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Hydrocracking of Polypropylene to Light Alkanes over HMFI

Zeolite Catalysts under H,

Yuriko Ando,@! Takumi Miyakage,@! Alisa Phuekphong,®! Akihiko Anzai,*®!
Mengwen Huang,!?! Abdellah Ait El Fakir,®! Takashi Toyao,!?! Makoto Ogawa,®
Alexander A. Kolganov,“ Evgeny A. Pidko,!” and Ken-ichi Shimizu*!?!

Chemical recycling of polyolefins represented by polyethylene
(PE) and polypropylene (PP) via catalytic cracking has emerged
as a promising strategy for converting waste plastics into valu-
able hydrocarbons. In this study, we investigated the selective
hydrocracking of PP into light alkanes (C;—Cs) using zeolite cat-
alysts at 280 °C under 1 MPa H,. An HMFI zeolite with high Al
content exhibited the best catalytic performance among vari-
ous zeolite catalysts tested. In situ DRIFTS comparing bare HMFI
and externally-silylated HMFI suggested that the external sur-
face Brgnsted acid sites serve as the active sites for the cracking

1. Introduction

The increase in plastic waste and the environmental pollu-
tion has led to a pressing demand for sustainable recycling
technologies."" Polyolefins, including polyethylene (PE) and
polypropylene (PP) comprise a significant portion of global plas-
tic production but are challenging to recycle because of their
chemical inertness.""Various approaches have been proposed
to address this issue such as mechanical recycle and ther-
mal recycle.# Among the various recycling methods, chemical
recycling offers a promising solution by breaking down waste
plastics into their original monomers or converting them into
high-value chemicals and fuels.>™"

Polyolefins consist of main chains formed by unreactive
C(sp®)-C(sp®) bonds, often requiring high temperatures of 400-
700 °C to cleave the bonds.™ The initial study of noncatalytic
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of PP. Combination of in situ DRIFTS and UV-vis spectroscopy
analyses identified the formation and consumption of oligomeric
species as a reaction intermediate during reaction. Density func-
tional theory (DFT) calculations suggested that a route in which
the carbocation and alkoxide intermediates generated by hydro-
cracking of PP undergo low-energy barrier transformations into
gaseous products such as C; and C,; hydrocarbons. This study
advances the development of sustainable polyolefin recycling
technologies.

pyrolysis at 400-550 °C yielded mainly wax-like products and
when the temperature was increased to about 700 °C, gases
and oils were produced.®! In this temperature range, product
selectivity remains low. Catalytic decomposition using solid acid
catalysts and transition metal catalysts has been explored to
address the issue. Catalytic depolymerization with solid acid
catalysts such as aluminosilicate zeolites has been studied to
suppress wax formation at high temperatures (e.g., above 450 °C)
but the catalyst often deactivates quickly due to thermodynam-
ically favorable coke formation and resulting in low product
selectivity.®®) Transition metal catalysts (e.g., Pt,[57 Rul>18-20])
exhibit high activity but precious-metal-free catalysts are desir-
able because the high cost of precious metals imposes economic
limitations on industrial applications.® Recently, some groups
have successfully converted PE and PP to aliphatic hydrocarbons
and aromatic hydrocarbons at relatively low temperatures (<
300 °C) using metal-free catalysts, zeolites such as HMFI'72122]
and HY.*%24 Most studies have been conducted in the pres-
ence of hydrogen at high pressure. It has been suggested
that the hydrogen atmosphere would contribute to improved
product selectivity while suppressing coking.”>?°! However, the
reaction mechanism of the light hydrocarbon production by
hydrocracking of PP at relatively low temperatures (< 300 °C),
including the intermediates, remains unclear, and there is a lack
of spectroscopic and theoretical analysis.

In this study, we investigated the selective hydrocracking of
PP to yield C;-C4 alkanes at 280 °C using a commercially avail-
able HMFI zeolite catalyst. Although we reported the selective
catalytic cracking of PP to light olefins (C,-Cs) at pyrolytic tem-
perature (290 °C) without external H, supply over HMFI in our
previous study, we only had low productivity for alkanes forma-
tion and suffered from coke formation on the catalysts.””! The

© 2025 Wiley-VCH GmbH
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Figure 1. Product yield for PP hydrocracking by different zeolites at 280 °C
(3 h, T MPa H,, 0.1 g catalyst, 0.1 g PP) and photographs of catalysts after
reaction. C,~ and C, = mean alkanes and alkenes, respectively.

low-temperature hydrocracking system using H, developed in
the present study led to highly selective formation of C; and
C, alkanes without significant coke formation. In situ DRIFTS
and UV-vis spectroscopy analyses combining density functional
theory (DFT) calculations were conducted to investigate the
reaction mechanisms. The results of this study are anticipated
to advance the understanding of low-temperature polyolefin
cracking mechanisms and contribute to the development of
environmentally sustainable plastic recycling technologies.

2. Results and Discussion
2.1. Catalyst Screening for PP Hydrocracking

Figure 1 shows the result of the PP hydrocracking by different
zeolite catalysts at 280 °C for 3 h and photographs of cata-
lysts after reaction. A blank experiment, without a catalyst, gave
few products. The presence of zeolite catalysts increased the
yields of hydrocarbons. Among the H*-type zeolites screened,
the total yields of gas phase hydrocarbon products depended
on the type of zeolite and changed in the following order:
HMFI > HBEA > HMOR > HY > HCHA > HFER, where the pore
sizes are 5.8 A for MFI, 6.5 A for BEA, 7.0 A for MOR, 9.0 A for
Y, 3.8 A for CHA, and 4.8 A for FER!?! The zeolites with rela-
tively narrow pore size (HCHA and HFER) showed relatively high
yields of unreacted PP. This is because the narrow pore size lim-
its the diffusion of PP with a large molecular weight.!**! HMFI
showed the highest yield of hydrocarbons. Total yield of gaseous
hydrocarbons was 39.7%. Here the yield to these products can
be considered almost the same as yield of gaseous hydrocar-
bons because the yields of liquid hydrocarbons (Cs-Cis) were
only trace (< 1%) (Figures S4 and S5). The major products were
propane and butane and yields were 19.5% and 16.4%, respec-
tively. Photographs of the catalysts after the reaction in Figure 1
show that after the reaction, HBEA was colored black and HY was
colored dark brown. HMFI and HMOR were colored light brown.
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Figure 2. Product yield for PP hydrocracking by HMFI with various Si/Al
ratio (280 °C, 3 h, 1 MPa H,, 0.1 g catalyst, 0.1 g PP). C,~ and C, = mean
alkanes and alkenes, respectively.
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Figure 3. Time course of the yield of gaseous products and solid residues
for PP hydrocracking by HMFI11 (0.1 g) at 280 °C under 1 MPa H,.

These results indicate that the PP cracking on these catalysts
led to coke formation as shown in our previous study'?’! and
a relatively large amount of coke was deposited on HBEA and
HY. Hereafter, HMFI was used as a standard catalyst for further
studies.

Figure 2 compares the product yields for PP hydrocracking
at 280 °C by HMFI catalysts with various Si/Al ratios. As the
Si/Al ratio increased, the total yield of gaseous hydrocarbons
decreased, and the yield of unreacted PP increased. The lower
the Si/Al, the higher the amount of Brgnsted acid sites (BAS).5'3?!
This result suggests that BAS on HMFI plays an important role
in this reaction. Based on the above results, we adopted HMFI11
as the standard catalyst for the optimization of the reaction
conditions.

Figure 3 presents the time course of the yield of gaseous
products and solid residues for PP hydrocracking on HMFI.
The yield of the solid residue was defined as the difference
between the total yield and the sum of yields of ;—Cs gaseous
products and Cs—Cis liquid products (see Supporting Informa-
tion for Experimental details). The yield of gaseous products

© 2025 Wiley-VCH GmbH
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Figure 4. PP hydrocracking by HMFI11 under 1 MPa H, or 1 MPa N, (280 °C,
24 h, 0.1 g catalyst, 0.1 g PP). C,~ and C, = mean alkanes and alkenes,
respectively.

increased with time and reached 84.7% after 72 h. As the gas
yield increased, the ratio of solid residues decreased. This inverse
correlation in yields suggests that the unidentified components
were converted into gaseous products. To investigate the nature
of these residues, we conducted solid-state '"H NMR analysis
(Figure S3). The spectrum obtained after heating a mixture of PP
and HMFI11 to 180 °C showed typical PP-derived proton signals
(0.7-1.6 ppm), suggesting the presence of unreacted PP and high
molecular weight intermediates. On the other hand, these sig-
nals were significantly reduced in the residue obtained at 300 °C,
which is close to the typical reaction temperature, and a new sig-
nal (2.2 ppm) that can be assigned to «a-alkyl (CH,, CHs) groups
to aromatic rings was observed.>>** Furthermore, the diffuse
reflectance UV-vis spectrum of the solid residue shows that the
absorption around 400 nm is assignable aromatic compounds
such as naphthalene and anthracene, whereas the absorption
around 600 nm and above 750 nm are assignable low and high
molecular weight polycyclic aromatic hydrocarbons, respectively
(Figure S7),1>31 which is consistent with the results of the solid-
state’H NMR analysis. These results suggest that the solid residue
appears to consist of two components: (1) waxy oligomeric inter-
mediates with 17 or more carbon atoms, which may be converted
into gaseous products and (2) aromatic species, which are not
converted.

To investigate the role of external H, in the degradation of
PP on HMFI, the depolymerization of PP was carried out under
1 MPa H, or N, atmosphere in a batch-type reactor (Figure 4).
The yield of the gaseous product was 65.0% under H,, which was
about 3.2 times higher than that under N, (20.4%). These results
suggest that the presence of H, promotes PP cracking.

2.2. Spectroscopic Studies on PP Depolymerization with H,

Next, to follow the cracking process of PP under reaction con-
ditions, in situ DRIFT spectra were recorded for the PP/HMFI11
mixture under 5 bar H, as the temperature was raised from 150 °C
to 360 °C. Here, due to the upper pressure limit of the DRIFTS cell
(5 bar), we conducted in situ DRIFTS experiments at 5 bar lower
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of these bands increased rapidly, reaching a maximum at 240 °C.
(Figure 5b) Considering that the melting point of PP is approxi-
mately 160 °C'*°! and the background of the mixture of PP and
HMFI taken at 150 °C is subtracted here, these absorption bands
would be assigned to oligomeric species formed by depolymer-
ization of PP on HMFI. At higher temperatures, the intensity of
these bands decreased, indicating the cleavage of C—C bonds
of PP and the formation of smaller hydrocarbons.[#648501 MS
analysis of the outlet gas from the DRIFTS cell showed that
almost no gas products were produced in the temperature range
from 180 °C to 220 °C, but from around 220 °C fragments with
m/z = 43, 41, 29, and 27, attributable to propane, propylene,
ethane, and ethylene, respectively were mainly produced and
the amount reached a maximum at 265 °C and decreased at
higher temperatures (Figure 5c). Other fragments with m/z =15,
55, 57, 69, and 71, attributable to methane, butene, butane, pente
ne, and pentane, respectively, were few produced. These results
would suggest that BAS on HMFI11 catalyzes the dehydrogena-
tion of C3Hg and the microscopic reverse reaction, hydrogenation
of C3Hg with H,, via a transition state such as (CzHq)* bound
alkoxide as described by Gounder et al’" The negative band
of 3610 cm™" assigned to the O—H stretching of the bridged
BAS (—Si—(OH)—AIl—) was observed above 180 °C and its inten-
sity increased up to about 240 °C. (Figure 5b) This indicated that
Brgnsted acidic proton was consumed. At higher temperatures,
the intensity of the negative band decreased. This result pos-
sibly suggests that carbocations generated at the acid sites of
HMFIT1 return protons to the acid sites to generate alkenes.[*9°2!
The band at 1510 cm™ assigned to an allylic stretching vibration
V25(C=C—C+)1384-4"] was observed above 180 °C and its inten-
sity increased with increasing temperature up to 265 °C and then
slowly decreased. Integrating these results, it could be concluded
as follows: in the temperature range from 180 °C to 220 °C, PP
melts first and depolymerization of PP chain into oligomers via
protonation on the BAS occurs. Above 220 °C, the oligomers are
protonated by BAS and produce shorter chain oligomers and
finally hydrocarbon products. Some of the oligomers would form
carbenium ions and be converted to polyaromatic coke species.

The BAS on the external surface of HMFI plays an important
role in the cracking of PP to light hydrocarbons.!?”! In this study,
we also investigated the effect of external BAS (including pore
mouth regions) of HMFI on hydrocracking process. The BAS on
the external surface of HMFI11 was passivated by chemical lig-
uid deposition with tetraethoxysilane (TEOS) as referred to the
literature. Adsorption experiments with 2,6-di-tert-butylpyridine

© 2025 Wiley-VCH GmbH
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Figure 5. (a) In situ DRIFT spectra of surface species on HMFI11 during PP hydrocracking under 5 bar H,, (b) time course of the IR intensity, and (c) MS
intensity. After the measurement of the background spectrum of the sample (mixture of 2.5 mg of PP and 25 mg of HMFI11) at 150 °C, the temperature was
increased from 150 °C to 360 °C during which spectra at each temperature were obtained.

(DTBPy) and pyridine (Py) performed similarly to our previous
study, showed that the Brgnsted acid sites on both the external
and internal surfaces were passivated by TEOS treatment, but the
acid sites on the external surface were passivated much more
preferentially. (Figure S6)%’! The passivated HMFI11 by TEOS was
named HMFI11-T. The TEOS treatment passivated the Brensted
acid sites on both the external and internal surfaces, but the
acid sites on the external surfaces were more preferentially
passivated.'””! Figure 6a,b show the dynamic changes of the in
situ DRIFT spectra and the time course of the MS analysis of the
gas products during the PP cracking under 5 bar H, at 300 °C
over HMFIN-T and HMFIN1, respectively. In the spectrum of the
species on HMFITI-T, (Figure 6a) the bands at 2958 cm~" and 2871
cm~" assigned to the asymmetric and symmetric C—H stretching
of the CH; group, slowly increased with time and then plateaued
above 20 min. In contrast, the intensities of the bands at 2958
cm™" and 2894 cm™' in the spectrum of the species on HMFI
(Figure 6b) increased sharply during the heating process from
200 °C to 300 °C and then decreased. As the bands at 2958
cm~" and 2894 cm~' began to decrease, the amount of gaseous
hydrocarbon products, mainly fragments with m/z = 43, 41, 29,
and 27 attributable to propane, propylene, ethane, and ethy-
lene, respectively, reached a maximum. Other fragments with
m/z = 15, 55, 57, 69, and 71 attributable to methane, butene,
butane, pentene, and pentane, respectively, were few produced.
This implies that in the early stage of the reaction, the back-
bone C—C bonds of oligomers cleaved mainly at the external
BAS on HMFI to form smaller hydrocarbons, which leave as
gaseous hydrocarbon products or are further converted to cyclic
and aromatic products. In the DRIFT spectrum of HMFI1-T, the
gaseous products reached a maximum after 20 min and grad-
ually decreased. On the other hand, in the DRIFT spectrum of
HMFI11, the gaseous products reached a maximum after 5 min
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and the reaction was terminated in about 20 min. This confirms
that PP consumed relatively faster with HMFI11 than HMFI1-
T, suggesting that PP cracking proceeded at a slower rate on
HMFIT-T than on HMFI11. These results highlight the importance
of external surface BAS in PP depolymerization.

The formation process of aromatic species over HMFI11 was
investigated by in situ diffuse reflectance UV-vis spectroscopy.
Figure 7 shows the UV-vis spectra and corresponding Kubelka-
Munk (KM) intensities during the hydrocracking of PP over
HMFIT under 5 bar H, (Figure 7a) as well as the time course
of online GC analysis of the UV-vis cell outlet gas. (Figure 7b)
When the PP/HMFI11 mixture was heated from 29 °C to 290 °C,
bands appeared at 297 nm, 431 nm, and 600 nm. The band
at 297 nm assigned to a polyalkyl-substituted cyclopentenyl
cation!*®! increased rapidly within the first 10 min of the reac-
tion and as soon as the band at 297 nm began to decrease,
the formation rates of the gaseous hydrocarbons, mainly butane
and propane measured by the online GC analysis reached a
maximum. This indicates that polyalkyl-substituted cyclopen-
tenyl cations are converted to gaseous hydrocarbon components
in the early stages of the reaction (~ 20 min). In the later
stage of the reaction (20 min ~), the band at 297 nm slowly
decreased and the bands at 431 nm assigned to aromatic species
(e.g., naphthalene and anthracene)®*3! and 600 nm assigned to
polycyclic aromatic species®*3! that are further ring expanded
from them slowly increased and plateaued. This indicates that a
polyalkyl-substituted cyclopentenyl cations are converted to aro-
matics and polycyclic aromatic species in the late stage of the
reaction (Figure 7b).

In Figure 7¢,d, the difference in the coke formation process
under 5 bar H, and He were investigated. Figure 7c shows the
UV-vis spectra and corresponding KM intensities after 20 min
of reaction under 5 bar He and H,. The KM intensity at 297 nm

© 2025 Wiley-VCH GmbH
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Figure 6. (a) In situ DRIFTS results during PP hydrocracking on HMFIN1-T and (b) on HMFI11 under H,: typical DRIFT spectra of adsorbed species (left) and
time course of MS and IR intensity (right). After the measurement of the background spectrum of the sample (mixture of 2.5 mg PP and 25 mg zeolite) at
200 °C, the DRIFTS cell was heated to 300 °C (50 °C min~' ramp rate, due to the limitations of the temperature controller attached to DRIFTS system)

followed by maintaining the temperature at 300 °C.

under 5 bar H, was 0.85 times that under 5 bar He. This suggests
that H, would have the effect of suppressing the initial formation
of polyalkyl-substituted cyclopentenyl cations as coke interme-
diates. Figure 7d shows the time course of the KM intensities at
297, 431, and 600 nm under 5 bar He and H,. Under both atmo-
spheres, the band at 297 nm increased sharply by 10 min and
then decreased with time, but the time-dependent decrease in
the KM intensity at 297 nm was more pronounced under 5 bar
H, than He. This suggests that polyalkyl-substituted cyclopen-
tenyl cations are consumed more under 5 bar H, compared
to He. Possible products via polyalkyl-substituted cyclopentenyl
cations under H, include gaseous hydrocarbon products, aro-
matic species, and polycyclic aromatic species.>#! The increase
in KM intensities at 431 and 600 nm with the time under 5 bar
H, was smaller than that under He, suggesting that the conver-
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sion of polyalkyl-substituted cyclopentenyl cations to aromatic
or polycyclic aromatic species would be suppressed under 5 bar
H, compared to He. Thus, in the presence of 5 bar H, some
of the polyalkyl-substituted cyclopentenyl cations, which can
be intermediates in coke formation would be converted to
gaseous hydrocarbon products and H, contributes to indirect
coke formation suppression.

2.3. DFT Study on Mechanism of Hydrogen-Assisted Cracking
of PP

The hydrogen-assisted cracking of hydrocarbons on HMFI zeo-

lite was investigated with a focus on the role of carbocations
and alkoxide intermediates in the reaction pathway. DFT cal-
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Figure 7. In situ UV-vis results during PP cracking on HMFI11 (a) typical spectra at 5 bar H,, (b) time course of the KM (297, 431, and 600 nm) and the

outlet gas (GC analysis) at 5 bar H,. C,,~

and C, = mean alkanes and alkenes, respectively. (c) Representative UV-vis spectra (20 min) at 5 bar He and H,

and (d) time course of the KM intensities (297, 431, and 600 nm) at 5 bar He and H,. After the measurement at 29 °C, the mixed-powder sample (57 mg PP,
57 mg HMFI) was heated to 290 °C (20 °C min~") followed by maintaining the temperature at 290 °C.

culations were employed to explore several cracking pathways
of 2,4-dimethylpentene (C;Hy;) as a PP oligomer model in the
internal zeolite cavity.”*?’! Since the terminal C—C bonds of
hydrocarbons form double bonds upon cracking,”*®! an olefin
was chosen as a model reactant compound in this model. Gibbs
free energies were calculated by incorporating thermodynamic
corrections, including zero-point energy (ZPE), thermal enthalpy
contributions, and entropy effects at the reaction temperature
(290 °C), into the total electronic energies obtained from DFT
calculations.

Since the aforementioned experimental study demonstrated
that G; and C; hydrocarbons are the primary products of PP
cracking over HMFI zeolite, we investigated the reaction path-
way leading to propane and isobutene from the C;H;; molecule.
(Figure 8)Initially, the C;H;s™ carbocation is generated via proton
donation from the Brensted acid site of the zeolite. Subse-
quently, two distinct pathways were identified: one in which the
C; carbocation directly decomposes into propane and isobutene
and another involving the formation of a propoxide intermedi-

ChemCatChem 2025, 0, e00512 (6 of 10)

200

S E, =180

: TS
172 %

150 N

;' E,=102 '

g

S 100 LA

> o= " 496; >

= ~~ %%

o 1 \

5} X' 2 k

g 50 P ;

g - E,=15 N\ 30

2 N T+ <oy Tt

o : 0 __#7" 5 My .5 % ] propoxide
BAS_C;Hy

T
= L

BAS_(CyHg + C3Hg)

CrHis* C7His*+ H,

Reaction coordinate

Figure 8. The reaction coordinate with the Gibbs free energy at 563 K for
the two patterns of C;Hy4 cracking on the Brgnsted acid site of the HMFI
zeolite, calculated using DFT. Energy values marked with * are from a
previous study calculated under the same conditions.!?’!
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Figure 9. The reaction coordinate with the Gibbs free energy at 563 K for
the propane/propylene production from the propoxide intermediate on the
Bronsted acid site of the HMFI zeolite calculated by DFT.

ate prior to isobutene formation. The activation energy (E,) of
the latter pathway is 102 kJ/mol, which is significantly lower than
that of the former (E, = 180 kJ/mol) indicating that the formation
of the propoxide intermediate is more favorable.

With regard to the G; intermediate, previous experimen-
tal studies have identified GiH;" as a key intermediate in the
hydrogenation of propylene to produce propane.’” Addition-
ally, theoretical stability comparisons suggest that this species
is not merely a physiosorbed carbocation but rather a propox-
ide species.” From the aforementioned calculations on the
propoxide intermediate, two reaction pathways were calculated
(Figure 9): one leading to propylene formation via proton dona-
tion from the Brgnsted acid site of the zeolite (E, = 31 kJ/mol)
and the other involving the cleavage of an externally introduced
H,, resulting in propane formation along with the restoration
of the Brgnsted acid site (E; = 92 kJ/mol). A comparison of
E, values suggests that propylene formation is more favorable.
However, both E, values are lower than that of the preceding
propoxide formation step (E, = 102 kJ/mol), suggesting the both
reactions are considered feasible. These results are consistent
with the experimental findings, which show that both propane
and propylene are produced.

Scheme 1 shows the entire reaction pathway for the hydro-
genative cracking of CHy,. First, the GHis™ carbocation is
produced from the CH;; molecule via proton donation by
the zeolite. Then, the carbocation undergoes cracking, yield-
ing isobutene and propoxide intermediate. Finally, propane or
propylene is produced from the propoxide intermediate (E, = 92
or 31 kJ/mol).

Based on our experimental observations and DFT results, a
plausible reaction mechanism for PP cracking under H, is sum-
marized in Scheme 2 as follows: PP is first melted and cleaved to
lower-molecular-weight oligomers on external BAS on the HMFI
zeolite. The oligomers diffuse into the pores of the HMFI zeo-
lite and undergo cracking on the internal Brgnsted acid sites,
where they are cleaved into lower molecular weight olefins such
as propene and isobutene.[””! In the presence of H,, propane is
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selectively produced by hydrogenative cracking of the propoxide
intermediate formed on HMFI during the cracking process. Some
of the produced olefins react further to form carbenium ions,
which are regarded as precursors to aromatic compounds, lead-
ing to the formation of light aromatics and subsequently heavy
aromatics. Some of the carbenium ions react with H, to produce
gaseous hydrocarbons.

3. Conclusions

This study demonstrated the effective hydrocracking of
polypropylene (PP) to light hydrocarbons (mainly C; and
C4) over HMFI below the pyrolytic temperature at 280 °C under
1 MPa H,. Comparison of the in situ DRIFTS results for HMFI with
and without TEOS treatment on the external surface indicated
the Brgnsted acid sites on the external surfaces of HMFI were
indispensable for accelerating PP cracking and would serve as
active sites for the cracking of PP into short-chain (oligomeric)
hydrocarbon species that lead to formation of final gaseous
hydrocarbon products. The results of in situ DRIFTS and UV-vis
experiments suggested that the effect of external H, was to
suppress the formation of coke intermediates such as alkyl-
substituted cyclopentenyl cation. Adopting 2,4-dimethylheptene
as a model oligomeric species, possible reaction pathways were
calculated using DFT. The protonation of 2,4-dimethylheptene
by a Brgnsted acid site yields C;Hs™ carbocation intermediate,
which reacts with H, to produce propane and isobutene.

4. Experimental Section

4.1. Materials

Polypropylene (PP, isotactic, average M,, ~12000) were purchased
from Sigma-Aldrich Co. Ltd. NH;—MFI (Si/Al = 11.15), NH;—Chabazite
(Si/Al = 11.15), NH4—Ferrierite (Si/Al = 9), NH,-Beta (Si/Al = 8.76), H-
Mordenite (Si/Al = 9.1), H-Y type zeolite (Si/Al = 5.3), and H-MFI
(Si/Al = 25,75150) were provided by Tosoh corporation Co. Ltd.

4.2, Catalyst Preparation

NH,"-type zeolites (NH4;~MFI, NH4;—Chabazite, NH,-Ferrierite, and
NH,;-BEA) were converted to H™-type by calcination at 500 °C
for 1 h under an air flow using heating rate of 10 °C/min. These
catalysts were denoted as HMFI, HCHA, HFER, and HBEA, respec-
tively. HT-type zeolites (H-Mordenite, H-Y type zeolite, H-MFI
(Si/Al = 25,75150)) were used without further treatment. These cat-
alysts were denoted as HMOR and HY, respectively. If a number
appears next to the name of the catalyst, it indicates Si/Al ratio. For
example, HMFI with Si/Al ratio of 11 is denoted HMFI11. Tetraethoxysi-
lane (TEOS)-treated HMFI11 (HMFI11-T) was prepared by refluxing a
mixture of HMFI1 (2 g, dried at 100 °C) and TEOS (0.24 mmol) in n-
hexane (50 mL) for 1 h, followed by filtering and washing with
toluene and acetone, drying at 100 °C for 1 h, and calcining at 600 °C
for 1 h. Next, TEOS (0.24 mmol) was added to this catalyst in n-
hexane (50 mL); the solution was refluxed, washed, and dried as
before.[?’]

© 2025 Wiley-VCH GmbH
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computationally confirmed pathways, respectively, in the present study.

4.3. Hydrocracking of Polypropylene

Hydrocracking reactions of PP were carried out in a stainless-steel
batch reactor (Taiatsu Techno Corp.,10 mL) without solvent. Catalyst,
PP (0.1 g respectively) and glass-coated magnetic stirrer bar were
added in a glass tube 6.5 cm®, which was then inserted into the
stainless-steel reactor. A catalyst: polymer ratio of 1:1 was selected to
reduce solid residues and obtain higher gaseous product yields.!"!
The reactor was sealed with Teflon gasket and tightened and was
pressurized with H, (typically 1 MPa H,) gas for ten times prior to
the reaction to eliminate air from the reactor. The reactor was placed
in a heating block at the desired temperature (typically 280 °C) and
stirred (4000 rpm) for a given reaction time. After the reaction, fol-
lowed by cooling the reactor, the gaseous products in head space
of reactor were transferred into an aluminum gas sampling bag.
Chloroform (0.062 mmol (5 pL)) as an internal standard was intro-
duced into the gas sampling bag (1 L). Then, the gas products were
analyzed and quantified by gas chromatography-flame ionization
detector (GC-2014 FID, Shimadzu) equipped with Porapak Q column.
Liquid products were extracted by washing with 2 mL of acetone
(Figures S4 and S5).1°*-*1 The liquid part was separated from solid
residue by centrifugation. Decane was introduced to liquid prod-
ucts as an internal standard. Then, the liquid product was analyzed
by gas chromatography-flame ionization detector (GC-2014 FID, Shi-
mazu) equipped with UA-1 column. The solids after reaction were
weighed and the mass of the catalyst was subtracted to record the
reaction conversion.
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4.4, Catalyst Characterization

In situ diffuse reflectance infrared Fourier transform (DRIFT) spec-
tra were recorded on a JASCO FT/IR-4600 instrument equipped with
a Mercury-Cadmium-Telluride (MCT) detector. A mixture of PP and
catalyst powder was packed into the sample holder in a DRIFTS cell
(DR-650 Ci) equipped with a ZnSe window. The catalyst to polymer
ratio was set to 10:1, a ratio that provides stable baseline behav-
ior, in order to suppress baseline drift due to polymer melting and
volume shrinkage. The inlet of the cell was connected to a flow reac-
tion system (total flow: 30 mL min~—'). The spectra were measured by
accumulating 20 scans at a resolution of 8 cm™', 0.5 MPa, and tem-
perature range of 150-360 °C. The reference spectrum in He flow (20
scans) taken at the measurement temperature was subtracted from
each spectrum. Outlet gas was analyzed using mass spectrometer
(BELMass, MicrotracBEL Corp).

In situ diffuse reflectance UV-vis experiments under catalytic
conditions were carried out by a JASCO V-750 UV-vis spectrometer
of PP and catalyst powder sample (50 mg) mixed in specified pro-
portions was placed in the in situ cell (JASCO HISV-728) with a quartz
window. The inlet of the cell was connected to the gas flow sys-
tem connected to a flow reaction system (total flow: 30 mL min~").
The background spectrum was obtained using BaSO,. Reflectance
data were converted to pseudo-absorbance using the Kubelka-
Munk (KM) function. For selected in situ experiments, the outlet gas
of the in situ cell was connected online gas chromatograph (GC)
with a TCD detector (Agilent 990 Micro GC).

© 2025 Wiley-VCH GmbH
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4.5. Computational Details

All calculations were carried out using periodic density functional
theory (DFT) simulations performed with the CP2K 2023.2 software
package.l®®! The structure of the MFI zeolite was obtained from
the International Zeolite Association database.”® The parameters
for the MFI structure were set to a = 20.090 A, b = 19738 A,
and ¢ = 13142 A. The T12 silicon of the MFI model was chosen
for replacement with an Al atom based on its stability.®”! The
generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional was used to describe the exchange-
correlation energy, including empirical dispersion corrections by
Grimme’s D3 scheme with Becke-Johnson damping.[®%3] The peri-
odic Poisson solver was utilized in combination with Goedecker-
Teter-Hutter (GTH) pseudopotentials.!®*%5] A cutoff of 450 Ry and
a relative cutoff of 50 Ry were applied for the plane-wave basis
set. A DZVP-MOLOPT-SR-GTH basis set was used. The orbital trans-
formation (OT) method with direct inversion in the iterative sub-
space (DIIS) minimizer and full single-inverse preconditioner was
employed to accelerate self-consistent field (SCF) convergence.!%!
The structural optimization was performed with the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) optimizer.[-79) The SCF conver-
gence criterion was set to 1.0 x 10~% Hartrees with a maximum of
300 SCF iterations.

The climbing-image nudged-elastic-band (CI-NEB) method was
employed to locate the transition state.”” The climbing process was
initiated after five initial NEB steps. The number of replicas was
set to 8. After the CI-NEB, the structural optimization for locating
the transition state was performed with the dimer method”>”! and
the conjugate gradient (CG) optimizer.” The maximum number of
steepest descent steps for the CG optimizer was set to zero and
a two-point line-search method was employed with a maximum
allowed step of 0.01 Bohr.

Vibrational analysis was performed using finite differences
method with a displacement parameter (DX) of 0.01 A and fully
periodic boundary conditions. The calculations considered only the
vibrational frequencies of the extra-framework atoms, whereas all
other atoms were fixed. Details of the Gibbs free energy calculations
are provided in the Supporting Information.

Supporting Information

The Supporting Information is available free of charge at https://
pubs.acs.org/doi/XXXXX. Detail information about DFT calcula-
tions.
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