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The degradation of polyethylene (LDPE) by H-ZSM-5 is investigated
by vibrational spectroscopy, using diffuse reflectance infrared Four-
ier transform spectroscopy (DRIFTS) and inelastic neutron scattering
(INS). DRIFTS results indicate initial interaction between LDPE and
external silanol groups, and hydrogen bonding with some Bransted
acid sites. At low temperatures both techniques suggest minimal
interactions between the LDPE and the internal acid site of the
zeolite, suggesting initial interactions are primarily with the zeolite
surface. At higher reaction temperatures, oligomerisation is observed
on Brgnsted acid sites.

Plastics are essential in modern life, with over 460 million tons
annually produced." Their stability, and slow degradation, has
created a global build-up of plastic waste, demanding immediate
solutions.”> Recycling is typically preferred for disposal, as this
minimises environmental contamination. Mechanical recycling
blends used polymers into a new material, though eventually yields
a lower quality plastic.> Chemical recycling, through thermal pyr-
olysis is a promising alternative method.* Here used polymer is
heated under inert gas, to yield light olefins, paraffins, aromatic
molecules and longer chain oils (C,), with some solid residue
remaining. This simple method uses high temperatures (~400 °C),
but adding a catalyst can lower the degradation temperature.’
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Several studies have shown that solid acid catalysts, such as
zeolites are effective for catalytic pyrolysis of low-density polyethy-
lene (LDPE), due to the high density of strong acid sites.® The
most commonly investigated zeolite topologies for this reaction
are zeolite HB (BEA),”® and HZSM-5 (MFI).>® HZSM-5 has a range
of acid sites that can form on the external surface and internal
pore walls, though it is not clear what specific roles each site
plays.™® Some suggest that LDPE interacts directly with strong acid
sites to form a carbonium ion, with others proposing that the
initial interactions occur with silanol groups on the external
surface. A common hypothesis is that chains crack on the surface,
randomly along the chain (random scission) or at the end (end-
chain scission), and cracked species enter the pore, to undergo a
further series of reactions towards the final products.'"

Few in situ or operando studies have been performed on solid
acid catalysed LDPE cracking. Fourier transform infra-red (FT-
IR) spectroscopy is often used to probe the acidity and acces-
sibility of zeolites, whilst other reactions, such as fluid catalytic
cracking,"”” and methanol-to-hydrocarbons,"® have used it to
differentiate behaviour on the external surface, pore mouths,
and internal pore walls, something that would be hugely
beneficial in catalytic LDPE pyrolysis. Primarily FT-IR is used
for its fast data collection times (<1 s per scan), and versatile
sample environments, with ease of access. Despite there are
some limitations. Firstly, selection rules limit the number of
visible signals. Also strong signals due to the zeolite’s vibra-
tions dominate the spectra below 1200 cm ™", shrouding most
other signals.'* Inelastic neutron scattering (INS), a vibrational
technique like FT-IR and Raman spectroscopy, is an excellent
complement to FT-IR. Hydrogen has one of the largest inco-
herent neutron scattering cross sections, meaning INS spectra
are dominated by hydrocarbons, and not framework modes,
allowing measurement below 1500 cm ™ *.**'*> Cen et al. used
INS to identify the reaction pathway of polyethylene with a
modified ZSM-5 catalyst over a reaction period of 2 hours."®

In this work we present combine findings from operando
diffuse reflectance infrared Fourier transform spectroscopy
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(DRIFTS) and INS on LDPE catalytic pyrolysis with a commer-
cial HZSM-5 catalyst, focusing on the very initial stages of
reaction. We will use these findings to provide further insight
into the catalytic mechanism, towards designing a new genera-
tion of zeolite catalysts for plastic recycling. Particular attention
was given to the lower temperature intermediates, after initial
cracking had begun, to determine which products have formed,
by combining through on-line mass spectrometry (MS).

The H-ZSM-5 is from Zeolyst International (NH,-ZSM-5, CBV
8014, Si/Al 40), and was calcined for 6 hours at 550 °C (ramp rate
1 °C min™") under static conditions to yield the proton form
H-ZSM-5. Physicochemical characterisation is provided in the
ESI+ (Fig. S1 and S2). LDPE is from Sigma Aldrich (427 772, average
M, ~ 4000). Thermogravimetric analysis (TGA) was performed on
a TGA 5500 from TA instruments, by heating the sample in a flow
of nitrogen at 5 °C min ' from room temperature to 700 °C.
During DRIFTS measurements, the zeolite was fully dehydrated in
a stream of dry oxygen in argon, in a Praying Mantis reaction
chamber from Harrick Scientific, and the reactor transported into
an argon filled glove box, where the zeolite was physically mixed at
room temperature in a 3 : 1 mass ratio with LDPE. The mixture was
transferred back into the reaction chamber in the glove box to
prevent any water adsorption. The reaction chamber was placed
back into the Praying Mantis accessory in the sample compart-
ment of a Bruker Vertex 80 to measure DRIFTS spectra. Dry argon
was flowed over the zeolite and plastic mixture, and outlet gases
were monitored by mass spectrometry (Pfieffer Omnistar). Mea-
surements were collected at temperature, during reaction. Samples
were prepared for INS measurements by first drying the zeolite in a
flow of dry oxygen and helium, then combining the zeolite with
plastic in a 3:1 ratio by mass. The mixture of plastic and zeolite
was separated into portions which were heated to 80, 130, 170, or
200 °C under flowing helium. After heating, the samples were
cooled and transferred into an aluminium can for measurement
on TOSCA at ISIS Neutron and Muon Source, to measure at
—253 °C. Further experimental details are given in the ESL

TGA (Fig. S3, ESIt) compared the pyrolysis temperature of
pure LDPE, with a 3:1 mixture by mass of HZSM-5 (catalyst) and
LDPE, under nitrogen. This ratio was used throughout this study
to ensure there is LDPE signals are visible, while maximising the
zeolite-LDPE interactions. Without a catalyst, the majority of
LDPE degradation occurs between 400 and 500 °C (Fig. S3a,
ESI{), however, in the 3:1 mixture the degradation temperature
was drastically lowered to between 200 and 300 °C. Beyond 300 °C
the LDPE in the mixed system has been fully converted (roughly
100% conversion). This is consistent with previous works show-
ing the influence of the zeolite on lowering the degradation
temperature.” The associated MS data (Fig. S3b, ESIt) confirms
that almost exclusively the 3:1 ZSM-5 and LDPE mixture are
small chain alkenes and alkanes, particularly in the 200 to 300 °C
region. There was little evidence of any evolved water (beyond
100 °C), hydrogen, or CO,, confirming the polymer is indeed
being cracked, making the ZSM-5 catalyst a suitable model
system for further investigation.

The DRIFTS O-H region of the dehydrated zeolite (black,
Fig. 1a and Fig. S4, ESIt) shows signals (Table S1, ESIt)
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Fig. 1 (a) DRIFTS spectrum showing (a) the absorption of 100% ZSM-5
(black), a mixture of 75% ZSM-5 and 25% LDPE (red) after heating to 80 °C,
both recorded under an inert (Argon) atmosphere, compared with a
spectrum of pure LDPE (yellow), and (b) the influence of temperature on
the spectrum of the 75% ZSM-5, 25% LDPE mixture.

associated with Brensted acid sites (BAS; 3605 cm™ '), external
(3736 cm™ ') and internal silanol groups (3725 cm™*)." "% A
broad feature below 3500 cm ' indicates that the zeolite
contains internal defects, such as silanol nests. The changes
in the O-H region, on physically mixing ZSM-5 with the LDPE,
show a clear interaction between the components (Table S2,
ESIT). There is a notable loss in intensity for the external silanol
groups at 3737 cm ™', which is accompanied by a new feature at
3694 cm ', showing an interaction between the zeolite surface
and the LDPE. This peak shift (Av) of —43 em™" is similar to
previous observations of external silanols interacting with
products of butene oligomerisation (—48 cm™'), and heptane
adsorption (—46 cm™),”° but smaller than measured in other
studies of isobutane (—80 ¢cm™') and n-heptane (—95 cm™ ")
adsorption."® We also observe a the BAS signal (3605 cm ™)
reduces, while the broad signal at 3440 cm ™" (down shifted by
165 cm ™! from the previous maximum from hydrogen-bonded
silanol nests) grows.

While the hydrogen-bonded silanol nests are responsible for
the broad signal at ~3450-3500 cm ™" in the empty zeolite,'®>*
an interaction between the BAS and LDPE is responsible for the
absorbance after combination with LDPE, which is enhanced at
80 °C (Fig. S4d, ESIT).'® Spoto et al. noted a downward shift of
389 cm™ " in the frequency of BAS due to hydrogen bonding of
ethene, via the pi system,'® and Gakowski et al. recorded a shift
of 174 cm™' upon the adsorption of n-hexane.”” The shift

This journal is © The Royal Society of Chemistry 2025
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observed here after LDPE mixing with H-ZSM-5 is most similar
in magnitude to that recorded upon n-hexane adsorption which
is reasonable given the fully saturated nature of LDPE. A
shoulder at 2955 cm ' is also seen, which is assigned to
asymmetric CH; stretching.>® CH, groups in LDPE are also
present, mixing by deformation bands at 1460 cm™ " (Fig. S4,
ESIt).>*>?* Overall, this highlights the interaction of LDPE and
the ZSM-5 catalyst, suggesting these interactions are not lim-
ited to surface species, though primarily occur on the surface.
We note there are only very subtle changes from the spectrum
of pure LDPE (Fig. 1a and Fig. S4a, b, ESI¥).

Increasing the temperature to 200 °C, showed little change in
the CH stretch region, beyond the signals narrowing (Fig. 1b).
Above 170 °C, the MS detects alkenes eluting from the reactor
(Fig. S5, ESIt), the BAS signal (3605 cm™ ') drops in intensity, and
a new vibration at 1509 cm™ ' emerges (Table S3, ESIf), in a
region associated with hydrocarbons with multiple double
bonds.*?® The development of this band correlates with the
erosion of BAS up to 200 °C, indicating that alkenes formed by
initial LDPE cracking, have undergone further reaction with BAS
and polymerised. MS data (Fig. S5, ESIT) indicates that by 170
and 200 °C, exclusively small alkenes are eluting from the
reaction, as the cracking process is taking place, and these small
alkenes can enter the pores to react with BAS. Taking the reaction
above 200 °C (Fig. 2 and Fig. S6, ESIT) to 260 °C reveals subtle
differences. The broad band at 3500 cm ™" (Fig. Séa, ESIT) related
to hydrogen-bonded species decreases, which appeared when
LDPE initially interacted with the zeolite. Similarly, we see a new
signal at 3120 cm ™", attributed to sp” hybridised C-H stretches of
alkenes or aromatics (Fig. 2).>” Such species (particularly aro-
matics) are linked with pore blockage and catalytic deactivation.
There is a pronounced increase in the 1509 cm™* signal (Table S3
and Fig. S6b, ESIY), again linked to the formation of unsaturated
carbocations, representing a conjugated sp> C=C stretch. There-
fore above 200 °C we begin to see the formation of alkene or
aromatic species. Likely these reside within the pores, as they
were not detected in the outlet MS data.

Increasing the temperature further shows that from 320 °C
the BAS begin regenerating, as shown by the return of the signal at
3605 cm . This is due to the bound hydrocarbons (alkenes)
desorbing from the catalyst, reforming the BAS. This coincides
with the concentration of hydrocarbons decreasing above 300 °C,
in the effluent gas stream (Fig. S5, ESIf). As the temperature
approaches 400 °C, C-H stretches from 2800-2950 cm ™" continue
to drop. The OH stretch of external silanol groups (3737 em™")
recover as the hydrogen bonded hydrocarbons are removed from
the zeolite surface (Fig. 2b).

The signal at 3120 cm ™" also declines at high temperatures
as the unsaturated species on the surface from cracking or
aromatic condensation, react further akin to the processes
occurring in the methanol-to-olefin system.*® This shows the
near-complete removal of hydrocarbon species, as the reaction
approaches 400 °C, in line with our TGA findings (Fig. S3, ESIT),
suggesting quantitative conversion had been achieved.

An analogous INS study was also performed, which focuses
on wavenumbers below 1500 cm™". With the lack of selection
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Fig. 2 DRIFTS spectra of the LDPE/ZSM-5 mixture, as an evolution of
temperature from 260 to 400 °C, focussing on the (a) 3800-3000 cm™,
and (b) 3200-2500 cm™* regions.

rules for INS, signal intensity is not dependent on absorption
coefficients and different features can be probed. As expected, due
to its low hydrogen content, the ZSM-5 barely contributes to the
INS spectra, with no discernible features seen in hydroxyl region
(3500-4000 cm ™ '; Fig. S7A, ESIt). The INS spectra of our LDPE/
ZSM-5 system (Fig. 3 and Fig. S7B, ESIf), are in excellent agree-
ment with previous INS studies on LDPE.>® Assignments for the
main features are found in Table S4 of the ESL} Given LDPE’s
melting temperature (105-115 °C), the similarity of these two
spectra suggests no noticeable changes during melting and recrys-
tallisation. Further the MS data of the samples (Fig. S8, ESIT)
shows that despite cracking occurring beyond 120 °C, with sig-
nificant cracking occurring at 200 °C, there is minimal noticeable
change on heating. This suggests there are no significant changes to
bulk LDPE at these temperatures, with no notable evidence of
confined LDPE. This supports the DRIFTS findings that initial
contact and activation occur on the surface of the catalyst, such
that the initial cracking of LDPE is not shape-selective. This does not
preclude smaller cracked hydrocarbons later entering the pores, as
per the schematic given in Fig. S9 (ESIt).

Through a combination of operando DRIFTS and INS
spectroscopy we gained valuable insights into a promising
plastic recycling process; acid-catalysed LDPE cracking. DRIFTS
provided evidence of internal BAS interacting with LDPE chains
below 100 °C, but mainly with external silanol groups. At higher
temperatures the intensity of signals from BAS decrease, as
smaller olefins and paraffins molecules form. This suggests
that there is limited interaction between the internal sites and
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