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Abstract

Plastic waste is a mounting problem that lacks global strategy, largely due to inadequate
recycling capabilities. One alternative gaining traction in the heterogeneous catalysis community
is the upcycling of polyolefins into value-added products, such as the hydrogen-free conversion to
alkylaromatic compounds over Pt/Al,Os. Here, we examined the activity of nominally metal-free,
mesoporous silica-alumina mixed oxide materials (SiO2-Al203) for the conversion of polyethylene
into aromatic compounds at temperatures at and below 280 °C. Yields with the silica-alumina
catalysts are comparable to those obtained over Pt(1 wt%)/Al2O3 under identical conditions, and
product selectivity can be tuned by altering reaction conditions or the acid site density of the SiO»-
AlL0Os. Notably, the fraction of polyaromatic products increases with the Bronsted acid site density
of the catalyst, as does the degree of polymer deconstruction. These catalysts can be reused without
regeneration and their activity improves with each recycling event, giving soluble product yields
up to 83%. Preliminary work on the mechanism of the reaction suggests that acid sites are
responsible for initiating depolymerization and aromatization reactions, in analogy to previous
work in the literature. This work showcases the activity of SiO2-AlO3 for polyolefin
deconstruction/aromatization at sub-pyrolytic temperatures and lays the foundation for future
studies involving solid acid and bi-functional catalysts.



Introduction

Plastic waste is a growing global catastrophe. Over 6.9 billion metric tons have been
generated since the onset of mass-produced plastic in the early 1950s— most being discarded.!
The United States reported a dismal 8.7% recycling rate in 2018.2 A similar fraction was
incinerated for energy recovery (15.8%) and the rest entered either landfills or the environment,
where impacts are not fully understood.® Action is needed in many forms to curb the plastic waste
problem and mitigate environmental consequences, including innovations in plastic recycling
technology. Mechanical processes dominate today’s recycling landscape, but polymer degradation
leads to “downcycling,” limiting the prevalence of plastic recycling in its current form.

The search for a superior recycling process has spanned decades and disciplines, but to
date, the most success (in terms of number of publications and patents) has come from the field of
catalytic pyrolysis.* This reaction is largely agnostic to the plastic feedstock, but substantial energy
requirements and poor product selectivity limit its implementation outside the laboratory.>®
Alternative low-temperature reactions, including monofunctional hydrogenolysis and bifunctional
hydrocracking, have gained increasing attention in recent years.®!” Unlike pyrolysis, which
converts polyethylene into a mixture of products at temperatures well above 350 °C,!
hydroconversion reactions selectively produce fuel-range alkanes at significantly lower
temperatures using moderate hydrogen pressures. However, questions surround the economics of
these conversions, given the products are of relatively low monetary value and require 1 mole of
hydrogen for every mole of C-C bonds cleaved.!*2

Alternative low-temperature reactions which produce value-added products have been
proposed. One prominent example is the hydrogen-free tandem hydrogenolysis/aromatization
reaction pioneered by Zhang et al., which converts polyethylene into alkylaromatics using a
Pt/Al,03 catalyst at 280 °C. These products are valuable as lubricants and detergent precursors,
and are currently produced through more energy-intensive routes.!” Adding a small amount of iron
to the catalyst has been shown to further increase the yield of aromatics.?! A technoeconomic
assessment for this type of polymer conversion has not been published as of this writing, but the
catalyst will undoubtedly be a cost driver given the low polymer/catalyst ratios and energy-
intensive catalyst regeneration procedures detailed in the literature. Lowering catalyst costs and
increasing efficiency are paramount to moving the technology forward. In a preliminary step to
address these problems, we examined the activity of nominally metal-free silica-alumina mixed
oxide materials (SiO02-Al>Os) for the conversion of polyethylene into aromatic compounds.

Many solid acid catalysts have been tested in pyrolysis reactions for polyethylene
deconstruction, including SiO»-Al>03.222* Unlike zeolites, which are microporous and have
narrow pore distributions, Si02-Al>O3 is typically mesoporous— a property that is thought to
improve polymer transport during reactions.?>-?¢ Several studies have shown that cracking of the
polyolefin chain increases with Si0;-AlbOs acidity during catalytic pyrolysis and occurs
predominantly on Brensted acid sites.?>>* Aromatics are known to form over acidic catalysts
during short alkane cracking and have been observed in polyolefin cracking as well.?’?® Notably,
Ohkita et al. tested a series of SiO2-Al,O; catalysts in reactions with thermally-degraded
polyethylene vapor and found that the yield of aromatics increased with the number of acid sites.?’
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To the best of our knowledge, however, the conversion of polyolefins to aromatics over SiO»-
AlL>Os has not been investigated in the polymer melt phase— where transport effects have been
extensively documented?>-!23%3! — or at sub-pyrolytic temperatures.

Herein, we demonstrate that nominally metal-free Si02-Al,O3 deconstructs polyethylene
into smaller, aromatic molecules under identical conditions as those used by Zhang et al. during
reactions with Pt/Al,Os. Yields are comparable, the catalyst can be reused without regeneration,
and product selectivity can be tuned by altering reaction conditions, the acid site density of the
Si0,-AL0O3, or the number of catalyst reuse events.

Results and Discussion

In preliminary experiments, low molecular weight polyethylene (M ~3000 g mol™!') was
loaded in stainless steel mini reactors (approximately 10 mL volume, Figure S1) in an argon
atmosphere with a catalyst, either commercial Pt(1 wt %)/Al20; or SiO2-AlO3 (10 wt % silica,
labeled 10SA). The reaction was run for 24 hours at 280 °C and non-gaseous products were
extracted with hot chloroform. Reactions with Pt(1 wt %)/Al>03 and 10SA exhibited similar mass
yield profiles post-extraction, with 56 wt % and 45 wt % chloroform-soluble product yields,
respectively (Figure la). y-AlO; performed poorly by comparison, resulting in predominantly
chloroform-insoluble residue (55 wt %) and minimal soluble products. Gaseous products that
completed the mass balances were not collected in these preliminary experiments (see more
below).
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Figure 1. (a) Chloroform-soluble and -insoluble yields (wt %) after reactions with PE (280 °C,
24 h). (b) GPC profiles and (c) 'H NMR spectra of the chloroform-soluble products. *CDCl3
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The chloroform-soluble products were further characterized with gel permeation
chromatography (GPC, Figure 1b). The reaction with vy -Al>O3 resulted in a minimal reduction in
average molecular weight (23%, <M> =1964 g mol!) and changes during a control experiment
with only polyethylene in the reactor were negligible (Figure S2). On the other hand, a notable
reduction in average molecular weight during reactions with Pt/Al,O3 (35%, <My> = 1658 g mol
" and 10SA (36%, <My> = 1639 g mol ') was observed. The dispersity also decreased from that
of the starting material (P = 2.05) in both cases (P = 1.68 for Pt/Al,O3 and 1.79 for 10SA).

While the GPC My, distribution is similar in both instances, proton NMR analysis suggests
product selectivity differs (Figure 1c). Prominent peaks in the 4.7-5.8 ppm region appear in the
10SA reaction product spectrum, corresponding to olefins.?? There are no features in this region
in the case of Pt/Al>,O3. There are also broad signals in the 6.5-9.0 ppm region for both the Pt/Al,O3
and 10SA reaction products, indicative of protons bound to aromatic rings.!® Control experiments
with y-Al,O3 and PE alone do not produce products with quantifiable 'H NMR peaks in the
aromatic region (Figure S3). Integration indicates aromatics are produced in similar amounts
during reactions with 10SA and Pt/Al,O3 (aromatic/total proton ratio = 0.005 = 0.001 and 0.0068 +
0.0001 for 10SA and Pt/Al>Os, respectively), but the relative compositions differ. Pt/Al,O3
produces mostly monoaromatic products (corresponding to signals from 6.5-7.4 ppm), while 10SA
produces products with prominent features in the polyaromatic region as well (broad signal from
7.4-9.0 ppm), indicative of fused rings.!” This difference in product compositions is supported by
integration of the 'H NMR aromatic region: the monoaromatic/polyaromatic proton ratio is 4.4 in
the case of Pt/Al>O3, and 2.9 for 10SA. We tried to further understand the composition of the
chloroform-soluble products, but the compounds could not be analyzed using traditional mass
spectrometry techniques due to ionization difficulties.

The available evidence suggests 10SA deconstructs polyethylene into shorter aromatic
compounds under the same reaction conditions as Pt(1 wt %)/Al,03 and exhibits similar
performance without added noble metals. There are no detectable Pt atoms present on SiO2-Al>O3
to facilitate dehydrogenation or C-C bond cleavage, which differs from Pt/Al,O3; materials that
likely catalyze tandem hydrogenolysis and aromatization through bifunctional pathways. Here, we
hypothesize that acid sites are the active sites for the reaction. To investigate this aspect, a series
of Si0,-AL,Oj3 catalysts of varying silica/alumina ratios (1.5, 5, 10, 20, and 30 wt % Si0O,),
comparable surface areas (Table S1), and similar mesopore diameters (Figure S4)— as determined
by nitrogen physisorption and small-angle X-ray scattering (SAXS) studies (details are presented
in the Supplementary Information, Figures S5-6 and Tables S2-5)— were tested under the
previous reaction conditions. The Breonsted and Lewis acid site densities of these catalysts were
quantified in a previous work using diffuse-reflectance infrared Fourier transform spectroscopy
(DRIFTS) with pyridine adsorption at 180 and 400 °C (Figure S7).3* Weak (180 °C) and strong
(400 °C) Bronsted acid site densities increased with increasing SiO> content up to 30% silica due
to the formation of acidic Si—O(H)—Al sites, in agreement with previous reports.** No correlation
was observed between silica content and Lewis acid site density.

Upon reacting the series of SiO2-AlO; catalysts with polyethylene, clear conversion and
product selectivity trends emerged with respect to Bronsted acid site density. The chloroform-



soluble product fraction increased with silica content, while the insoluble fraction decreased
(Figure 2a), suggesting chain scission is facilitated by Brensted acid sites. This is supported by
GPC results (Figure 2b)— the chloroform-soluble products progressively decreased in molecular
weight with increasing silica/alumina ratio. The aromatic fraction in the products increased with
Bronsted acidity as well (defined here as Bronsted acid site density, Figure 2c-d), which aligns
with the color changes observed. The products became dark orange due to polyaromatic species
as the silica/alumina ratio of the catalyst increased (Figure 2a). Notably, the relative polyaromatic
fraction in the '"H NMR spectrum increased with Brensted acidity, as evidenced by the growing
intensity of the features in the 7.4-9.0 ppm region (Figure 2d) and the decreasing
monoaromatic/polyaromatic proton ratio (Figure 2¢). We also compared product selectivity for
10SA and 30SA at similar levels of conversion, approximated here by chloroform-soluble product
yield and average My of the products. Conversion was controlled with reaction time (24 h for I0SA
and 6 h for 30SA). Even though both samples had similar total aromatic content at these conversion
levels, 10SA produced products with a 3.8 times higher monoaromatic/polyaromatic proton ratio
(Table S6).
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Figure 2. PE deconstruction with SA catalysts of varying silica content (280 °C, 24 h). (a) Reaction vessel
interior post-reaction, prior to product extraction (top) and chloroform-extracted products with yield overlay
(equivalent concentrations, bottom). Silica content reported as percentage (wt %). (b) GPC profiles, (¢) 'H
NMR integrations, and (d) 'H NMR of chloroform-soluble products reported as a function of Brensted acid
site density. *CDCls solvent signal

Polyethylene chain scission and aromatic formation both appear to be facilitated by Brensted acid
site density under the tested conditions. While the reaction network is likely complex, we
hypothesize that these reactions proceed through a carbocation-mediated mechanism akin to acid-
catalyzed hydrocarbon cracking, where a series of skeletal rearrangement, hydrogen transfer, and
beta-scission steps occur. >* Analysis of the gaseous reaction products supports this hypothesis.
It was found that C3-C5 hydrocarbons were the most abundant species in the gas phase (84%,
Figure S8), which is the expected result for monofunctional acid site cracking in which the stability
of carbocations determines the formed species.” Hydrogen was also quantified and accounted for
7% of the gaseous products, further suggesting that the reaction created hydrogen via

7



dehydrogenation reactions on the catalyst. Only trace amounts of methane were detected (1%).
This result differs from systems undergoing hydrogenolysis, such as the reaction of PE with
Pt/A1,O3, where significant amounts of methane are produced.®!” Carbocation-mediated cracking
reactions are thought to be initiated over solid acids by either the formation of carbonium species
(as described by the Haag-Dessau mechanism for alkane cracking), the formation of carbenium
ions via hydride abstraction, or the protonation of olefins in the polyolefin feedstock.?>=37 While at
this time we do not have enough evidence to definitively support a mechanism, we further
examined whether the last reason could explain our results.

We see features in the alkene region of the high temperature 'H NMR spectrum of the PE
starting material (commercial, Figure S9), which lends support to the olefin hypothesis. Finding
olefins in the polyethylene feedstock was not entirely unexpected. The Phillips ethylene
polymerization catalyst, for example, is a common commercial catalyst that creates mono-
unsaturated PE chains.’® Hydrogens corresponding to methyne groups are present in our PE
feedstock at a concentration of 1700 ppm, as determined from 'H NMR integration. Assuming an
average molecular weight of 3000 g mol!, this equates to ~1 olefin per every 2.5 molecules of PE.
While we cannot rule out contributions from Brensted and Lewis acid site alkane activation, it is
generally accepted that olefins crack faster than paraffins and will follow a traditional cracking
mechanism over Bronsted acid sites if present in the feed. 337

To further investigate the role of pre-existing olefins, reactions were conducted between
Si02-AlO3 (30 wt % silica, labeled 30SA) and two model compounds: 1-octadecene (ODE) and
octadecane. Both are C18 hydrocarbons, but ODE contains a double bond while octadecane does
not. Both reactions resulted in C-C bond cleavage, as evidenced by gas chromatography (Figure
S10). The reaction that contained pre-existing double bonds, however, yielded products with 6
times higher total aromatic content than the reaction without pre-existing double bonds, and a
higher fraction of polyaromatic protons (monoaromatic/polyaromatic proton ratio = 0.8 for ODE
and 1.7 for octadecane). These results suggest that the reaction rate is greatly enhanced by the
presence of pre-existing olefins in the starting material, as is the case with the PE examined in this
study. This is unsurprising given the mechanism for a typical hydrocracking system, where alkenes
are first formed on metallic sites before diffusion to acid sites for subsequent cracking reactions.!?
It appears, however, that olefins can form under reaction conditions without a metal catalyst— we
observed alkenes in the octadecane reaction products but not in the starting material (Figure S11).
Further experiments with PE suggest olefin formation is likely a catalytic process as opposed to
thermal; the integrated olefin region of the proton NMR spectrum before and after heating at 280°C
for 24 hr without catalyst was almost identical (olefin/paraffin ration = 0.00178 before heating and
0.00174 after heating).

A pair of experiments were designed to investigate the role of olefins as the reaction
proceeds. When the reaction was performed on 30SA using triacontane (17-C3oHs2) as a model
compound almost no aromatics were observed by "H NMR (Figure S12), and only starting material
was observed by GC-MS, suggesting conversion was quite low. By contrast, Zhang et al. showed
that triacontane with the same purity clearly forms shorter hydrocarbons and aromatics when
reacted with Pt/Al>O; under identical conditions, speaking to the fundamental mechanistic



differences between the two systems. When a trace amount of ODE was added to the reactor with
triacontane and 30SA, two times greater aromatic content was observed by NMR (Figure S13).
GC-MS results, however, suggest that ODE was the predominant species cleaved—peaks appeared
at earlier retention times than C18 in the GC spectrum, but no peaks appeared in the region between
C18 and C30 (Figure S14). This suggests that metathesis and hydrogen transfer are slow compared
to beta-scission cascade reactions under the tested reaction conditions.

We investigated other acidic oxides as potential metal-free catalyst alternatives for
polyethylene deconstruction, including titania, HY zeolite, and HZSM-5 zeolite, but none
performed as well as SiO»/Al>Os. Titania produced mostly chloroform-insoluble products and no
aromatics were observed with 'TH NMR (Figure S15), presumably due to a lack of Brensted acid
sites.*® The zeolites, conversely, produced gaseous products almost exclusively, even at short
reaction times (3 h). It is possible that the microporous nature of the zeolite inhibits polymer
transport, resulting in confinement and over cracking to gaseous products inside the pores.!>*° The
small fraction of liquid products that could be recovered (17% for HY and 30% for HZSM-5) had
up to 10 fold higher aromatic content than reactions with 30SA (Figure S16). This could be
attributed to confinement effects or acidity differences, but further studies are required.

Controlling the Bronsted acid site density of the silica alumina is one way to tune the
product profile during polyethylene deconstruction, with more acidic catalysts producing a larger
fraction of aromatics. We found that the degree of aromatic formation can also be tuned with
reaction time and temperature. A non-negligible chloroform-soluble product yield was obtained at
temperatures as low as 150 °C after 24 h (Figure 3a) and at reactions times as low as 3 h at 280 °C
(Figure 3b) in experiments with 30SA. The insoluble fraction steadily decreased with increasing
temperature and reaction time, while the total fraction of aromatics increased. The relative
monoaromatic/polyaromatic proton ratio of the products, as determined by 'H NMR peak
integration, was similarly dependent on reaction conditions, decreasing by a factor of 8 over the
course of the reaction temperature series. The same trend was observed for the reaction time series,
with longer reactions producing a larger fraction of polyaromatic products (Figure S17). The
average molecular weight of the chloroform-soluble products also decreased with increasing
temperature and reaction time (Figure S18), with the reaction conducted at 150 °C being the one
exception. It produced products of a slightly lower molecular weight than was observed at higher
temperatures. This may suggest that the reaction proceeds through a different mechanism at 150
°C or that some form of deactivation occurs at elevated temperatures. Further investigations are
required. We also tested PE of a higher molecular weight (My ~76,000 g mol!) in a 24 h reaction
with 30SA at 280 °C and the '"H NMR spectrum of the chloroform-soluble products was almost
identical to that of low molecular weight PE (Figure S19). Conversion, however, was lower (33%
chloroform-soluble yield, 44% chloroform-insoluble yield), as it is expected for running the
reaction for the same duration of time.
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Figure 3. Chloroform-soluble and -insoluble yields with integrations from 'H NMR.
Reactions with 30SA (a) for 24 h at different temperatures and (b) for varying reaction
times at 280 °C (all individual experiments)

The Pt/ALO; system reported by Zhang et al. presumably deactivated after use but could be
regenerated via calcination and reduction. We investigated the reusability of 30SA and found
instead that chloroform-soluble products were consistently produced over the course of three
catalyst recycling events without a reduction in yield (Figure 4). Moreover, the fraction of
chloroform-soluble products increased as the catalyst was reused. Nanostructural changes were
ruled out as a possible explanation, as SAXS measurements of 30SA before and after the reaction
did not show appreciable differences in the catalysts (Figure S6 and Table S4). We hypothesize
instead that the increase in yield is due to a higher degree of unsaturation in the residual polymer
left on the catalyst after the reaction, as compared to the fresh PE, which could conceivably
facilitate PE dehydrogenation via transfer hydrogenation. The existence of polymer residues on
the used catalyst was confirmed with thermogravimetric analysis and x-ray diffraction (Figures
S20-21). The olefins— either in the residual polymer or the fresh PE— are presumably protonated
by Brensted acid sites, forming carbocations that initiate cracking reactions. Thus, a higher degree
of unsaturation would lead to more C-C bond cleavage events and an increase in the chloroform-
soluble product yield at the expense of chloroform-insoluble products.
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(280 °C, 24 h). Catalyst reused 3 times without regeneration

The monoaromatic/polyaromatic proton ratio also increased as the catalyst was reused,
doubling over the course of 3 catalyst recycling events. Catalyst deactivation could potentially
explain this phenomenon because polyaromatic products are likely formed downstream. We
believe the explanation is more nuanced, however, because the total aromatic fraction remained
constant over the course of 3 catalyst recycling events (Figure S22), suggesting other changes to
the catalyst occur instead of simple deactivation. For example, the increased
monoaromatic/polyaromatic proton ratio could be due to a decrease in Bronsted acid strength or
density during the reaction, or the deposition of coke on Brensted acid sites, with aromatic residues
that can help withdraw hydrogen atoms from the system. A recent work also postulated that the
deposition of polymer residues on Ru/TiO: increased the hydrophobicity of the catalyst and led to
altered activity upon catalyst reuse.*! Further studies will be required to differentiate between these
possibilities, but the degree of catalyst reuse appears to be another method— in addition to reaction
time and temperature— to tune product selectivity.

Conclusion

Clearly, the activity of solid acids for polyolefin deconstruction at low reaction
temperatures should not be overlooked. This idea is just starting to gain traction in literature. Lee
et al. recently demonstrated, for example, that Si0,-AlOs, zeolite-Y, and ZSM-5 all have
measurable activity for n-hexadecane deconstruction at 275, 325, and 375 °C. Furthermore, the
authors found that the activity of the support can dramatically influence the reaction mechanism
when metal nanoparticles are dispersed on silica-alumina-based catalysts.” Duan et al. also
discovered that ZSM-5 nanosheets catalyze the conversion of polyethylene into light olefins at
280 °C under hydrogen flow conditions.** Herein, we showed that SiO»-AlOs is active for
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polyethylene deconstruction/aromatization at even lower temperatures, laying the foundation for
future studies involving solid acid and bi-functional catalysts. It may be possible, for example, to
further facilitate low-temperature polyethylene deconstruction reactions over silica alumina
catalysts by introducing unsaturation into the polymer chain, for which there are several
established routes.* This will be examined in future studies.

In this investigation, we demonstrated that SiO;-AlbO; deconstructs low density
polyethylene into shorter, aromatic compounds at sub-pyrolytic temperatures, producing products
of similar composition as Pt(1 wt %)/Al,0; without the addition of noble metals or hydrogen.
Reactions over SiO2-Al>O3 appear to be facilitated by Brensted acid sites and product selectivity
can be tuned in a variety of ways, including the Bronsted acid site density of the catalyst, reaction
time, temperature, and degree of catalyst reuse. There are many advantages to using SiO2-Al2O3
for polyolefin upcycling, including reduced catalyst cost and ease of catalyst reuse. Regeneration
steps are not necessary between runs under the investigated conditions, and catalyst activity
appears to improve with each use. The recycling landscape is complex but finding inexpensive
catalysts for low-temperature conversions to value-added products is a step in the right direction.

Experimental Methods

Materials

Polyethylene (My ~3000 g mol™!, SKU-427772; My, ~76,000 g mol!, SKU- 428043), triacontane
(98%, SKU-263842), octadecane (99%, SKU-0652), 1-octadecene (technical grade, 90%, SKU-
0806), chloroform (>99.8%, ReagentPlus®), Pt(1 wt %)/A1o03, and glass microfiber filters
(Whatman®, Grade 934-AH®) were obtained from Sigma Aldrich and used as received.
Deuterated chloroform (ACROS Organics™, 99.8+% atom D with 0.03 v/v % TMS),
bromobenzene-ds (Thermo Scientific™, 99% atom D), and Zeolite Y (hydrogen, Alpha Aesar,
780 m?/g, silica:alumina mole ratio = 30:1) were purchased from Fisher Scientific. TiO (Aeroxide,
P25) was obtained from Acros and used as received. Al2O3; and SiO2/Al,O3 powders of varying
SiO; content (1.5, 5, 10, 20, and 30 wt %) were obtained from Sasol and used as received.

Polyethylene deconstruction experiments

In a typical reaction, polyethylene (130 mg) and catalyst powders (200 mg) were loaded into
stainless steel mini reactors (~10 mL volume) inside an argon glovebox unless stated otherwise.
Mini reactors were comprised of 3/4°° diameter Swagelok unions and plug fittings following
previous reports.!”* The reactors were sealed, removed from the glovebox, and placed in a
temperature-controlled furnace pre-heated to reaction temperature (280 °C unless stated
otherwise). The temperature fluctuated £10 °C upon opening and closing the furnace and remained
stable throughout the reaction. Reactors were immediately cooled under a jet of cool air for
15 minutes following the reaction.
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The reactor contents were transferred into a pre-weighed glass vial and washed with 20 mL of hot
chloroform (50 °C). Chloroform-soluble products were separated from the catalyst powder and
chloroform-insoluble residues via vacuum filtration on a glass-fiber filter paper. The catalyst and
polymer residue were dried overnight prior to weighing and the chloroform-insoluble yield was
calculated as the difference between the recovered mass (catalyst + residual polymer) and initial
catalyst mass. Solvent was removed from the chloroform-soluble fraction via rotary evaporation,
giving the chloroform-soluble yield.

Characterization

'H nuclear magnetic resonance (NMR) spectra of chloroform-soluble products and triacontane
were collected in chloroform-d using a Bruker Neo500 spectrometer (500 MHz) and analyzed
using MestReNova software (Version 14.2.0-26256). All product spectra were collected at room
temperature and the chemical shifts were referenced to TMS and residual solvent signals. High
temperature 'H NMR of the polyethylene feedstock was collected in bromobenzene-ds at 80 °C
using a Bruker Neo400 spectrometer (400MHz).

High-temperature gel permeation chromatography (HT-GPC) spectra of the starting material
and chloroform-soluble products were collected using a Tosoh EcoSEC HT-GPC equipped with a
single TSK gel GPC column (GMHHR-H; 300 mmx7.8 mm) and an RI detector. Experiments
were run at 180 °C using 1,2,4-trichlorobenzene as the solvent and calibrated against polyethylene
standards purchased from Polymer Standards Service encompassing the molecular weight range
of the products (840, 1970, and 16,000 Da).

Transmission electron microscopy (TEM) images were recorded on a FEI Tecnai transmission
electron microscope equipped with an Orius CCD and a Gatan OneView camera operating at
200 kV. Sample powders were dispersed via dry deposition onto lacey-carbon Cu-mesh TEM
grids.

Thermogravimetric analysis (TGA) was performed on a TGA 5500 (TA Instruments). Samples
were heated at a rate of 10 °C min™! under a flow of air (20 mL min™).

Powder X-ray diffraction (PXRD) spectra were obtained using a Bruker Single Crystal D8
Venture with Mo Ka radiation from 5° to 95° 26 with a step size of 0.05° and an exposure time of
60 s.

Gas chromatography mass spectrometry (GC-MS) of the liquid products was collected using an
Agilent 7890/5975 instrument (single quadrupole MS with an electron impact ionization source)
equipped with an HP-5 column ((5 % phenyl)-methylpolysiloxane, 30 m x 0.25 mm x 25 pm). The
following temperature program was used: 35 °C (hold 3.75 min), ramp 20 °C/min to 320 °C
(hold 7 min). The flow rate of helium was 1 mL/min, the split ratio was 1:100, and the injector
temperature was 280 °C.

Gas chromatography (GC) of the gaseous products was collected with a gas chromatograph (Buck
Scientific model 910) using a flame ionization detector (FID) with a methanizer and thermal
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conductivity detector (TCD) with Ar as the carrier gas. The following temperature program was
used: 60 °C (hold 5 min), ramp 30 °C/min to 150 °C (hold 82 min), ramp 25 °C/min to 250 °C
(hold 120 min). Reactions for headspace analysis were conducted in a 50 mL Parr autoclave. The
reactor outlet was connected directly to the GC after the reaction was complete and the reactor had
cooled to room temperature.

Small-angle X-ray scattering (SAXS) experiments were performed at the 1-5 beamline of The
Stanford Synchrotron Radiation Lightsource, SLAC National Laboratory, USA. 1-5 beamline is
equipped with a beamstop consisting of an inbuilt diode to measure the transmitted intensity and
Pilatus 1M (1024 x 1024 pixels, 172 x 172um? pixel size; Dectris AG, Switzerland) photon
counting area detector. A micro-focused X-ray beam of spot size 300 x 300 um, 15 keV energy,
and sample-to-detector-distance (SDD) of 2.8 m was used in the measurement. SDD was
calibrated with the Silver behenate standard powder sample.

Thin wall glass capillaries (1.5 mm diameter, 10 um wall thickness, manufactured by Hilgenberg
Gmbh, Germany) were used for powder sample measurement. Each sample and corresponding
background (empty capillary) were measured at 3 spots (5 frames of 2 seconds for each spot, total
measurement 30 seconds) in transmission mode at room temperature and pressure.

All the frames were averaged in the final analysis of the data. The Igor Pro plugin “Nika” was used
for averaging and reducing the data. SAXS data was normalized to the transmitted intensity
measured by the beamstop for sample and empty capillary. After normalization, the background
(empty capillary and the air) was subtracted from each sample. MATLAB (R2021b) was used for
normalization and background subtraction. The Irena packages were used for simulation and
analysis of the SAXS profiles.

Supporting information

Catalyst characterization (SAXS, XRD, BET, TGA, TEM), acid site density measurements, NMR
and GPC characterization of starting materials/reaction products
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Synopsis:

Mesoporous silica-alumina converts polyethylene plastic into tunable aromatic compounds at
sub-pyrolytic temperatures without the use of metals or added hydrogen.
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