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Abstract: Polyolefins such as polyethylenes and polypropylenes are
the most-produced plastic waste globally, yet are difficult to convert
into useful products due to their unreactivity. Pyrolysis is a practical
method for large-scale treatment of mixed, contaminated plastic,
allowing for their conversion into industrially-relevant petrochemicals.
Metal-organic frameworks (MOFs), despite their tremendous utility in
heterogenous catalysis, have been overlooked for polyolefin
depolymerization due to their perceived thermal instabilities and
inability of polyethylenes and polypropylenes to penetrate their pores.
Herein, we demonstrate the viability of UiO-66 MOFs containing
coordinatively-unsaturated zirconia nodes, as effective catalysts for
pyrolysis that significantly enhances the yields of valuable liquid and
gas hydrocarbons, whilst halving the amounts of residual solids
produced. Reactions occur on the Lewis-acidic UiO-66 zirconia nodes,
without the need for noble metals, and vyields aliphatic product

distributions distinctly different from the aromatic-rich hydrocarbons
from zeolite catalysis. We also demonstrate the first unambiguous
characterization of polyolefin penetration into UiO-66 pores at
pyrolytic temperatures, allowing access to the abundant Zr-oxo nodes
within the MOF interior for efficient C-C cleavage. Our work highlights
the potential of MOFs as highly-designable heterogeneous catalysts
for depolymerisation of plastics which can complement conventional
catalysts in reactivity.

Introduction
Plastics, while indispensable in modern society, have become a

tremendous environmental issue from the waste they generate,
particularly in the form of single-use polyolefins.! Comprising of



polyethylenes (PEs) and polypropylenes (PPs), polyolefins
constitute the single largest family of plastics produced and
disposed of today.” Current recycling methods are largely
inadequate: other than very low rates of polyolefin recycling,
mechanical recycling has stringent requirements for plastic waste
sorting and causes unavoidable polymer degradation P!
highlighting the need for alternative end-of-life strategies.[*>°
However, depolymerization of polyolefins is hampered by their
inertness, owing to the lack of labile linkages (e.g. esters,
carbonates) along their backbones. Amongst various techniques,
pyrolysis is particularly noteworthy for its ability to handle a
diverse range of feedstocks,>® and is a practical technology for
depolymerization of plastics performed on industrial scales
today.[! Pyrolysis involves heating plastics in an oxygen-free
environment, typically between 400-900 °C, transforming them
into lower molecular weight hydrocarbons. These products can
then be further refined and used as fuels, or further chemically
transformed into other valuable materials.®°!

Catalysts are vital in enhancing pyrolysis efficiency to
produce practically-useful yields of the more valuable liquid and
gaseous fractions. While acidic zeolites have been conventional
choices for polyolefin pyrolysis,*%-26 there is growing interest in
using  polymerization catalysts to facilitate  polymer
deconstruction.r”-19 These catalysts lower the energy barriers for
both the forward polymerization and reverse bond-breaking
reactions. Leveraging established reaction mechanisms thus
enables direct application of extensive knowledge from forward
polymerisation catalysis for depolymerisation. Specifically for
polyolefins, zirconium species which resemble Ziegler-Natta
catalysts have been shown to facilitate polyethylene chain
cleavage.l’-?2 The C-C bond breaking step is proposed to
proceed via B-alkyl elimination, the reverse step of migratory
insertion (Figure 1a).lt"-22 This offers an interesting alternative to
the conventional mechanism of carbocation generation and
random rearrangements when acidic zeolites are used as
catalyst.[9.11.23]

As heterogeneous catalysis, metal-organic frameworks
(MOFs) have proven to be exceptional owing to their chemical
designability and large internal surface areas,?*?d but have
largely been overlooked in the field of plastic depolymerization.
MOFs offer even greater porosities than zeolites and have been
extensively studied as catalysts for forward polymerization
reactions (Figure 1b),?5-?8 suggesting their untapped potential
for depolymerization. In addition, compared to completely
inorganic heterogeneous catalysts employed for pyrolysis,?? the
concept of isoreticular synthesis allows for precise bottom up
design and tuning of the catalytically-active sites and pore sizes
to achieve targeted reactivity.®®! Despite these advantageous
characteristics of MOFs in heterogenous catalysis, their
perceived thermal instability compared to inorganic materials has
precluded their applications in pyrolysis. Even the most thermally
stable MOFs decompose at temperatures around 500 °C,BY
which is a typical polymer pyrolysis temperature. Furthermore,
there is a prevailing view that the low diffusivity of high molecular
weight polymers prevents their entry into MOF pores from the
melt,®? with the exceptions of PEG and some low molecular
weight polymers.334 Nearly all other examples of polymers
within MOF pores involve the infiltration of the monomer followed
by polymerization inside the pores.f?% To the best of our
knowledge, only two examples of MOFs catalysing polymer
degradation have been reported. Farha and coworkers
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demonstrated that zirconium MOFs facilitated the breakdown of
polyethylene terephthalate (PET) at 260 °C,¢! and Manna and
coworkers employed ruthenium hydride species supported in
zirconium MOFs for shape-selective hydrogenolysis of polyolefins
at 200 °C.B7

Herein, we demonstrate that UiO-66,83% a benchmark
zirconium MOF, can be effective catalysts for polyolefin pyrolysis,
enabling significantly enhanced liquid and gas yields whilst
suppressing unproductive char formation. UiO-66 possessed
several properties ideal for polyolefin pyrolysis: Given that
zirconium metal sites in MOFs can catalyse ethylene
polymerization (Figure 1c),”%?71 the unsaturated sites on
defective UiO-66 are expected to facilitate the reverse C-C bond
breaking at elevated temperatures (Figure 1a). The nodes of
zirconium MOFs dehydrate at temperatures above 300 °C and
lose acidic protons,?449 limiting protolytic pathways for
polyethylene cleavage. In contrast to Brgnsted-acidic zeolites
such as HZSM-5 which often affords high aromatic production, %=
131 we show that the proposed B-alkyl elimination mechanism for
UiO-66 offers complementary reactivity to yield more short-chain
alkanes and terminal olefins. Furthermore, UiO-66 is notable for
its excellent chemical stability,®® ease of preparation and the
potential for scalable synthesis in high yields using inexpensive
terephthalic acid.*! UiO-66 is also known to be stable up to
450 °C.BYU Although this is lower than the typical pyrolysis
temperature, we hypothesize that the reactivity of the unsaturated
Zr nodes can lower the required pyrolysis temperatures. Thus,
utilizing MOFs facilitates the easy synthesis of coordinatively-
unsaturated nano-sized zirconium-oxo species, whose catalytic
activity is maintained by the rigid scaffold of the MOF, preventing
aggregation which would attenuate their reactivity.?? Finally, with
UiO-66 possessing larger pore windows (6-7 A)i than the well-
studied polyethylene pyrolysis catalyst HZSM-5 (5.5 A),[1416]
polyethylenes are anticipated to enter UiO-66 under similar
conditions. Indeed, a combination of thermal and spectroscopic
studies indicate that polyolefins can diffuse into the MOF at
pyrolytic temperatures, thus allowing full utilization of the UiO-66’s
high internal surface area for depolymerisation mediated by its
zirconium nodes. Furthermore, we show that the UiO-66 catalysts
can withstand the pyrolysis reaction conditions for repeated reuse.
Our studies spotlights the untapped possibilities of MOFs as
practical and easily-handled unconventional catalyst for pyrolysis,
opening new avenues in end-of-life plastic treatment.
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Figure 1. a) Proposed mechanism for Zr-catalysed C-C bond cleavage in
polyethylene, representing the reverse step of olefin polymerization.
b) Schematic illustration of prior work using Zr(lV) sites in MOF for olefin
polymerization. c) Schematic illustration of this work, showing the structure of
UiO-66, highlighting missing linker defects and unsaturated Zr sites which can
be used for catalytic pyrolysis of polyolefins.

Results and Discussion

Pyrolysis Of Polyolefins Catalysed By UiO-66.

The UiO-66, as synthesised following reported procedures,®!
was first activated by heating in a furnace at 300 °C for an hour to
completely remove any remaining formate ligands, and its
crystallinity was confirmed by XRD analyses (Figure S1). The
number of missing linker defects was determined by
thermogravimetric analysis (TGA) as first reported by Shearer
and coworkers,? revealing an average of 1.3 missing
terephthalate linkers per Zrg node in the activated samples (Figure
S10). These Lewis acidic sites are essential as catalytic centres
for polyolefin pyrolysis. Additionally, TGA showed that significant
UiO-66 decomposition occurred only above 450 °C (Figure S10),
corroborating earlier reports,34° and hence pyrolysis was
performed at 400 °C on the lab-scale (Figure S15). UiO-66-
catalysed polyolefin pyrolysis was first investigated using 2 g
(71.4 mmol repeating ethylene units) of high molecular weight
high-density polyethylene (HDPE) resins (M, = 14 kDa; My, = 186
kDa). After 5 hours, the UiO-66 (10 wt%)-catalysed reaction
yielded small amounts of remnant solids, comprising of char and
partially-pyrolyzed PE, and significant quantities of a liquid
fraction that was collected as a clear yellow oil. Compared with
the uncatalyzed control experiment (Table 1, entry 1), UiO-66
significantly enhanced conversions and vyields of liquid and
gaseous products while concomitantly reducing solid char
formation by nearly 50% (entry 2). This indicates a more efficient
cleavage of HDPE into smaller molecular fragments in the
presence of UiO-66. When UiO-66 was substituted with
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commercially available ZrO, microparticles (see Figure S5 for
XRD characterisation), there was an unexpected reduction in
conversion compared to the uncatalyzed reaction, with a
predominant portion of the HDPE substrate persisting as solid
wax (entry 3). We hypothesized that poor performance of the
micron-sized ZrO; are due particle agglomeration and suboptimal
surface properties, which could impede effective mass transfer of
HDPE and its access to catalytic sites. The stability of the nano-
sized clusters afforded by the rigid MOF structure is therefore
crucial in maintaining good catalytic activity.

Encouraged by these results, we extended our study to low-
density polyethylene (LDPE) and polypropylene (PP) resins. Like
HDPE, UiO-66 considerably improved conversion, liquid and gas
yields from LDPE compared to the uncatalyzed reaction and with
ZrO, (Table 1). With PP, UiO-66 also improved liquid yields,
decreased solid residue formation and increased overall
conversion, though to a more modest extent, as the uncatalyzed
reaction already showed high conversion attributing to the lower
thermal stability of PP.[*3l The PE conversions in the presence of
UiO-66 catalysts, achieving 44-50% yields of liquid products, are
on par with the performance of zeolite catalyst.%'! Notably our
experiments were conducted at a lower temperature of 400 °C,
whereas conventional zeolite catalysts typically require higher
temperatures in the range of 500-700 °C for similar
conversions.[t011

Following this, we explored the practicality of UiO-66 in
pyrolysis of real-world post-consumer LDPE and HDPE waste in
the form of LDPE foam and HDPE detergent bottles respectively
(entries 9, 10). In both cases, conversions exceeding 70% with
comparable liquid yields as PE resins were obtained, while
uncatalyzed pyrolysis of post-consumer LDPE and HDPE
resulted in 32 % and 47 % conversion respectively (Table S1
entries S1 and S2), further corroborating UiO-66’'s value for
converting post-consumer polyolefinic waste into diverse
hydrocarbon products.

Liquid product distribution analysis for both LDPE io.6s and
HDPEuio.ss revealed considerable differences from their
uncatalyzed reactions (Figure 2). While HDPE still yielded mainly
linear alkanes as the major product with UiO-66 present, there
was a considerable increase in linear olefin content, with a
concomitant reduction in cyclic alkanes and olefins formed. The
increase in linear products without any increase in branched or
cyclic products formed is likely due to suppression of free radical
pathways in the presence of UiO-66 and therefore a reduction in
rearrangement reactions of the mainly linear polyethylene chains.
For LDPE, there was a similar increase of linear alkane and olefin
production, as well as an unexpected increase in cyclic alkane
production. A greater proportion of cyclic alkanes was also
observed in the PPyioss reaction compared to the uncatalyzed
reaction (Figure S20). Notably, UiO-66 catalysis afforded minor
aromatic production for all three polyolefins (their presence
confirmed by *H NMR in Figures S18), which were absent in the
uncatalyzed reactions (Figure S19). The aromatic yield with
UiO-66 was lower compared to using ZSM-5 catalysts,[2011
aligning with our aforementioned proposed mechanism. However,
the fact that aromatics are produced at all strongly indicates that
the zirconium nodes are indeed behaving as acidic catalyst, and
also suggests the accessibility of alternative reactions pathways
during pyrolysis, such as carbocation generation through hydride
abstraction.
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Table 1. Summary of reaction conditions for pyrolysis of polyolefins.?

Fraction Yields ?

Entry Substrate Catalyst Conversion ® (%)
Solid (%) Liquid (%) Gas (%)

1 HDPE - 57.3+0.9 42.7+0.9 38.5+6.8 18.8+5.9
2 HDPE UiO-66 80.7+0.2 19.3+0.2 51+3.4 29.7+3.6
3 HDPE ZrOz° 419+8.8 58.1+8.8 21.9+09 20.0+9.6
4 LDPE - 51.2+8.4 48.8+8.4 28.3+4.7 23.1+5.1
5 LDPE UiO-66 76.9+3.1 23.1+31 444 +95 324+6.4
6 LDPE ZrOz°® 68.4+1.8 31.6+1.8 49.5+2.6 18.9+0.7
7 PP - 91.6+6.5 8.4+6.5 67.3+9.8 24.3+3.3
8 PP UiO-66 97.8+0.1 22+0.1 76.1+14 21.6+13
9 HDPE waste UiO-66 70.7+75 29375 454+ 1 25.3+6.5
10 LDPE waste UiO-66 73.2+43 26.8+4.3 49.1+5.9 241+16
11 HDPE! - 539+14 46.1+1.4 269+1.7 27+0.3
12 HDPE¢ UiO-66 68.9+0.4 31.1+04 46.6 +5 22447
13 LDPEY - 48.3+14.1 51.7+14.1 24.3+19.7 24+56
14 LDPE* UiO-66 748+ 1.8 252+18 43.8+3.1 31+438

[a] Reaction conditions: 10 wt% catalyst loading w.r.t. substrate, 400 °C for 5 hours with a constant stir rate of 150 RPM. Commercially available resins and a lab-
scale pyrolysis set-up (Figure S15) are used unless otherwise stated; [b] Determined from the average of two repeat experiments, see Experimental Section for
details of calculations; [c] Monoclinic ZrO2 microparticles (Figure S5) were purchased from commercial sources; [d] Reactions performed using a fixed bed reactor
(Figure S16) at 400 °C for 5 hours under constant N2 flow.
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Figure 2: Comparisons of the carbon numbers and product type distributions in the pyrolysis oil fractions for reactions performed in the presence and absence of
UiO-66 in the lab scale setup for (a) HDPE and (b) LDPE, and in the fixed bed reactor for (c) HDPE and (d) LDPE.

Analysis of the carbon number distribution of the liquid
hydrocarbon fractions obtained from UiO-66-catalysed PE
pyrolysis, using our lab-scale reactor, generally resulted in slightly
broader distributions compared to the uncatalyzed control
reactions (Figure 2). Greater quantities of higher molecular weight
(>C18) oligomers were formed in the presence of the MOF.
Notably, the distribution obtained was also broader than that
obtained from PE hydrogenolysis catalysed by ruthenium-
hydride-containing UiO-66 MOFs as reported by Manna and
coworkers.?l Notwithstanding the fact that hydrogenolysis is a
distinctly different reaction from pyrolysis, the effect of the pore
size of the MOF on the carbon number distribution of the pyrolysis
oil should still be comparable. We attributed the observed

differences to the smaller pore size after Ru metalation of the UiO-
66,1 as well as the defective nature of the UiO-66 used in our
study resulting in a slightly larger pore size than in the defect free
MOF.

To determine the stability of the UiO-66 catalyst under
pyrolytic conditions, the MOF-containing post-pyrolysis residue
was characterised by XRD and transmission electron microscopy
(TEM). XRD revealed that while some residual amorphous post-
pyrolyzed polyolefin material is present, the diffraction peaks of
UiO-66 were clearly observable and showed minimal changes
(Figure 3a). Notably, the lack of observable peak broadening
indicated negligible changes in crystallite size, and the absence
of new peaks suggested that no phase transition occurred,



despite the possibility of UiO-66 converting to MIL-140 at elevated
temperatures.® These were corroborated by TEM imaging
(Figure 3b), which showed that the MOFs largely retained their
octahedral morphology, without observable formation of rodlike
MIL-140. The absence of a phase change can be attributed to the
non-polar nature of molten polyethylene, which is unable to
facilitate the phase transition between UiO-66 and MIL-140 that
likely involves charge-separated intermediates, possibly through
framework disassembly and reassembly.®® In addition,
synchrotron XRD and X-ray absorption fine structure (XAFS)
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measurements of UiO-66 post pyrolysis were performed to detect
if any ZrO, was formed from decomposition of UiO-66 (Figures
S13 and S14). No ZrO, could be detected by both these methods,
further supporting that UiO-66 retained its crystallinity throughout
the pyrolysis process. It is important to note that maintaining
temperature stability during the pyrolysis reaction is critical for
UiO-66 to remain viable, which is essential for achieving good
yields. Temperature spikes caused by the thermostat not being
immersed in the plastic led to UiO-66 decomposition and
consequently poorer yields.
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Figure 3: (a) XRD patterns of UiO-66 before pyrolysis (top) and post-pyrolysis residue (bottom), indicating presence of crystalline UiO-66 remaining in the residue;
(b) TEM images of UiO-66 (top) before and (bottom) after pyrolysis; (c) MOF reusability experiments with successive HDPE pyrolysis runs.

With the thermal robustness of UiO-66 for pyrolysis
established, we investigated the possibility of reusing them for
successive HDPE pyrolysis runs. Other than the reaction vessel,
the rest of the pyrolysis setup was thoroughly cleaned prior to
additions of new batches of HDPE for reruns. As summarized in
Figure 3c, reusing the post-pyrolysis MOFs once (run 2) resulted
in slight lower, but comparable conversion and liquid yield
compared to pristine UiO-66 catalysis (run 1). However, pyrolysis
efficacy reverted to near-uncatalyzed conditions (Table 1) upon
reusing the MOFs a second time (run 3). TEM imaging revealed
that the UiO-66 maintained its morphology for two runs but
showed significant residue accumulation and structural changes
by the third, likely causing decreased catalytic activity (Figure S8).
In addition, N, absorption isotherm measurements of the post

pyrolysis UiO-66 (Figure S12) reveal a lack of porosity, likely due
to wax and char accumulating in the MOF. These findings also
demonstrate that retaining the integrity and porosity of UiO-66
MOFs was essential for its observed catalytic properties, and that
coked or thermally degraded of UiO-66 were not catalytically
active. The reactivation or recycling of UiO-66 would be a valuable
direction for further investigation.

We then explored the possibility of UiO-66 catalysing LDPE
and HDPE pyrolysis using a practical fixed-bed reactor set-up
under constant N, flow, equipped with on-line GC-TCD-FID
analysis, to explore the influence of different reactor set-ups on
polyethylene pyrolysis. Corroborating our lab-scale experiments,
UiO-66 catalysis using the fixed-bed reactor consistently afforded
increased conversion and liquid yields for HDPE and LDPE (Table



1, entries 12-15). However, unlike lab-scale experiments which
yielded bimodal or trimodal product distributions, fixed-bed
pyrolysis afforded unimodal distributions for both HDPE and
LDPE irrespective of UiO-66’s presence (Figure 2). For HDPE,
both the UiO-66-catalyzed and uncatalyzed reactions afforded
left-skewed distributions peaking at C16; whilst for LDPE, UiO-66
catalysis resulted in slightly longer products (C14-16 peaks) than
its uncatalyzed counterpart (peak at C12). Evaluating the product
type distribution revealed that both HDPE and LDPE
predominantly yield linear alkanes and olefins, with a minor
fraction of branched hydrocarbons. In addition, LDPE pyrolysis
yielded a higher production of C1-4 gases, possibly due to its
branched structure that facilitates polymer breakdown, while
HDPE favoured C2-3 hydrocarbon production (Table S11).
Notably, aromatic compounds were conspicuously absent under
these conditions. We hypothesised that a consistent nitrogen flow
in the fixed-bed reactor precludes the recirculation of gaseous
intermediates within the reaction vessel for secondary reactions
such as intramolecular cyclization and dehydrogenation to occur.
The absence of aromatics produced herein also indicated that
those observed in the lab-scale set-up (Figure 2) were not
produced from degradation of the UiO-66’s terephthalate ligands.
Finally, UiO-66 samples containing fewer defects were
synthesized using the procedure reported by Shearer and
coworkers* and used for LDPE pyrolysis to test our hypothesis
that the Lewis acidic defects were indeed the catalytic sites. In
line with our expectations, UiO-66 containing 0.75 missing linkers
per Zrg node yielded a lower conversion of 60.3% (Table S1, Entry
S3), compared to UiO-66 containing 1.6 missing linkers per node
(76.9%, Table 1, Entry 5), while still being higher than the
uncatalyzed pyrolysis of LDPE (51.2%, Table 1, Entry 4).

Mechanistic Studies

A series of further investigations were conducted to gain insight
into the reaction mechanism of polyolefin pyrolysis catalysed by
UiO-66. Importantly, we sought to determine whether interactions
between the plastics and the zirconium nodes was limited to the
external surface of MOF crystals, or if the polymers could enter
the porous framework and react within its interior (as illustrated in
Figure 4a). To this end, we first employed differential scanning
calorimetry (DSC), as first demonstrated by Uemura and
coworkers,¥ to investigate the ability of polyethylene to
infiltration into UiO-66 at elevated temperatures. Because
polymers confined in the MOF pores do not contribute to the heat
of phase transitions measured for the bulk polymer, the measured
enthalpies per cycle indicates the quantity of bulk polymers
outside the MOF pores and thus indirectly reflect the quantity of
polymer that has entered the MOF pores. Thus, a physical mixture
of activated UiO-66 and HDPE was first heated to 200 °C, which
allowed for the polymer to melt but was well below the pyrolysis
temperature, and held for 15 minutes to allow polymer infiltration
into the MOF. Subsequent heating and cooling cycles of HDPE
with UiO-66 revealed successive decreases in heat change
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associated with both melting and crystallization (Figure 4b),
confirming HDPE's infiltration into the MOF structure when molten.
Notably, this behaviour was not observed when identical DSC
experiments were performed in the absence of UiO-66 (Figure
S24). Although more pronounced polymer infiltration is expected
closer to pyrolysis temperatures (400 °C), such temperatures
were not feasible using DSC. In contrast, the highly branched
LDPE did not exhibit this behaviour (see Figure S22). While this
suggests that LDPE may not readily enter UiO-66's pores due to
steric hindrance, we postulate that the more readily-cleaved
branch points of LDPEB! enable it to first react on the surface of
UiO-66, fragmenting into shorter less-branched chains which
could then enter the pores and undergo further reaction. Indeed,
DSC penetration experiments using eicosane (CzoHas2) confirmed
the possibility of PE oligomers entering the MOF pores (Figure
S25). In addition, the linear tips of branched LDPE are known to
infiltrate into HZSM-5,24 which has smaller pores than UiO-66
(~5.5 A for HZSM-5,114 6-7 A for UiO-66/2%). Hence, while our DSC
experiments show that the bulk polymer cannot infiltrate UiO-66,
we postulate that the linear tips can still access the internal
catalytic sites of the MOF. Similar to LDPE, repeated heating and
cooling cycles of isotactic PP resin with UiO-66 showed negligible
changes in heat of melting and crystallization, indicating that
isotactic PP is sterically too large to infiltrate the pores of UiO-66
(Figure S23) at 200 °C. We postulate that the coiled structure of
isotactic PP prevents it from entering the pores of UiO-66,*°! and
is also known to not penetrate HZSM-5.1]

At higher temperatures closer to that of pyrolysis, the
expected greater mobility of the polymers and flexibility of the
UiO-66 framework motivated us to employ a series of solid-state
NMR techniques to provide further evidence of polyolefin
penetration into the MOF. After annealing a mixture of HDPE and
UiO-66 at 350 °C under a nitrogen atmosphere for two hours (see
Section S5), the 'H 2D spin-exchange NMR (*H SQ / 'H SQ
homonuclear correlations) spectrum of the mixture clearly
revealed a cross peak indicating intermolecular interactions
between the polymer and the ligand of the MOF (Figure 4c).
Assuming a spin diffusion coefficient of 0.8 nm?/ms,“¢l mixing time
of 50 ms allows spin diffusion across 6 nm, allowing us to
conclude that HDPE chains are located within 6 nm from UiO-66
linkers. To further validate the close proximity of the polymer to
the ligand of the MOF, 2D 'H DQ / 'H SQ homonuclear
correlations NMR was conducted. Weak but clear correlations
between polymer and ligand were also observed (Figure S26).
Since 'H DQ correlation can only be made between *Hs within 4
A, the correlation indicates proximities on an atomic (< 4 A) scale.
Presence of correlation peaks in *H SQ/*H SQ spectra at a short
contact time of 5 ms also corroborates this observation (Figure
S27). Surprisingly, 2D NMR experiments revealed correlations
between the protons on PP and UiO-66, suggesting that PP could
also penetrate into the MOF after heating to 350 °C (Figures S26,
S27). We hypothesized that at this temperature, either increased
UiO-66 flexibility permitted PP penetration, or some PP
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Figure 4. a) lllustration of HDPE strand infiltration into UiO-66 pore, b) DSC thermogram of the UiO-66 mixture with HDPE, showing decreasing polymer melting
heat during successive heating cycles, c) *H 2D spin-exchange NMR spectrum (1H SQ / 1H SQ homonuclear correlations) of UiO-66 and HDPE after heating to
350 °C. The spectrum was observed with a mixing time of 50 ms. Correlations between HDPE and linker of UiO-66 is highlighted by circled crosspeaks in (c).

fragmentation into shorter oligomers has occurred, causing the
polymer to lose its coiled structure for easier pore entry.

We then sought to understand how UiO-66 -catalysts
significantly improved liquid and gaseous yields for polyethylene
pyrolysis - a desirable outcome considering their higher value
over solid wax and char. Uncatalyzed pyrolysis typically occurs
via radical mechanisms,®4748 with an increased likelihood of
radical recombination and cross-linking at  lower
temperatures.54849  This accounts for the significant wax
formation in the uncatalyzed reactions, and why higher
temperatures are needed to achieve satisfactory liquid yields.
While our original hypothesis that unsaturated sites on the
zirconium nodes could facilitate C-C bond cleavage through
B-alkyl elimination would preclude the possibility for crosslinking,
other ionic pathways enabled by the MOF could also be
contributing. In addition, the presence of non-negligible amounts
of aromatics in the product suggest that dehydrogenation
pathways, possibly via B-hydride elimination, are also accessible.

To assess the feasibility of our hypothesized mechanism,
we performed computational modelling using n-decane to model
a segment of polyethylene and a truncated cluster model of UiO-
66 using ORCA 5.5 One plausible pathway is discussed herein
and illustrated in Figure 5a (see Section S6 for full computational
details and additional modelling). Drawing inspiration from the
work of Van Speybroeck and coworkers,“°l we first investigated if
the C-H bonds of our model hydrocarbon could be cleaved
heterolytically over the amphoteric UiO-66 node, where the pz-oxo
could act as a base. A concerted metalation-deprotonation via a

4 membered transition state (TS1, with an energy reaction barrier
of 18.9 kcal/mol) would yield a zirconium alkyl complex. While a
typical monometallic-centred 3-carbon elimination transition state
could be found with an overall barrier of 65.1 kcal/mol, a lower-
energy bimetallic transition state (TS2, 57.6 kcal/mol) was also
found, where an adjacent Zr atom on the node offered an empty
coordination site (see Section S6 for details on both transition
states). This transition state would be rate-limiting, but still below
the homolytic C-C bond dissociation energy.®51 We estimate that
the B-carbon elimination barrier in the actual system might be
lower than in our model system, as C-C bonds are known to be
more prone to cleavage as chain length increases.®® Furthermore,
nodes bearing more than one missing linker defect would result
in lower coordination numbers of the Zr atoms and thus higher
reactivities, resulting in even lower C-C bond breaking barriers
(see Figure S31 for details). The reaction completes through TS3
(47.8 kcal/mol), returning the Zr node to its initial state and
effectively cracking the starting alkane into a terminal alkene and
a shorter alkane. Finally, to assess if these transition states were
possible within the confinement of the pore cavity of UiO-66,
calculations were performed on a larger cage model consisting of
two adjacent octahedral pores, and a nonacosane (CzgHeo) strand
as a PE surrogate (Figure 5b, see Section S6.1 for details). The
model shows that the C-C bond breaking transition state is indeed
sterically accessible.
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Figure 5 (a) Modelled reaction profile illustrating the C-C bond cleavage catalysed by unsaturated sites on a Zr atom. (b) Computational model illustrating the
transition state for bond breaking within a pore of UiO-66. The figure highlights the steric accessibility of polyethylene to the active node. Inset shows an expanded

view of the key transition state for bond cleavage.

Conclusion

In summary, we have demonstrated that thermally-stable, low-
cost and scalable UiO-66 MOFs can be highly effective catalysts
for depolymerization of polyolefin plastic waste under relatively-
mild pyrolytic conditions. Under both lab-scale and practical fixed-
bed reactor set-ups, UiO-66 significantly enhanced industrially-
useful liquid and gas yields from polyolefin substrates, whilst
greatly suppressing solid wax formation. Product distribution
analyses revealed distinct preferences for alkane and aliphatic
olefin formation, providing useful complementarity to the aromatic
selectivity typically observed with zeolite catalysts. DSC and
solid-state 2D NMR studies indicated the unexpected possibility
of polyolefins entering the UiO-66 pores at pyrolytic temperatures,
allowing full exploitation of the high MOF internal surface area for
reactions catalysed by the coordinatively-unsaturated zirconia
nodes. Computational modelling supported the energetic and
steric possibility of zirconia-mediated B-alkyl elimination pathways
within MOF pores which favour liquid and gas fraction formation

over chemical crosslinking that forms solid char. Importantly, the
ability of the rigid MOF framework to stabilise and maintain the
high reactivity of the nanoparticulate zirconia nodes is essential to
their catalytic efficacy, evident from the negligible reactivity of
zirconia microparticles observed under identical reaction
conditions. Considering that a considerable number of MOFs
possess comparable or superior thermal stabilities to UiO-66,5%
with pores sufficiently large for polymer penetration, numerous
possibilities for tuning pyrolysis reactivity and product selectivity
through bottom-up MOF design can be envisaged. Our study
serves as a proof of concept that MOFs, which have been
extensively studied for forward polymerization, can also be used
effectively for depolymerization, opening up new avenues for
future exploitation of these versatile porous materials for waste
plastic valorisation.
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