over a supported ReOy catalyst; the resulting mid-size olefins are re-hydrogenated to generate
mid-size paraffins. Reprinted with permission from Ref. [33]. Copyright 2016, AAAS. b) Integrating partial dehydrogenation of PE and tandem
isomerizing ethenolysis of the desaturated chain of PE into propylene. It is noteworthy that PE dehydrogenation can proceed via two distinct
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solvent at 200 °C, or by means of heterogeneous dehydrogenation using a supported [Pt] catalyst under an argon flow at 350 °C. Reprinted with

permission from Ref. [35]. Copyright 2022, AAAS.

and [Ir3], as shown at the bottom of Figure 15a) exhibited
superior performance compared to the bis(phosphine)-based
Ir-PCP complex ([Ir1]). This reduced efficacy is attributed to
complexes [Ir1] favoring the production of terminal olefins.
Despite the high regioselectivity of [Ir]-type dehydro-
genation catalysts for «-olefin production, isomerization can
convert terminal olefins into internal olefins. Kinetic coupling
of olefin metathesis and isomerization enables the selective
conversion of polyolefins into monomers.['**!%] In particular,
employing ethylene (C,~) as the cross-coupling agent could
theoretically result in the sole formation of propylene (C;~),
regardless of the position of the double bond or the length
of the PE chain.'*!l Tandem isomerizing ethenolysis (I/E) is
thermodynamically favored, with an estimated reaction stan-
dard free energy of approximately —6 kJ mol~!. Conk et al.
developed a promising approach that integrates dehydro-
genation with isomerizing olefin metathesis for upcycling
of waste PE into monomer (Figure 15b).5>14?] Initial PE
dehydrogenation can proceed via two distinct methods: either
through a homogeneous transfer dehydrogenation of PE with
tert-butyl ethylene catalyzed by an [Ir] catalyst and NaOtBu
in a p-xylene solvent at 200 °C, or by means of heterogeneous
dehydrogenation using a supported [Pt] catalyst under an
argon flow at 350 °C.I'*3] These methods resulted in an unsat-
urated PE primarily featuring internal olefins with degrees
of unsaturation ranging from 0.6% to 3.2%. Following the
formation of unsaturated polyethylene, the reaction mixture
undergoes a tandem ethenolysis-isomerization process with
ethylene (C,=, 25 bar). This process is catalyzed by a
combination of the 2" generation Hoveyda-Grubbs [Ru]
metathesis catalyst and a dimeric [Pd] isomerization co-
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catalyst, resulting in the production of propylene C;= with
yields exceeding 80%. Later, Coates and his coworkers used
the [Ir2] complex for dehydrogenation, introducing unsatu-
ration into HDPE.[?®! This was followed by a separate olefin
metathesis step with 2-hydroxyethyl acrylate, catalyzed by
the 2"¢ generation Hoveyda—Grubbs [Ru] catalyst, producing
telechelic macromonomers, i.e., oligomers that have reactive
functional groups at both ends of the molecular chain. These
macromonomers were then repolymerized via transesterifica-
tion, resulting in a polymer exhibiting mechanical properties
analogous to the post-consumer HDPE waste.

While molecular catalysts, especially iridium pincer com-
plexes, are extensively employed to catalyze dehydrogena-
tion, alkane metathesis and isomerization, their high cost,
limited thermal stability, and the complexities involved in
their separation from hydrocarbon mixtures pose signifi-
cant challenges.['*!%] Wang et al. reported that methyl-
trioxorhenium supported on chlorinated alumina (CHj-
ReO3/Cl-Al, O5) yields high selectivity for C;= (~95%) from
monounsaturated PE via a tandem ethenolysis/isomerization
process, comparable to the combination of homogeneous
[Ru] metathesis catalyst and a dimeric [Pd] isomerization
catalyst.’*] Moreover, they observed that under batch condi-
tions, C;= selectivity decreases with higher conversion rates
due to the formation of equilibrium olefin mixtures. Con-
versely, a semicontinuous process maintains high propylene
selectivity (>94%) by continuously removing propylene from
the reaction mixture.

It should be noted that ReO, is notably costly and
unsuitable for high-temperature reactions due to the volatility
of surface rhenium species; moreover, it poses challenges in
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terms of catalyst regeneration. Alternatively, Kim et al. have
found that tungsten oxide supported on silica (WO,/SiO,)
serves as an efficient catalyst for both olefin and alkane
metathesis. The incorporation of zeolite 4A is essential to
achieve high yields in these reactions, as it prevents the
deactivation of the catalytic WO, species by oxygenates.[14]

To elucidate the mechanistic details of cross-metathesis
between polyolefin and light paraffins, Basset and col-
leagues studied cross-metathesis between n-decane (n-Cy)
and propane (C;) as well as self-metathesis of each individual
alkane using a well-defined silica-supported single-site W
catalyst, [(=SiO)W(CH3),(H)3].[3"] They found that the self-
metathesis of n-Cy is approximately 8 times faster than that
of C;. While n-Cy produces alkanes spanning from C, to
Cy9, C; predominantly produces C, and C,. The efficiency
of the cross-metathesis between n-C,y and C; is governed
by their molar ratio. At low C;/C;, molar ratios, the process
is dominated by the self-metathesis of n-Cjp. A maximum
around 50% of cross-metathesis is observed at C;/C;y = 10.
Any subsequent increase in this ratio does not enhance the
cross-metathesis percentage but rather directs the reaction
toward C; self-metathesis. The proposed pathway, depicted
in Figure 16, includes the self-metathesis of C; (red cycle)
and n-Cy, (blue cycle) as well as various potential cross-
metathesis reactions (green cycle). The process begins with
alkane dehydrogenation via C—H bond activation (o-bond
metathesis), resulting in the generation of a metal alkyl,
followed by the simultaneous formation of an alkene and
metal hydride. Thereafter, olefin metathesis occurs, producing
higher and lower olefins based on a metallocarbene created
concurrently through «-H abstraction from the metal alkyl.
The coordinated olefin, resulting from the B-H elimination,
does not rapidly de-coordinate from the W catalyst; instead,
it undergoes a [2 + 2] cycloaddition with the coordinated
carbene. Following the metallacycle cycloreversion, the newly
formed olefin rapidly reacts with the coordinated hydride,
leading to an alkyl group formation. This underscores the
importance of maintaining a low steady-state olefin concen-
tration during alkane metathesis. The process then continues
with the hydrogenation of these olefins on the metal hydride
through an insertion-elimination mechanism. Subsequently,
olefin insertion is accompanied by the metal alkyl cleavage via
hydrogen through o-bond metathesis. The carbene-hydride
complex serves as the key intermediate in the mechanism,
with the metal-hydride performing dual roles: facilitating
alkane dehydrogenation to olefins via C—H activation fol-
lowed by B-elimination, and hydrogenation. Meanwhile, the
metal carbene and hydrogenation. Meanwhile, the metal
carbene participates in the olefin metathesis through the
traditional metallacyclobutane intermediate as described by
the Chauvin mechanism.!'+7]

3.5. Oxidation

Aerobic oxidation of hydrocarbons is a frequently used
strategy to incorporate oxygen-containing functional groups
into hydrocarbons, resulting in the production of diverse
chemicals including alcohols, aldehydes, ketones, epoxides,
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and carboxylic acids.['*®! Direct upgrading of polyolefin waste
with molecular oxygen at low temperatures is a “greener”
alternative for producing valuable oxygen-functionalized
chemicals.['*] Most polymers undergo slow autoxidative
degradation in air, a process accelerated by UV light from
the sun, which generates oxygen radicals. This results in the
formation of hydroperoxides, carbonyl compounds, and car-
boxylic acid derivatives on the polymer surface.[**] Hartwig
et al. effectively employed a ruthenium-oxo catalyst to
oxidize LDPE, linear LDPE, and HDPE with high turnovers
exceeding 2600 and achieving oxidation levels of up to 4
mol% along the polymer chain.["*"! Instead of using a homo-
geneous Ru catalyst combined with 2,6-dichloropyridine
N-oxide as an oxidant, De Vos and coworkers used a
layered titanosilicate catalyst (Ti-ITQ-6).["°! This catalyst
demonstrated high activity in the oxidation of PE using fert-
butyl hydroperoxide at temperatures below 100 °C, resulting
in ketone-functionalized PE with up to 3.4% functional-
ized carbon atoms. Furthermore, ketone-functionalized PEs
can be converted into ester-functionalized PEs via Baeyer-
Villiger oxidation of ketones. Alternatively, these ketones can
also react with hydroxylamine, followed by a liquid-phase
Beckmann rearrangement, to produce oxime-functionalized
and amide-functionalized PEs.

Partenheimer reported that polyolefins undergo aerobic
oxidation to form fatty acids using catalyst systems such as
V/Br in water or Co/Mn/Br in acetic acid. Notably, polypropy-
lene was converted to acetic acid with a 63% yield, while
polyethylene yielded a 47% mixture of succinic, glutaric, and
adipic acids, both under conditions of 150-180 °C and 70 bar
air within several hours.['?] The oxidation pathway proceeds
as follows: Br acts as a promoter, initiating hydrogen abstrac-
tion from the hydrocarbon to produce bromide. Mn?* oxidizes
the bromide ion to form Mn?*. Then, Co’** re-oxidizes Mn>*
to Mn3** leading to the formation of Co?*. Finally, Co’* is
further oxidized back to Co®* via peroxide decomposition.[*/]
Nevertheless, the use of corrosive Br as a vital catalyst
component in this process, along with the production of
undesirable byproducts like methyl bromide, renders the
process environmentally unsustainable.[>134] Alternatively,
carbon radical generation from hydrocarbons can be realized
through the utilization of a phthalimide N-oxyl (PINO)
radical, which can be generated from N-hydroxyphthalimide
(NHPI) with O, under mild conditions (below 100 °C).['5]

Sullivan et al. employed this oxidation strategy to depoly-
merize mixed polymers, including polyolefins, into a mixture
of oxygenated small molecules. These molecules serve as
advanced feedstock for biological conversion (Figure 17a).1%]
The reaction initiates with the in situ decomposition of NHPI
into PINO radicals using Co and Mn catalysts (Figure 17b).
Following this, hydrogen atoms are transferred from the
C—H bonds within the polymer backbone, resulting in the
formation of alkyl radicals (Re¢) and the regeneration of
NHPI. Subsequently, these Re radicals react with O, to
produce peroxide radicals (RO,*), which then decompose into
corresponding alkoxyl radicals (RO¢). These RO- radicals
can undergo C—C cleavage to form aldehydes, ketones, and
chain terminates via B-scission steps. The repeated cycle
of hydrogen atom transfer, aerobic oxidation, and C—C
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Figure 16. Proposed mechanism of alkane cross-metathesis between n-decane and propane. Reprinted with permission from Ref. [37]. Copyright

2019, American Chemical Society.

cleavage ultimately results in the formation of a mixture of
low-molecular-weight fatty acids.

However, free radical oxidation via NHPI requires high
catalyst loadings of homogenous Co/Mn compounds, making
this process potentially unsustainable. In a recent study by
Wang et al., a heterogeneous catalyst, Ru/TiO,, was used to
convert almost all the LDPE into liquid products under a
pressure of 15 bar with air at 160 °C for 24 h.[**l Control
experiments showed that conducting the reaction under an
N, atmosphere, instead of air, resulted in no liquid product
formation, highlighting the involvement of oxygen in the
catalytic reaction. When TiO, was used alone, it yielded
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50% solid residue and approximately 40% adipic acid. In
comparison, TiO, supported Ru significantly boosted the oil
yield to 85%, with minimal solid residue, and the resulting oil
product was confirmed to be carboxylic acid. The cooperation
of Ru and TiO, efficiently promotes the oxidative upcycling
reactions of PE. Zhang et al. found that adjusting the cobalt
loading of MCM-41 allows for controllable distribution of
dicarboxylic acids within 24 h under a pressure of 15 bar
of air at 160 °C. This distribution ranges from short-chain
(C4—Cy) to long-chain (C;y—Cy), dicarboxylic acids, which is
attributed to the confinement effect of the pore channels and
the dispersion of cobalt.[1>°]
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Reprinted with permission from Ref. [38]. Copyright 2022, AAAS.

Li and coworkers reported a multistage strategy in which
the pyrolysis of polyolefins generates an oil, followed by
hydroformylation and hydrogenation of the olefin products,
resulting in paraffins, aromatics, mono-, and dialcohols in the
range of Cs—Cy.[""7] Initially, they conducted direct pyrolysis
of waste polyolefins to produce pyrolysis oils with high
concentrations of olefins (>50 wt%) in a fluidized bed reactor
at 500 °C and a residence time of 20 seconds. This was
followed by hydroformylation of the pyrolysis oil at 120 °C
and 70 bar of synthesis gas (CO/H, = 1) using a commercial
Co,(CO)g catalyst. More than 90% of the olefins in the
pyrolysis oil were converted into aldehydes, achieving a yield
of up to 60 wt%. While the aldehydes can be hydrogenated
into alcohols, however, it requires the removal of a significant
amount of homogeneous cobalt catalyst (with the cobalt
catalyst accounting for 10 wt% relative to the pyrolysis oil).
Meanwhile, Xu et al. reported a catalyst- and hydrogen-
free temperature-gradient thermolysis strategy that utilizes
precise temperature control at 360 °C during heating.['>%] This
approach enables the controlled degradation of PE and PP
into waxes while inhibiting the production of small molecules.
The waxes formed were subsequently oxidized on Mn cata-
lysts to yield fatty acids with number-average molar masses
of approximately 700 and 670 Da. However, the degradation
products consist of long-chain hydrocarbons (typically >Cy)
with broad distributions. Furthermore, selectively controlling
the production of terminal alkenyl intermediates remains
challenging. Most recently, Munyaneza et al. used a custom-
designed thermolysis reactor that can control the thermolysis
temperature gradient using cooling design, effectively shifting
the product hydrocarbon distribution from wax to alkene-
rich oil with high a-olefin contents."*! The alkene-rich oil is
further upgraded into sulfate detergents via H,SO, treatment.

4. Conclusions and Outlook

The energy-efficient upcycling of discarded polyolefins repre-
sents a pivotal step toward achieving a circular economy; how-
ever, the kinetic and thermodynamic stability of polyolefins
makes their conversion a formidable challenge. To address
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the thermodynamic limitations, recent strategies focus on the
kinetic coupling of endothermic C—C bond cleavage with
exothermic reactions that redistribute H-atoms and form
new C—C bonds. This coupling is achieved by integrating
primary C—C bond cleavage with processes such as alkylation,
hydrogenolysis, hydrocracking, metathesis, cyclization, and
oxidation, as summarized in Table 1. These coupled reactions
enable simultaneous molecular size alteration and utilization
of exothermic pathways, yielding a diverse array of products,
including monomers, fuels, lubricants, and components for
advanced polymers.

Thermodynamic coupling, while essential, is insufficient
for efficient polymer conversion at low temperatures. Cata-
lysts must be designed to achieve high reactivity, and in the
case of cooperative catalysis, the distance between catalytic
sites, as well as their abundance and strength, are critical
parameters. Consequently, a comprehensive understanding
of the elementary steps is indispensable. This is particularly
challenging for polymers due to the complexity of their
interactions and mobility on the catalyst surface. Additionally,
the impact of solvents and catalyst interactions on the
thermodynamic state of the polymer and its products will
significantly influence both reactivity and selectivity.

The coupling of alkylation with primary C—C cleavage
marks a significant achievement as it represents the first con-
trolled conversion of polyolefins to alkanes at temperatures
below 100 °C. While it is established that these reactions
involve carbenium ion intermediates, achieving a molecular-
level comprehension of the properties and reactivity of
charged and uncharged reactants and intermediates in this
specific environment calls for further insights. These include
(i) understanding the characteristics of the polar solvent
environment, (ii) elucidating interactions with solids such
as polymers and acid/metal catalyst components, and (iii)
gaining a deeper understanding of the elementary steps
involved in polyolefin transformations and intermediate
formation. The primary objective of future research is to
establish a comprehensive understanding of the catalysts, the
role played by the solvent, and the interconnected kinetics
governing low-temperature cracking and alkylation in the
presence of ionic liquids. This effort aims to produce alkanes
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with precisely controlled molecular weight and branching
degree.

Hydrocracking, involving the addition of hydrogen to
products resulting from Brgnsted acid-catalyzed C—C bond
cleavage, offers a practical means to balance the endother-
mic nature of the cleavage step. This process necessitates
the cooperative action of metal and acid sites to catalyze
both C—C cleavage and hydrogen addition, as well as
hydrogen abstractions from reactants. Understanding the
effective interplay between these distinct catalytic sites and
the coupling of acid-catalyzed C—C bond manipulation with
metal-catalyzed hydrogen addition remains the critical goal.
To facilitate this interplay between sites, various approaches
can be employed, including physical mixtures, intimate
mixtures, metal nanoparticles on solid acid surfaces, and
encapsulation within the mesopores of hierarchical zeolites.
Solvent interactions also play a crucial role in controlling
this communication. The relative rates of individual catalytic
functions and their proximity raise fundamental questions
that must be addressed through reaction-diffusion formalisms.
The primary objective of future research is to optimize
the spatial arrangement of distinct catalytic functions and
enhance their interplay. This approach aims to improve
and balance the rates of intramolecular hydride shifts and
intermolecular hydride transfers. Additionally, employing
polar solvents in combination with metal nanoparticles and
co-fed hydrogen is expected to increase the rates of hydrogen
addition and abstraction, enabling precise control over the
number of subsequent internal hydride shift events at the
acid sites. Employing tailored hierarchically structured or
nano-sized zeolites will provide the means to fine-tune the
separation of cooperating functions, as well as variations in
their strengths and concentrations.

Cyclization and intermolecular rearrangements, coupled
with metal-catalyzed C—C cleavage in polyolefins, can yield
valuable aromatics and surfactants even without H,. The
bifunctional metal-acid catalysts enable thermodynamic and
kinetic coupling through hydrogen redistribution at relatively
low temperatures. Metal sites initiate the dehydrogenation of
polyolefin, forming C=C bonds, while the Brgnsted acid sites
convert these intermediates into carbenium ions. However,
interactions between metal surfaces and polyolefin chains
are more intricate than with small hydrocarbons, owing
to multiple adsorption possibilities arising from branching
and entanglement. This complexity may explain the positive
effect of smaller particle sizes on the intrinsic rates of
dehydrogenation and hydrogenolysis. The precise role of
the acid sites in the tandem mechanism governs the extent
of ring closure and dehydroaromatization steps necessary
for the dehydrocyclization of intermediates resulting from
the initial hydrogenolysis. Therefore, adjusting acid strength,
acid site density, and pore diameter, as well as the tailoring
customization of active site properties, is crucial to control
reaction rates for C-C bond cleavage, isomerization, hydrogen
addition and abstraction, and the extent of branching and
product distribution in alkylaromatics.

Combining C-C bond cleavage with olefin metathesis
allows for a reduction in the required reaction temperature
while enabling the production of olefin monomers and
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alkanes as intermediates. It involves sequential alkane dehy-
drogenation, thermoneutral alkene metathesis, and isomer-
ization reactions, each with established precedents but lacking
a precise mechanistic understanding required for effective
coupling. While reaction parameters and the content ratio of
bifunctional sites have been extensively studied for alkenes,
the same needs to be determined for the coupling of C—C
cleavage and metal-catalyzed dehydrogenation of polyolefins
with metathesis. Thus, understanding the mechanisms and
controlling the relative rates of C—C cleavage, dehydrogena-
tion, and metathesis, as well as their compatibility for convert-
ing polyolefins at low temperatures and with feasible rates,
remains a challenge. Additionally, identifying the activation
barriers for element-abundant metal catalysts will provide
insights into strategies for achieving activation at milder
temperatures, complementing the use of noble metal catalysts.
Finally, the upcycling of polyolefin waste into valuable
aliphatic dicarboxylic acids through aerobic oxidation is an
attractive and energy-efficient process for niche applica-
tions that eliminates the need for hydrogen. This approach
enhances economic viability and reduces dependence on fossil
resources. However, recent processes that rely on oxidation
via a radical addition mechanism involving epoxy interme-
diate rearrangements suffer from poor selectivity. The C—H
bonds in the resulting alcohol and ketone products are weaker
than those in the hydrocarbons, making them susceptible
to hydrogen abstraction reactions and undesirable radical
reactions. To address this challenge, catalyst improvements
are required to selectively introduce oxygen functionality at
regular intervals along the polymer chain at mild conditions.
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This review presents an overview of
recent advances in mild catalytic
transformations of polyolefins,
empbhasizing the kinetic and
thermodynamic interplay between
endothermic C—C bond cleavages and
the exothermic formation of new C—H, faty acid
C—C, and C—O bonds. The aim is to > surfactant
identify existing challenges and potential
routes for catalytic conversions that
reduce energy consumption and carbon
footprints.
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