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Catalytic hydrocracking on supported metal zeolites promisingly converts waste plastics into more valuable
hydrocarbons. Although the presence of metal sites on solid acids is typically considered necessary for C-C bond
cleavage of alkanes at modest temperatures, we show that polyethylene (PE) depolymerization on metal-free MFI
zeolites proceeds at higher rates than analogous metal-loaded MFI zeolites (Pt, Ni) under mild reaction condi-
tions. Higher rates on metal-free MFI are consistent with higher ratios of alkenes to alkanes, leading to subse-

quent alkene-mediated beta-scission events that form smaller molecules. Under varied reaction conditions (e.g.,
temperature, pressure, Hy versus Ny), both metal-free and metal-loaded MFI catalysts demonstrate high selec-
tivity to C3-C; gaseous hydrocarbons, likely due to the 10-MR channel structure. Collectively, these findings
demonstrate the importance of deconvoluting metal and acid sites contributions for PE hydrocracking, which has
significant implications on rates and product selectivities of plastic upcycling reactions.

1. Introduction

In 2018, the majority of plastics that ended up as municipal solid
waste in the U.S. were polyethylene (PE; 42%) and polypropylene (PP;
23%) [1], which are commonly utilized in single-use packaging. Me-
chanical recycling can recover some of the polyolefins produced, but
these processes (e.g., extruding and grinding) typically degrade the
mechanical properties of the original polymers, hindering their reus-
ability for other applications [2,3]. In recent years, chemical upcycling,
or advanced recycling, has emerged as a promising approach to recycle
and reduce plastic waste [4-7]. Briefly, chemical upcycling utilizes
thermochemical pathways to break down plastic waste into products of
higher value (e.g., gasoline, diesel, and jet fuel) or into monomers for
closed-carbon plastic production [8]. Some examples of common
chemical upcycling strategies are thermal/catalytic pyrolysis, gasifica-
tion, solvolysis, and hydroconversion (.e., hydro-
cracking/hydrogenolysis) [4,5,9,10]. Among these techniques, pyrolysis
has the highest technology readiness level [5], but produces a broad
distribution of products (e.g., aromatics, cycloparaffins, olefins, and
paraffins) and requires high energy costs due to high operating tem-
peratures (>673 K) [11-17]. Due to these limitations, there is growing
interest towards catalytic hydroconversion of plastic waste [18], which
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selectively forms linear and branched paraffins that require fewer sub-
sequent processing units for fuel-based applications and can be per-
formed under lower operating temperatures (<573 K). This builds upon
the rich history of hydrocracking, fluidized catalytic cracking, and
hydrogenolysis of heavy oil components developed in the petroleum
refining sector [19-22].

Solid acid catalysts such as crystalline zeolites [12,13,16,23],
amorphous silica-aluminas [24-26], and (sulfated) metal oxides
[27-29] in the absence of metals have been commonly utilized for cat-
alytic valorization of polyolefins at high reaction temperatures
(563-823 K), as their acid sites can protonate alkanes to form carbonium
ions, which subsequently collapse to form carbenium ions that can be
cleaved into smaller hydrocarbon fragments through beta-scission.
Specifically, zeolites have been more extensively studied and utilized
compared to other solid-acid catalysts due to their crystalline, micro-
porous channels that provide size and shape selectivity for catalytic
reactions and a tunable pore environment that can increase selectivity to
desired products [30]. Although zeolites have been studied for decades
in the context of alkane cracking, mechanistic insights related to
accessibility of polymers into zeolite micropores remain unclear given
the intrinsic, non-Newtonian nature of polymer melts and the high
temperatures typically utilized for plastic pyrolysis. Since polyolefins
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can thermally depolymerize into shorter-chain hydrocarbons under high
temperatures (e.g., >673 K), this convolutes elucidation of whether the
starting polymer melt can diffuse into zeolitic micropores.

Recent studies on polyolefin hydroconversion, which encompass
both hydrogenolysis and hydrocracking, have demonstrated the pros-
pect of utilizing monofunctional (only metal sites) and bifunctional
(metal and acid sites) catalysts to cleave C-C bonds in waste plastics to
yield liquid and gaseous hydrocarbons [31-46]. Typically, reaction
temperatures for catalytic hydrocracking (<573 K) are lower than that
for catalytic cracking, due to the presence of metal sites that can activate
saturated alkanes. In general, Ru-based catalysts demonstrate superior
performance over other metals (e.g., Pt, Ni, Pd) for C-C bond cleavage in
terms of conversion rates, as demonstrated through hydrogenolysis
studies done on commercial Ru/C, Pt/C, and Ni/C [31,45]. Unfortu-
nately, the low regioselectivity for C-C bond cleavage of Ru-based
monofunctional catalysts is detrimental to the value of the final prod-
ucts because of the large amount of methane (potent greenhouse gas)
that is typically produced due to successive cleavage events (>80%
selectivity). The pairing of Ru nanoparticles with solid acid catalysts (e.
g., zeolites, oxides, and anion-modified zirconias) can slightly shift
product distributions away from methane and produce heavier,
branched liquid hydrocarbons [39,41,47], due to increased C-C bond
cleavage through beta-scission in hydrocracking mechanisms. Notably,
a physical mixture of FAU zeolite and Pt nanoparticles supported on
tungstated zirconia shows much higher reactivity for PE conversion (6%
solid residue) [40] than Pt/C (94% solid residue) [45] and produces a
negligible amount of methane. The lower hydrogenolysis activity of Pt
may render it more appropriate for polymer upcycling applications to
mitigate production of methane [48]. Additionally, bifunctional
Ni-based catalysts are also of interest, as Ni was previously shown to be
moderately active for the hydrogenolysis and hydrodeoxygenation of
biomass-derived compounds [49-52] and is significantly cheaper than
noble metals that are frequently used in hydroconversion reactions.

Interestingly, metal-free zeolites were also shown to be active for
catalytic cracking of PE under milder reaction conditions typically used
for hydrocracking [38,53,54]. For instance, PE upcycling performed on
mordenite framework inverted (MFI) zeolite nanosheets were shown to
selectively produce C;-C; light hydrocarbons (74.6% yield) in a flow
reactor (553 K, 1 vol% Hs, 99 vol% N» and Ar) [53]. Metal-free MFI and
Co-MFI catalysts were also shown to be active for conversion of PE to
gaseous hydrocarbons (~84% Cs on Co-MFI and H-MFI) under H; in a
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batch reactor setup (523 K, 40 bar Hy, 20 h), with slightly higher amount
of unsaturated hydrocarbons observed on H-MFI than Co-MFI in the
liquid phase [54]. In another study, conversion of n-hexadecane on
metal-free MFI (13.7%) was shown to be higher than Co-MFI (1.9%) and
Ni-MFI (2.2%) under batch conditions (548 K, 45 bar Hj, 2 h) [38].
Collectively, these findings challenge the notion that C-C chains along
PE are first activated on the metal sites and diffuse to acid sites for C-C
bond cleavage at lower temperatures (<573 K), as typically reported in a
classical hydrocracking mechanism for gaseous and liquid alkanes
(Scheme 1) [55]. Consequently, the initiation mechanism of PE on
metal-free zeolites and the respective roles of metal and acid sites for
polymer hydrocracking on metal-loaded zeolites remain elusive.

As described herein, we performed PE hydroconversion reactions
(5-17 h) at mild temperatures (473-523 K) and pressures (10-30 bar
initial Hy or 10 bar initial N5) on metal-free and metal-loaded MFI cat-
alysts to elucidate the catalytic consequences of PE deconstruction on
these catalysts. In this study, we define hydrocracking as reactions
performed with bifunctional metal-loaded zeolites under a Hy atmo-
sphere and catalytic cracking as reactions performed with metal-free
zeolites under either a Hy or Ny atmosphere. PE catalytic cracking re-
actions (473 K, 10 bar initial Hy, 5-17 h) were first performed on metal-
free H-MFI zeolites with varying Si/Al ratios (40, 140, and co; where co
corresponds to Silicalite-1 (S-1)) to probe the reactivity of Brgnsted acid
sites for C-C bond cleavage. Next, PE hydrocracking reactions were
performed on Pt and Ni independently deposited onto SiO and MFI
supports, respectively, under identical reaction conditions (473K,
10 bar initial Hp, 12 h) to probe the reactivity of Pt- and Ni-loaded MFI
for PE conversion. Systematic comparisons of solid conversions and
product selectivities between metal-loaded MFI, metal-free MFI, and
metal-only SiO; allow for decoupling of the respective contributions of
metal and acid sites during PE hydrocracking reactions. The respective
series of synthesized Pt and Ni catalysts has comparable metal nano-
particle size distributions across MFI and SiO5 supports, which enables a
more direct comparison of solid conversion due to smaller differences
between type of exposed metal sites (e.g., terrace to edge ratio) and total
exposed metal surface areas. Interestingly, the solid conversion (Eq. 1)
of PE is higher on metal-free H-MFI-40 than on Pt/MFI-40 and Ni/MFI-
40, which suggests mechanistic differences in C-C bond cleavage events
on bifunctional metal-loaded catalysts compared to metal-free catalysts.
Consequently, catalytic cracking reactions of PE on metal-free H-MFI-40
under different temperatures, pressures, and gas types (N2 or Hy) were
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Scheme 1. Simplified schematic of hydrocracking over metal-loaded zeolites. R; and R, indicate additional carbon-carbon bonds.
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performed to probe the mechanism of C-C bond cleavage. Thermogra-
vimetric analysis (TGA) on a physical mixture of PE with 2,4,6-trime-
thylpyridine (TMP)-titrated parent H-MFI (external surface acid sites
titrated) was also performed to elucidate the accessibility of PE into
microporous voids of MFL Collectively, results presented herein provide
important insights into mechanistic differences between hydrocracking
(on metal-loaded zeolites) and catalytic cracking (metal-free zeolites) of
PE under Hy environment, which have important implications for
valorization of plastic waste.

2. Experimental methods
2.1. Preparation and synthesis of metal-free MFI zeolites

H-MFI-X, where X = nominal Si/Al ratio, and SiO, samples used in
this study were either acquired from commercial sources or hydrother-
mally synthesized (Table 1). Commercial zeolites obtained in the NHJ-
form were calcined for 8 h at 823 K (achieved by heating at 2 K min1)
under dry air flow (Airgas, Ultra-zero grade; 150 cm® min~!) to yield the
protonated form. Silicalite-1 (S-1) was hydrothermally synthesized
following procedures previously published (Section S1) [56].

2.2. Synthesis of supported metal catalysts

Pt and Ni metal nanoparticles (1 wt%) were independently deposited
onto SiOy and H-MFI-40 supports via incipient wetness impregnation.
For the synthesis of Pt-loaded SiO,, the SiO; support (Sigma-Aldrich,
Davisil Grade 646) was first treated for 5 h at 823 K (2 K min~') under
flowing air (150 cm® min~!). Briefly, for Pt/SiO,, 0.027 g of
H,PtClg-(6 H0) (Sigma-Aldrich, >37.5% Pt basis) was dissolved in
1.90 g of DI water and subsequently added dropwise to 1 g of SiO5 under
manual stirring with a plastic spatula. The metal-loaded SiO3 was then
heated to 393 K (1 K min~!) and held for 8 h in a horizontal three-zone
furnace under dry air (100 cm?® min_l) to remove excess water from the
sample. After cooling to room temperature, the dried sample was heated
in the same furnace to 673 K (2 K min ") under dry air (100 em® min~H)
for 2 h and reduced at 673 K for 2 h under pure H, flow (Airgas, Ultra-
high purity grade, 100 cm® min™'). For Ni/SiOs, the same procedure
was followed except 0.050 g of Ni(NO3)2:(6 H20) (Sigma-Aldrich,
99.999% trace metals basis) was used as the metal precursor.

Ni/SiO, was also synthesized via strong electrostatic adsorption
(SEA) following a previously published procedure [57], as Ni/SiO;
synthesized via incipient wetness impregnation has much larger particle
sizes (7.7 + 5.3 nm; data not included) than Ni/MFI-40 (2.6 + 0.9 nm;
Section 3.3), as determined by transmission electron microscopy (TEM).
For SEA, Ni-containing solutions were prepared by dissolving 0.4954 g
of Ni(NO3)-(6 H20) in a mixture of 200 mL 5 M NH4OH and 300 mL DI
water. Next, 250 mL of this solution was transferred to a 500 mL HDPE
bottle and 1 g of fumed silica (Beantown Chemicals, 218810) was added
to the solution. The solution was stirred at room temperature for 1 h,
recovered via vacuum filtration, and air dried overnight. The dried
Ni/SiO5 was then heated to 393 K (1 K min~1) and held for 4h in a
three-zone furnace under dry air flow (100 cm® min’l), then ramped to
673 K (2 K min~ 1) and held for 2 h under pure H; flow (100 cm®min™H
to yield reduced Ni/SiO,. Metal-loaded SiO, will be denoted as M/SiO»

Table 1

Source and Si/Al ratio of samples used in this study.
Catalyst Source Si/Al ratio
H-MFI-40 Zeolyst (CBV 8014) 40"
H-MFI-140 Zeolyst (CBV 28014) 140"
S-1 Hydrothermal synthesis [56] oo
Si0, Sigma-Aldrich (Davisil Grade 646) )
Si0, Beantown Chemical (218810) )

# Specified by vendor
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(where M = Pt or Ni).

Synthetic procedures of metal-loaded H-MFI-40 resembled that of
Pt/SiO,. Briefly, Pt and Ni metal nanoparticles were separately depos-
ited onto H-MFI-40 by dissolving the respective metal precursors in
volumes of DI water that corresponded to the pore volume of the zeolite
support, followed by dropwise addition of this solution to the zeolite.
The samples were dried at 353 K in an oven overnight, calcined at 673 K
(2 Kmin™Y) for 2 h under air flow (100 cm® min’l), and reduced at
673 K for 2 h under pure H; flow (100 cm® min~1). Metal-loaded H-MFI-
40 zeolites will be denoted as M/MFI-40 (where M = Pt or Ni),
respectively.

2.3. Characterization of materials

Material and active site characterizations were performed on pro-
cured and synthesized catalysts. X-ray diffractograms (XRD) on MFI
catalysts were collected with a diffractometer (Bruker, D8 Discover)
under Cu Ka radiation (0.15418 nm) at a scan rate of 5° min~! under
ambient conditions. The resemblance between diffractograms of metal-
free MFI zeolites (H-MFI-40 and S-1) with those of metal-loaded MFI
zeolites (Pt/MFI-40 and Ni/MFI-40, Fig. S1) indicate that metal incor-
poration and subsequent calcination and reduction treatment do not
affect crystallinity of the MFI zeolite and that S-1 possessing MFI
framework was successfully synthesized.

NHs-temperature programmed desorption (TPD) was carried out
with a chemisorption analyzer (Micromeritics, AutoChem II) to deter-
mine the density of weak and strong acid sites of the zeolites. The
samples were first pretreated in situ under He flow (Airgas, Ultrahigh
purity grade, 30 em® min 1) at 673 K (10 K min~!) for 1 h, then cooled
to 373 K. At 373 K, the gas flow was switched to 10% NHj3 (balance He;
Airgas, 30 cm® min™1) to allow for adsorption of NHj5 for 2 h. Subse-
quently, the gas flow was switched back to He to desorb weakly adsor-
bed NH; for 1 h. Lastly, the sample was ramped from 373 K to 973 K
(10 K min") under He flow, and the amount of adsorbed NH; was
determined with a thermal conductivity detector (TCD). The NH3-TPD
curves of MFI samples show two desorption features (Fig. S2), where the
desorption feature at lower temperature and higher temperature is
typically associated with weak and strong acid sites, respectively.
Although NH3-TPD cannot fully distinguish Lewis and Brgnsted acid
sites, the density of strong acid sites determined from NH3-TPD on H-
MFI-40 materials (density of strong acid sites = 0.35mmol g1) is
consistent with our TPD results on NHZ-exchanged metal-free MFI-40
(density of BAS = 0.32mmol g~') using procedures previously
described [58] and with those published in literature (utilizing iso-
propylamine titration or pyridine-FTIR) on commercial H-MFI-40
(density of BAS = 0.33-0.34 mmol g’l) [59,60]. Consequently,
NH3-TPD is utilized here to provide semi-quantitative assessment of the
density of BAS on the MFI samples.

N> physisorption isotherms at 77 K were obtained on an adsorption
analyzer (Micromeritics, 3Flex) to determine the pore volumes of the
metal-free and metal-loaded MFI samples (Fig. S3). The samples were
degassed at 393 K under vacuum (125 Torr) overnight with a Schlenk
line prior to Ny physisorption experiments. Micropore volume (Vpicro)
and surface area (Spicro) Of the samples were determined from the t-plot
method (Table 2 and S1; Harkins-Jura model; t = 3.5-5 A; P/Py =
0.06-0.3) [61], while mesopore volume (Vieso) and surface area (Syeso)
were determined from the BJH adsorption curve (Table S1; Harkins-Jura
model, Faas correction, 2-50 nm).

CO-pulse chemisorption and TEM were used to determine the metal
particle size distribution of metal-loaded samples. For CO-pulse chemi-
sorption, the samples were pretreated in situ under 10% H; (balance Ar;
Airgas, 50 em®min~1) at 673 K (10 K min™?) for 0.5 h. The gas flow was
then switched to He and the samples were held at 673 K for another
0.5 h to desorb adsorbed Hj. After 0.5 h, the sample was cooled to 323 K
and held at this temperature for 10 min. Once the baseline of the TCD
detector was stabilized, 10% CO (balance He; Airgas) was injected from
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Table 2
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Micropore volumes and density of acid sites of metal-free and metal-loaded MFI catalysts.

Catalyst Micropore volume?® Density of weak acid sites® Density of Brgnsted acid sites®
(em® g’l) (mmol g’l) (mmol g 1)

H-MFI-40 0.13 0.29 0.35

H-MFI-140 - 0.05 0.08

Pt/MFI-40 0.12 0.37 0.45

Ni/MFI-40 0.12 0.28 0.33

#Determined from t-plot analysis.

Determined from ®low-temperature and high-temperature feature on NH3-TPD curve.

the sampling loop (0.51 cm®) every 6 min until the peaks were equal or
after 10 injections were done. TEM images were obtained with a TEM
(Talos, F200X) at 200 keV acceleration voltage. Briefly, catalyst samples
(1 mg) were dissolved in 5 mL of ethanol solution (Sigma-Aldrich, 200
proof, >99.5%) and sonicated for 0.5 h before deposition onto a TEM
copper mesh grid (Sigma-Aldrich, FCF400). The copper mesh grid was
then mounted onto a single-tilt TEM holder and loaded into the electron
microscope for analysis.

2.4. Batch hydrogenolysis and hydrocracking experiments on PE

Solvent-free catalytic hydrocracking and cracking reactions of com-
mercial polyethylene (Sigma-Aldrich, 4000 Da) were carried out in a
batch stainless steel reactor (Parr Instrument, 450 mL, Series 4567)
without stirring. Fig. S4 shows a schematic of the reactor configuration.
First, desired ratios of catalyst and commercial PE (typically 1:5 catalyst
to PE ratio) were ground together with a mortar and pestle and loaded
into the reactor. The reactor was purged with continuous N gas flow
(Airgas, Ultrahigh purity grade) for 5 min after loading the solid mix-
tures, then cyclically purged and charged five times with Hy (Airgas,
Ultrahigh purity grade) gas at the desired reaction pressure before
starting the experiment. The reactor pressure was measured with a
pressure transducer (Dwyer, Series 626). The reactor was then heated to
the desired temperature with a cylindrical heater (Parr Instrument,
A2230HC2EB). The temperature of the reactor was controlled with a
heat controller (Omega, CND3) connected to an internal thermocouple
(Parr Instrument, type K) positioned slightly above the solids
(~1-2 cm). After reaction, the reactor vessel was immediately cooled to
a temperature below 283 K in an ice bath before gases in the headspace
were collected in a gas bag through a bleed valve connected to the
reactor. Gaseous products were characterized via direct injection with a
gas-tight syringe (Hamilton, 81320) into a custom-designed direct in-
jection port (Fig. S5), which is connected to a gas sampling valve
(250 L) on a gas chromatograph (Thermo Scientific, Trace 1300)
equipped with a Rt-Q-BOND column (Restek, 30 m x 0.32 mm x
10 pum) and flame ionization detector (FID). Response factors for gaseous
products were obtained by both direct flow of pure alkane gases (C;-C3)
and direct injection of a C;-Cg standard gas mixture (balance Hy; Airgas;
83.2 mol% Hy, 5.004 mol% CHg4, 5.020 mol% CyHg, 5.017 mol% CsHg,
1.002 mol% C4H;, 0.5026 mol% CsHio, 0.2520% CgHp4) to the FID.
The response factors obtained from both methods were similar. Liquid
products were recovered from the reactor with 20 mL of dichloro-
methane (DCM) and characterized with GC-FID and 'H NMR. For 'H
NMR, 45 pL of the recovered solution was diluted with 555 pL. CDCl3
(Sigma-Aldrich, 99.8% atom D) and analyzed (Bruker, 500 MHz) to
detect the presence of aromatics. For GC-FID characterization, 5 pL of
mesitylene was added to the recovered liquid solution and injected
(1 pL) into a split/splitless inlet on a gas chromatograph (Agilent,
7890 A) equipped with a HP-5 column (Agilent, 30 m x 0.32 mm x
0.25 um) and FID. Response factors for liquid products (Cg-C40) were
obtained by utilizing standard solutions of Cg-Cyy (Sigma-Aldrich,
04070) and Cy1-C4p (Sigma-Aldrich, 04071) alkanes and confirmed with
Cg (Sigma-Aldrich, 74821), Cjo (Fisher Scientific, 02128), and Ciq
(Sigma-Aldrich, H6703) pure alkanes. Solid residues in the Parr reactor

were recovered with ~40-50 mL of acetone and poured into a pre-
weighed beaker to maximize recovery of solid residues and obtain
more accurate weight measurements. The suspension of acetone and
solid residues was completely dried on a heated stir plate at 323 K for
> 4 h and massed. The mass of the solid residue was used to determine
the solid conversion, which is defined as:

. . mMpe — (Msolid residue — Meatalys
Solid conversion(%) = —= (ot resiue culyst) x 100% (€))
mpg

where mpg, Myolid residue, AN Meatalyst is the initial mass of PE, mass of
solid residue after reaction, and initial mass of catalyst, respectively.

Figs. S6-S8 show and discuss mass balances for all reactions in this study.

2.5. Thermogravimetric analysis on PE + parent/titrated MFI zeolites

Thermogravimetric analysis (TGA) was performed (PerkinElmer,
TGA 8000) to study catalytic cracking of PE under an inert environment
with fresh and 2,4,6-TMP titrated MFI zeolites. Metal-free MFI zeolite
(50 mg) was titrated with 2,4,6-TMP (100 mg) in a scintillation vial and
dried under ambient conditions overnight. For catalytic cracking ex-
periments, 8-15 mg of physically mixed PE and MFI zeolites (5:1 PE to
catalyst ratio) was loaded onto a ceramic pan. The experiments were
performed under Ar flow (Airgas, Ultrahigh purity grade, 30 cm® min™?)
and ramped from 303 K to 423 K (10 K min’l; held for 2 h) to remove
moisture (or physisorbed TMP) from the catalysts. After 2 h, the tem-
perature was ramped to the desired reaction temperature (i.e., 523 K)
and held for 5 h to mimic catalytic cracking in batch reactions (Section
2.4).

3. Results and discussion

3.1. Activation of PE with metal-free H-MFI under mild reaction
conditions

Catalytic cracking reactions of PE under Hy were performed on
metal-free H-MFI zeolites of different Si/Al ratios to probe the
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independent role of Brgnsted acid site density. Fig. 1 shows the solid
conversion and solid conversion rate of PE hydrocracking on metal-free
MFI samples. Here, we utilize solid conversion (Eq. 1) and solid con-
version rate as a source of comparison across different experiments,
where solid conversion indicates the amount of solid PE that is con-
verted into gaseous or liquid products while solid conversion rate is the
mass of PE consumed normalized by the moles of Brgnsted acid sites and
unit time. We note that these metrics, however, do not account for
transformation of PE into lower molecular weight or branched solid PE.
Of the MFI catalysts analyzed in this section, generally small amount of
liquid products (<30 mg) was produced for reactions with solid con-
versions in the lower range (<40%) (Fig. S6a), and the liquid products
consisted of mainly C7-Cyo hydrocarbons with trace amount of C11-Ci5
hydrocarbons (Fig. S9). Even at higher solid conversion (96%), only
80 mg of liquid product was obtained (Figs. S6a and S8d), and the liquid
product distribution remains similar to those obtained at lower solid
conversions (<40%; Fig. S9). Since the majority of products produced
were gaseous hydrocarbons in the C3-C; range (~5x more gaseous
products by mass) despite underestimation of total gaseous products
mass (Section S3 and Fig. S10), gaseous yields are used to analyze
product selectivities on this suite of catalysts.

Unexpectedly, even under mild temperature and Hy pressure (473 K,
10 bar initial Hy pressure), non-negligible solid conversion (14%) was
observed on H-MFI-40 after 5 h (Fig. 1). Appropriate control reactions
were completed to verify that the PE degradation is due to the presence
of H-MFI-40, including a blank reaction with 1 g PE that gave about 5%
solid conversion (Fig. S11), which can be accounted for by the minor loss
of solid products (50 mg) during the recovery process. Nonetheless, the
solid conversion observed on H-MFI-40 is significantly greater than that
of pure PE without any catalyst, consistent with the involvement of acid
sites in cracking. Additionally, a n-hexane blank experiment performed
(473 K, 10 bar initial Hy, 20 h) in the absence of any catalysts within the
Parr reactor yielded only n-hexane (without any alkenes), which in-
dicates an insignificant presence of metal contaminants in the reactor
that could convert alkanes to alkenes (Fig. S12). Although protolytic
cracking of alkanes on monofunctional acidic zeolites has been reported
in prior studies [62-66], these examples were run at much higher
temperatures (>673 K) than that used in this study (473 K). Since
intrinsic cracking reactivities of n-alkanes typically increase with carbon
number and branching due to higher equilibrium adsorption constants
and higher reactivity of tertiary C-H bonds [65,67,68], respectively, it is
possible that the long carbon chain and branching points in PE lower the
reaction temperature needed for alkane activation on the MFI zeolites.
Catalytic cracking reaction of larger molecular weight PE (M,, ~ 76 kDa
based on ref [39,42], Sigma-Aldrich, 428043) with H-MFI-40 under Hy
environment was also performed and yielded 17% solid conversion after
17 h, indicating that this is not sample dependent (Fig. S13). The lower
solid conversion of 76 kDa PE compared to 4 kDa PE is likely due to
higher melting point (389 K for 76 kDa PE and 369 K for 4 kDa PE) of
the 76 kDa PE, which would likely reduce the diffusivity of the polymer
wax. Even without these differences, more C-C bond scission events are
needed to convert solid 76 kDa PE to shorter-chain hydrocarbons (liquid
or gaseous) than 4 kDa PE, which would manifest as lower solid con-
version at the same clock time, since scission events that produce shorter
chain solid products are not accounted for when using solid conversion
as a metric for comparison.

On H-MFI-140, solid conversion of 4 kDa PE is lower than on parent
H-MFI-40 by 31% due to the lower Brgnsted acid site density (Fig. 1).
Reactions of PE + SiO, and PE + S-1 were also carried out to determine
the solid conversion and product yield on the inert SiO support and the
MFI framework without Brgnsted acid sites. For these reactions, solid
conversions were around 5% with only trace amounts of gaseous
products formed (Fig. S11), similar to result from the blank PE reaction.
The similarity in solid conversion observed on PE + S-1 with those of the
blank PE (without catalyst) and PE + SiO, indicate that confinement
effects alone are not strong enough to cleave C-C bonds in the PE chain,
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and thus the high solid conversion observed on metal-free H-MFI-40 is
mainly due to the presence of Brgnsted acid sites.

Catalytic cracking reactions performed on metal-free H-MFI-40 (1:5
catalyst to PE ratio) at varying reaction times (5-17 h) show that solid
conversion gradually increases from 14% to 40% with increasing reac-
tion time (Fig. 1). Solid conversion rates are within similar ranges for the
different reaction times probed at 1:5 catalyst to PE ratio (<1.2 times
difference). Doubling the H-MFI-40 catalyst to PE ratio (from 1:5-2:5)
increases solid conversion by 21% and 56% at 5h and 17 h (Fig. 1),
respectively, while solid conversion rates remain in a similar range
(<1.3 times difference) at different reaction times. The slight decrease in
solid conversion rates with increasing reaction time could be due to
decreasing reactant concentration and slight deactivation (e.g., pore
blockage), while the slightly higher solid conversion rates obtained
when the catalyst to PE ratio is doubled may be associated with more
(surface) acid sites that can facilitate C-C bond cleavage of long chain PE
into a pool of shorter-chain hydrocarbons at higher rates. On H-MFI-140,

___gPE consumed .
mol Bronsted acid <iiesen) Was also similar to that

the solid conversion rate (290

on H-MFI-40 (330 %%). Taken together, utilization of solid
conversion rates to compare between varying ratios of H-MFI-40 to PE,
differing Si/Al ratios of H-MFI, and increasing reaction time, indicate
that the differences in solid conversion observed in Fig. 1 mainly orig-
inate from differences in Brgnsted acid site density.

Fig. 2 shows that the mole percent of C1-C; gaseous products from PE
-+ H-MFI-40 under different reaction times and different catalyst to PE
ratios (i.e., 1:5 and 2:5) do not vary significantly (1.3-1.7 mol% C;-Cy,
21-25 mol% Cs, 74-77 mol% C4-Cy). This indicates that gaseous prod-
uct selectivities do not vary significantly with solid conversion
(14-96%) under the reaction conditions tested. Interestingly, alkene
products were also observed, albeit at lower amount compared to al-
kanes (e.g., measured alkane/alkene mole ratios for Cs and linear C4 are
26:1 and 11:1, respectively). On H-MFI-140, the gaseous product se-
lectivities (1.7 mol% C1-Cs, 26 mol% Cs, 73 mol% C4-C7) are similar to
that of H-MFI-40 (1.3 mol% C;-Cy, 22 mol% Cs, 77 mol% C4-C7) at
t =17 h, but the linear to iso ratios of H-MFI-140 are slightly higher
than that of H-MFI-40 (e.g., mole ratio of n-butane to isobutane is 3.0:1
and 1.8:1 on H-MFI-140 and H-MFI-40, respectively). The difference in
linear to iso ratio could be due to higher density of Brgnsted acid sites
within H-MFI-40 compared to H-MFI-140 that increases intracrystalline
residence time of alkenes (and thus isomerization rates) [69], as was
shown by the higher rate constants for n-heptane isomerization in
bifunctional Pt/SiO2 + MFI zeolites in a previous study [70]. In terms of
liquid products, although the recovered solution remains clear (i.e., no
polycyclic aromatics) for H-MFI-40 at 1:5 catalyst to PE ratio from 5 to
17 h (Fig. S14), small amount (<4.4 mg) of aromatics (i.e., benzene) was
observed in the recovered liquid solution by 'H NMR analysis (Fig. S15
and Table S2). For 2:5 catalyst to PE ratio (5 and 17 h), the amount of
aromatics produced is in similar ranges (Fig. S16 and Table S3), but the
recovered solution is slightly yellowish likely due to presence of poly-
cyclic aromatics (e.g., pyrene) that could produce a yellowish color at
trace concentrations (Fig. S17). Taken together, results from H NMR
show that small amount of aromatics were formed within the liquid
solution at mild reaction temperatures (473 K), and that higher catalyst
loading and increasing reaction time produce more aromatics and more
substituted aromatic rings, respectively.

Low selectivity of C;-Cy products (1.3-1.7 mol%) for experiments
performed on H-MFI-40 (Fig. 2) suggests that the catalytic cracking of PE
on MFI zeolite proceeds primarily through bimolecular cracking or beta-
scission pathways as opposed to monomolecular cracking, based on
beta-scission mechanisms during alkene oligomerization that do not
form C;-Cy products [58]. If monomolecular cracking was the dominant
pathway, more C;-C; products would likely be observed, according to an
earlier study on n-hexane cracking with H-MFI at 10 kPa n-hexane
partial pressure and 723 K [71]. However, without a dehydrogenation
component (e.g., metal sites), it is not immediately clear how C-C bonds
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Fig. 2. Gaseous product yield (as mole percent) of (a) H-MFI-40 (1:5 catalyst to PE ratio; 5 h), (b) H-MFI-40 (1:5 catalyst to PE ratio; 12 h), (c) H-MFI-40 (1:5 catalyst
to PE ratio; 17 h), (d) H-MFI-40 (2:5 catalyst to PE ratio; 17 h), and (e) H-MFI-140 (1:5 catalyst to PE ratio; 17 h). Reaction condition: 473 K, 10 bar initial Hy
pressure, and 1 g PE. Pink, blue, purple, and green bars indicate linear alkanes, linear alkenes, isoalkanes, and isoalkenes, respectively. Black bars indicate a mixture

of isoalkanes, isoalkenes, and linear alkenes for C¢-C; with overlapping GC peaks.

in PE can be activated to alkenes to this extent at these temperatures. We
can propose two possible mechanisms for the initiation steps. First,
alkane segments along the PE chain can be activated to a certain extent
at mild temperatures (following a monomolecular cracking mechanism),
producing C;-Co hydrocarbons and carbenium ions that can undergo
subsequent beta-scission. Second, if weak links (e.g., branching points,
alkene, carbonyl) are present across the commercial PE chain, the
activation barriers for formation of carbenium ions from these weak
links after protonation are much lower than from linear alkanes, which
allows for subsequent beta-scission into shorter hydrocarbon fragments
(Scheme 1). We note that these proposed initiation mechanisms are not

necessarily mutually exclusive and will be further probed in the next
section.

3.2. Elucidation of reaction mechanism for PE catalytic cracking on
metal-free H-MFI-40

Catalytic cracking reactions of PE were performed at different re-
action temperatures, pressures, and gaseous environment (Hy or N3) on
metal-free H-MFI-40 to elucidate the potential mechanisms of C-C bond
cleavage on metal-free zeolites and identify optimum reaction condi-
tions. As the temperature increases from 473 K to 523 K at 5 h reaction

Fig. 3. Solid conversion () and gaseous product yield (in
100 7 — C, mmol; bars) of PE catalytic cracking on metal-free H-MFI-
90 - = C,-C, L6 40 under varying reaction temperatures, pressures, and gas
1 L EZZz7 iso C4-C;* compositions (shown in bar labels; 1 g PE and 0.2 g cata-
— 80 e inear C,-C, ~ lyst). Blue background (left) indicates that the reaction was
§ 70 1 o o g performed for 5 h while grey background (right) indicates
c ] Reaction time =5 h Reaction time =17 h £ that the reaction was performed for 17 h. Orange and
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o 1 .Q  respectively, while orange and purple striped bars indicate
g 50+ > ¢, and C4-C, isoalkanes, respectively. The asterisk next t
5 ] » 1 4-Cy7 , respectively. The asterisk next to
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time under Hy environment (10 bar initial H,), solid conversion on H-
MFI-40 increases by 84% (Fig. 3) and the gaseous product distribution
gradually shifts from C4-C; to lighter C3 hydrocarbons (22 mol% C3 at
473 K to 35 mol% Cg at 523 K; Figs. S18 and S19). This shift is due to an
increase in temperature instead of solid conversion, as gaseous product
selectivity remains similar on H-MFI-40 across different solid conversion
ranges at 473 K (14-96%; Fig. 2). Specifically, the moles of C; and Cy
hydrocarbons produced on H-MFI-40 at 523 K is 9x and 19x greater than
at 473 K, respectively (Fig. S20). The larger amount of C;-C hydro-
carbons produced with increasing temperature suggests that protolytic
cracking is likely one of the pathways responsible for C-C bond cleavage
on PE, since beta-scission alone cannot produce gaseous hydrocarbons
that are shorter than Cg, due to the required formation of unstable pri-
mary carbenium ions. However, as gaseous product distributions across
the range of temperatures tested (473-523 K) are still mainly C3-C;
hydrocarbons (from beta-scission), protolytic cracking is unlikely to be
the dominant pathway for the majority of the C-C bond cleavage events.
In terms of liquid products, the mass obtained increased from 5 mg to
173 mg when temperature increases from 473 K to 523 K (Fig. S21), but
the liquid product selectivities remain similar with those observed in
Section 3.1 (i.e., mainly C7-Cj¢ hydrocarbons with smaller amount of
C11-Cy5 hydrocarbons). The color of the recovered liquid solution also
turns light yellow with increasing temperature (Fig. S22), indicating an
increase in the amount of aromatics (e.g., alkylaromatics or poly-
aromatics) formed, consistent with results from 'H NMR analysis
(Fig. S23 and Table S4). This indicates that for plastic upcycling re-
actions on metal-free MFI, higher reaction temperatures will lead to
increased selectivity to aromatic compounds, which agrees with results
observed from catalytic conversion of gaseous hydrocarbons [72-74].

Solid conversion on H-MFI-40 is 10% lower at 30 bar initial Ho
pressure than that at 10 bar (Fig. 3), while the gaseous product selec-
tivity remains similar across the pressure range (Figs. 3 and S19). As the
initial Hy pressure increases from 10 to 30 bar, the mole ratios of alkane
to alkene increased (specifically, propane to propene, butane to butene,
and isobutane to isobutene, increased from 35:1-91:1, 12:1-34:1, and
4:1-13:1, respectively). This suggests that higher pressure of Hy hy-
drogenates the alkene pool to a larger extent, which consequently leads
to lower solid conversion as beta-scission active alkenes are scavenged.
Catalytic hydrogenation of alkenes to alkanes under a Hy environment
has been shown in an earlier study with propene on metal-free MFI
zeolite at 743 K (SiAl = 16.5), where the reaction was proposed to
proceed via the microscopic reverse of monomolecular alkane dehy-
drogenation pathways through carbonium-ion like transition states
[75]. Additionally, protolytic propene hydrogenation rates were shown
to increase concomitantly with Hy pressure [75], consistent with our
results presented herein. Consequently, these results suggest that the
metal-free zeolite plays a role in facilitating hydrogenation even in the
absence of metal sites.

Catalytic cracking on H-MFI-40 were performed under varying gas
compositions (10 bar H or 10 bar Ny) but identical reaction conditions
(473 K and 5 h; Fig. 3) to further elucidate the impact of alkenes under
the reaction conditions used in this study. The solid conversion on H-
MFI-40 increases by 10% under 10 bar Ny compared to Hy, which is
consistent with higher amounts of beta-scission-active alkenes in the
pool of hydrocarbons during catalytic cracking (Figs. 4 and S24). Indeed,
the measured alkane to alkene mole ratios are lower in a N, environment
than in a Hy environment (specially, propane to propene, butane to
butene, isobutane to isobutene, decreased from 12:1-1:1, 2.6:1-0.5:1,
and 7.7:1-0.7:1). Interestingly, catalytic cracking of PE at mild tem-
peratures under a Ny environment only produce small amount of aro-
matics at 5 h reaction time (Figs. S25 and S26), similar to that observed
under Hy environment (Table S5). This is in contrast with pyrolysis
studies of PE under Nj at elevated temperatures (>673 K) [12,76,77],
which suggests that selectivity to aromatics is lower at mild reaction
temperatures (e.g., 473 K) regardless of gas compositions.

Taken together, Sections 3.1 and 3.2 show that even in the absence of
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Fig. 4. Gaseous product yield (as mole percent) of C;-C; for (a) H-MFI-40
(10 bar Hy) and (b) H-MFI-40 (10 bar N,). Reaction condition: 473K, 5h, 1 g
PE, and 0.2 g catalyst. Pink, blue, purple, and green bars indicate linear alkanes,
linear alkenes, isoalkanes, and isoalkenes, respectively. Black bars indicate
mixture of isoalkanes, isoalkenes, and linear alkenes for Cs-C; with overlapping
GC peaks.

metals, Brgnsted acid sites on metal-free MFI zeolites are active for the
initiation of PE and its subsequent conversion into gaseous hydrocar-
bons under mild reaction conditions. However, we next probe how these
results differ under catalytic hydrocracking regimes with metal-loaded
(Pt and Ni) MFI zeolites to elucidate the role of metal incorporation
and bifunctionality, in the context of C-C bond cleavage mechanism.

3.3. PE hydrogenolysis and hydrocracking on Pt-loaded and Ni-loaded
MFI

Solid conversions and gaseous product yields were compared for the
synthesized Pt- and Ni-loaded catalysts (1 wt%) for hydrogenolysis (on
metal sites in the absence of acids) and hydrocracking (on metal and
acid sites) of PE under similar reaction conditions with that in previous
sections (473 K and 10 bar initial H, pressure; Fig. 5). Hydrogenolysis of
gaseous alkanes on Pt and Ni is known to be structure-sensitive in the
range of 1-15nm [78-81]. Therefore, despite similar metal weight
loading (1%) across SiO3 and MFI supports, proper deconvolution of the
effects of metal and acid sites on solid conversion is simplified when the
series of Pt- and Ni-loaded catalysts have comparable average metal
nanoparticle sizes (i.e., similar terrace to edge ratios and exposed metal
surface areas). As such, we optimized our synthesis procedure to yield
Pt- and Ni-catalysts with similar metal particle size distributions (e.g.,
SEA was used for synthesis of Ni/SiOs to obtain comparable metal
particle sizes with Ni/MFI-40). TEM images of Pt-loaded catalysts and
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Fig. 5. Solid conversion (l) and gaseous product yield (in mmol; bars) of PE
hydrogenolysis and hydrocracking on metal-loaded SiO, and MFI. Reaction
condition: 473 K, 10 bar initial H, pressure, 1 g PE, and 0.2 g catalyst. Orange
and purple solid bars indicate C,-C3 and linear C4-C; alkanes, respectively.
Orange and purple striped bars indicate C; and C4-C; isoalkanes, respectively.
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Fig. 6. Representative TEM images of (a) Pt/MFI-40, (b) Pt/SiO,, (c) Ni/MFI-40, and (d) Ni/SiO, (SEA). Metal nanoparticle size distribution of each catalyst is shown

below the respective TEM images.

Ni-loaded catalysts (Fig. 6) show average metal particle sizes in the
range of (2.9-3.1) + 1.5 nm and (2.9-3.0) + 1.6 nm, respectively. Re-
sults from CO-pulse chemisorption on Pt indicate that metal particle
sizes are in the range of 3.6-4.5 nm (Table S6), which agrees closely
with the particle sizes determined from TEM (Fig. 6). Additionally, the
metal-loaded MFI samples showed only slight decrease in micropore
volumes within similar range with metal-free samples (<0.02 cm® g~};
Table 2), which suggest that loading of metal nanoparticles (1 wt%)
onto MFI zeolites does not drastically alter the physical properties of the
zeolite. The density of BAS on H-MFI-40 and Ni/MFI-40 are similar but
slightly lower than Pt/MFI-40 by 0.10 mmol g™, which could be due to
new BAS formed through ion exchange of non-acidic cations during the
metal impregnation process [82]. Indeed, the effect of nuanced in-
teractions of metal nanoparticles on acid densities will require more
detailed spectroscopic interrogation in the future, but for the purpose of
this study, BAS densities from NH3-TPD are used to facilitate normalized
comparisons between solid conversion and solid conversion rates of
metal-loaded and metal-free zeolites.

Regardless of metal identity, solid conversions are lowest in the
presence of only metal sites (3% on Pt/SiO3 and 8% on Ni/SiOy); the
higher solid conversion on Ni/SiO, compared to Pt/SiO5 can be asso-
ciated with higher hydrogenolysis rates of Ni than Pt [83-86]. Solid
conversions increase when both metal and acid sites are present (22% on
Pt/MFI-40% and 14% on Ni/MFI-40 at 12 h), which cannot correspond
to differences in metal particle sizes across the supports, as evidenced
from particle size distributions (Fig. 6). Thus, this increase is likely due
to the sole presence of acid sites or cooperative effects between metal
and acid sites. The slightly higher solid conversion observed on
Pt/MFI-40 than Ni/MFI-40 will require more detailed kinetic analysis,
potentially with model compounds (e.g., hexane and decane) in flow
reactors. Nonetheless, the solid conversions of both Pt/MFI-40 and
Ni/MFI-40 are lower than H-MFI-40 by 7% and 15%, respectively,
which are unexpected as the metal component is typically considered
necessary for hydrocracking of petroleum-based feedstock (Scheme 1)
[55,87,88]. In terms of gaseous product yield (Figs. 5 and S27), negli-
gible gaseous products were observed on M/SiO5, though Ni/SiO5 pro-
duced larger amounts than Pt/SiO3 (40 pmol (or 2.4 mg) on Ni/SiO3 and
5 pmol (0.3 mg) on Pt/SiO3), consistent with solid conversion data. The
minimal amount of methane produced (<4 mol% on Ni and <0.3 mol%
on Pt) on the bifunctional M/MFI-40 catalysts, again suggests that

hydrogenolysis reactions on the metal sites alone are negligible in hy-
drocracking reactions at 473 K (Figs. S28 and S29). However, the
amount of methane produced on Ni was still 3 times greater than Pt,
consistent with their aforementioned hydrogenolysis affinities. Gaseous
product selectivities to Cz and C4-C7 on Pt/MFI-40 and Ni/MFI-40 do not
vary drastically (21-28 mol% C3 and 71-74 mol% C4-C;) across the
range of solid conversion (14-25%) obtained on metal-loaded zeolites,
but selectivity to C;-Cz on Ni/MFI-40 (4.7 mol%) was slightly higher
than Pt/MFI-40 (1.1 mol%) at 12 h (Fig. S28). Notably, in contrast to
gaseous product distributions observed on H-MFI-40 that contain small
amount of alkenes, PE hydrocracking on M/MFI-40 yielded only satu-
rated alkanes (Fig. S30), which indicates that the metal component
hydrogenates the pool of alkene intermediates to a greater extent than
H-MFI-40. The recovered liquid solutions from catalytic hydrocracking
reactions on M/MFI-40 still showed trace presence of benzene but no
alkyl-substituted aromatic rings were formed (Figs. S31 and S32), which
show that the presence of metals significantly limits the formation of
aromatics under a H, environment.
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Fig. 7. Comparison of solid conversion (black symbols) and solid conversion
rates (peach symbols) between metal-free H-MFI-40 () and metal-loaded Pt/
MFI-40 (v) and Ni/MFI-40 (e). Dashed lines are linear fits intended to guide the
eye. Reaction condition: 473 K, 10 bar H,, 1 g PE, and 0.2 g catalyst.
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On Pt/MFI-40, when hydrocracking reaction time of PE increases

from 5 to 17 h, solid conversion increases from 16% to 25%, while solid

__ gPEconsumed
ol Bronsted acid siteseh. ([18+ 7)-

The decrease in solid conversion rate over time on Pt/MFI-40 is greater
than that on H-MFI-40 (Fig. 7), likely due to lower quantity of alkenes
present at similar reaction time due to rapid hydrogenation of alkene
products (Fig. S30), in conjunction with results observed under Ny and
Hy environments on H-MFI-40 (Fig. 4). The differences in solid con-
version and product selectivity between metal-loaded and metal-free
zeolites will be further contextualized in terms of the reaction mecha-
nism in the next section.

conversion rate decreases from 350 to 160

3.4. Proposed reaction mechanism for PE hydrocracking on metal-loaded
and metal-free zeolites

Collectively, the data from previous sections herein suggest that PE
chains can undergo monomolecular activation on metal-free zeolites to
form carbonium ions at mild reaction conditions. The relative contri-
bution of surface protons and microporous protons, or alternatively how
accessible protons are to the PE, is not explicitly invoked in previous
sections. In this section, the relative contribution of surface protons and
microporous protons at initial timepoints were probed using TGA ex-
periments on pure PE and mixtures of PE + H-MFI-40 titrated with
2,4,6-TMP (denoted as H-MFI-40-TMP) under an inert (Ar) environment
(temperature held constant at 523 K for 5 h) to closely monitor the mass
loss of PE with respect to time. Isothermal derivative thermogravimetric
(DTG) (Fig. 8) and TGA curves (Fig. S33) of pure PE resemble that of H-
MFI-40-TMP, where the derivative weight loss of PE with H-MFI-40-
TMP is similar compared to that of pure PE (<0.035% min !, due to
slow, gradual evaporation of the melted polymer under a continuous Ar
flow). This indicates that the PE is not reacting with the TMP-titrated
zeolites, as external acid sites of MFI zeolites are fully titrated with
TMP molecules that do not desorb at 523 K based on TGA of H-MFI-40-
TMP without PE (Fig. S34). Therefore, at initial timepoints of PE
cracking reactions, the bulky PE chains are likely unable to directly
diffuse into the microporous voids of MFI, but instead first react with

-0.4 T T

Derivative weight (% min™)

Pure PE
0.24 . .
0 100 200 300
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Fig. 8. Derivative weight loss curves of pure PE and mixtures of PE + TMP-
titrated H-MFI-40. Samples were held at 423 K for 2 h before ramping to 523 K
(time = 0 min) and held isothermally for 5 h.
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acid sites on the external surfaces of zeolites, which consequently pro-
duces smaller hydrocarbon fragments that can diffuse into the micro-
porous voids more easily. Similarly, PE cracking reactions performed in
a batch reactor on H-MFI-40-TMP also showed a 30% decrease in solid
conversion when compared to H-MFI-40 that is not titrated with TMP
(Fig. S35).

Therefore, we propose that on metal-free zeolites, alkane segments
along the PE chain first adsorb onto Brgnsted acid sites located on
external surfaces of MFI zeolites and can undergo protonation to form
pentacoordinated carbonium ions. The carbonium ions can then break
down into either Hy (or CHy4, CoHg, and C3Hg) and carbenium ions,
which then follow the acid-catalyzed reaction pathway in Scheme 1 (red
bracket) to form shorter chain hydrocarbons. The increasing amount of
CH4 and CpHg products with increasing temperature (473-523 K) cor-
roborates the existence of monomolecular activation as one of the
initiation pathways, which becomes more favored with increasing
temperature [64]. Although the presence of CH4 and CyHg indicates that
monomolecular activation is involved in initial PE activation, parallel
activation of PE through weak links (e.g., branching points, alkene
groups, carbonyl) within commercial PE utilized in the study described
herein is also possible. For instance, the branching points along the PE
chain could lower the initial activation barrier required to form a pen-
tacoordinated carbonium ion on Brgnsted acid sites. The activation on
unsaturated structure (i.e., alkenes) within PE chain is also hard to
distinguish from typical beta-scission pathways of shorter-chain alkanes,
and therefore, the presence of CH4 and CyHg cannot fully exclude the
role of weak links in the initial activation mechanism, which can exist in
parallel with monomolecular activation. Regardless, monomolecular
alkane activation is likely only involved in the initial activation stage
and is not the dominant pathway for which the majority of C-C bond
cleavage events occur, since C;-Cyp alkanes are present in extremely
small amounts compared to C3-C; products. The initial activation
mechanism of alkanes on zeolites, especially at lower temperatures
(<500 K), has been a topic of debate for decades. Still, a study on
isobutane activation with H-MFI (SiAl = 24) has shown that isobutane
readily reacts with the catalyst at 473 K to produce H; (and thus, the
pentacoordinated carbonium ion), although the conversion remains low
(i.e., 1-2%) [89]. Similarly, catalytic isomerization and cracking re-
actions of pentane performed at 473 K on H-MOR (SiAl = 10) and H-BEA
(SiAl = 12.5) in a recirculation system show conversions greater than
5% after 120 min, providing more evidence that Brgnsted acid sites can
activate alkanes even under mild reaction conditions [90]. Indeed, due
to the longer contact times in this study (>5h) in our data herein,
carbenium ions formed via decomposition of carbonium ions after
monomolecular alkane activation (even at very low amounts) can
initiate bimolecular routes or undergo beta-scission. Additionally, the
long carbon chains in polymers likely have higher van der Waals in-
teractions with the catalyst surface than gaseous and liquid hydrocar-
bons, which could stabilize the relevant transition states for activation of
C-C bonds.

For bimolecular pathways, shorter-chain carbenium ions can acti-
vate other alkanes (or alkyl groups along the same reactant backbone)
via hydride transfer, which forms new carbenium ions that can be
cleaved into smaller fragments of carbenium ions and alkenes (Scheme
1). However, hydride transfer between two gaseous or liquid hydro-
carbons is likely inhibited within the MFI micropores due to a larger
transition state than beta-scission, as was shown for C3-Cs alkene/alkane
mixtures [91]. Therefore, after initial activation, we propose that the PE
chains undergo consecutive cleavage events on the surface acid sites
until smaller chain fragments that can diffuse into micropores of MFI
zeolites are formed. Because of the high selectivity to C3-C; hydrocar-
bons and negligible >C;5 products observed across all reaction condi-
tions probed in this study, C-C bond cleavage events within micropores
likely happen at much higher rates than those on surface acid sites via
beta-scission, due to higher internal acid site densities than surface
densities, and potential effects of confinement. Although the potential
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presence of weak links (e.g., branching points, unsaturated C-C bonds,
carbonyl groups) [92,93] within commercial PE utilized in the study
described herein could lower the initial activation barrier required to
form a pentacoordinated carbonium ion on Brgnsted acid sites or facil-
itate the carbenium ion cycle, this would still require initial scission to
occur on surface protons and not drastically change the proposed
mechanism.

On metal-loaded zeolites, the lower solid conversion observed when
compared to metal-free zeolites suggest that the conventional hydro-
cracking mechanism proposed for gaseous and liquid alkanes (Scheme
1) might not be applicable for long-chain polymers at mild reaction
conditions, but is likely dependent on the zeolite and metal properties.
Considering that the bulky polymer chains diffuse significantly slower
than gaseous and liquid alkanes, when an alkyl along the PE chain un-
dergoes dehydrogenation on metal sites, the dehydrogenated alkyl on
the PE chain might not be able to diffuse to neighboring acid sites in
time, resulting in re-hydrogenation. In this case, the metals mainly hy-
drogenate the active alkenes generated from monomolecular activation
or beta-scission on acid sites instead of PE activation, which conse-
quently leads to lower solid conversion on metal-loaded zeolites. How-
ever, we note that the lower solid conversion observed herein on metal-
loaded compared to metal-free zeolites do not indicate that metal-free
zeolites are the most optimum choice for plastic upcycling applica-
tions, as the solid conversions observed here are sensitive to reaction
conditions. For instance, in terms of catalyst recyclability and resistance
to catalyst deactivation at higher reaction temperatures (>523 K), we
would expect better catalyst lifetime on metal-loaded zeolites than
metal-free zeolites, as the presence of metals would limit the formation
of aromatics at high temperature (Fig. S36). Rather, the main takeaway
from this work is that the independent role of Brgnsted acid sites should
be considered for catalytic hydrocracking on bifunctional catalyst, even
at mild conditions, and that the ratio of alkenes to alkanes dictate PE
conversion when the metal is not responsible for PE activation.

4. Conclusion

PE upcycling on metal-free and metal-loaded (i.e., Pt or Ni) MFI
zeolites selectively produces mostly saturated gaseous products in the
C3-Cy range. Solid conversion on metal-free zeolites under mild reaction
conditions (473 K, 10 bar Hy) is higher than metal-loaded zeolites,
which is consistent with more alkenes in the product distribution that
have higher reactivity than alkanes for subsequent beta-scission into
smaller fragments. This observation is further supported by the higher
solid conversion observed in a Ny environment compared to that in Hj,
where Nj favors the formation of more unsaturated species. Negligible
PE degradation on physical mixtures of PE and MFI with titrated surface
sites (H-MFI-40-TMP) compared to pure PE suggests that for decon-
struction of bulky polymers on microporous acid supports, C-C bond
cleavage events first occur at Brgnsted acid sites on external surfaces,
before forming smaller fragments that can diffuse into the zeolite mi-
cropores. Overall, the results and interpretations presented in this study
show that catalytic cracking of PE on metal-free zeolites under both Hy
and N; environments is significant even at mild reaction temperatures,
producing small quantities of alkenes that further catalyze C-C bond
scission events in PE.
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