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By modulating zeolite confinement and improving pore diffusion properties, addressing a significant
limitation in current plastic waste upcycling methodologies is essential. In this work, we have developed
mesoporous zeolites that exhibit enhanced diffusion capabilities for long-chain polymers without
compromising the crystalline structure. The mesopore volume doubled from 0.14 cm® g~ (CBV720) to
0.28 cm® g1 (M7203,) after zeolite modification. This has enabled to overcome the inefficiencies
associated with polymer diffusion in conventional zeolites, significantly advancing the catalytic
conversion of plastic waste into valuable products. Catalytic pyrolysis experiments on various
polyethylenes underline the superior performance of mesoporous zeolites, especially for highly
branched polymer structures where degradation temperatures are reduced by 29 °C compared to
conventional zeolites, highlighting the importance of pore arrangement. Detailed analysis using NH3-
TPD and in situ DRIFT spectroscopy reveals the crucial role of Brensted acid sites in enhancing
degradation efficiency. The optimized mesoporous zeolite catalyst, M720,
effectiveness in reducing degradation temperatures for a wide range of daily-use plastic waste. The Tyg
values were significantly reduced for various plastic wastes: food packaging dropped to 208 °C (from
354 °C), plastic bottles to 349 °C (from 381 °C), and milk packets to 277 °C (from 409 °C), among others.
Moreover, the well-retained microstructure of the M720 catalyst yielded a very similar product

showed excellent
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distribution despite the introduction of mesoporosity. This study not only surmounts crucial obstacles in

the modulation of zeolite confinement and the enhancement of pore diffusion properties but also
augments the economic and environmental sustainability of plastic waste conversion processes.
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transforming waste materials into new products of higher
quality or utility, offers an effective means to mitigate the

1 Introduction

The burgeoning environmental impact of plastic waste poses
a significant challenge to ecosystems and human health. The
extensive production and disposal of non-degradable plastic
items have led to the build-up of plastic waste in both aquatic
environments and landfills affecting wildlife and, through the
food chain, human health.* This crisis necessitates urgent and
innovative solutions, among which plastic waste upcycling
emerges as a promising strategy.” Upcycling, the process of
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environmental impact of plastic waste. New plastics can be
fabricated by combining different polymer grades from upcy-
cling using additives. Hence, unlike traditional recycling,
upcycling adds value to the waste, making it a more environ-
mentally and economically attractive option.?

In this context, zeolite-based catalysts have garnered signif-
icant attention due to their strong acidity, porous structures,
high surface area, and thermal stability. These characteristics
make zeolites popularly used in catalysing chemical reactions
as an acid catalyst for cracking,* isomerization,® and alkylation.®

Despite their potential, existing zeolite-based catalysts face
several challenges that limit their widespread application in
plastic waste upcycling. One of the primary issues is the efficient
diffusion of plastic polymer chains into the zeolite pores.”® The
size and complexity of plastic polymers often hinder their ability
to penetrate the micropores of zeolites, thus reducing the effi-
ciency of the catalytic process. In this sense, introducing mes-
oporosity in zeolites seems promising to address problems
faced in microporous zeolites.”'* Among them, the surfactant
templating technique has proved to be an efficient way to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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introduce well-defined, tunable, and highly interconnected
mesopores in FAU-type zeolites, while maintaining the key
properties of conventional zeolites, i.e. crystalline structure,
hydrothermal stability, and strong acidity."** Due to their
superior and improved characteristics for the conversion of
bulky molecules compared to the traditional zeolites, the
surfactant-templated zeolites have been successfully trans-
ferred to industry."** However, the confinement effects within
the zeolite structure, crucial for catalytic activity, are not fully
understood and optimized in the context of plastic waste
upcycling with different branching and different types.

Medium pore-size zeolites, such as MFI-type, are diffusively
restricted for the conversion of bulky compounds.*'® Hence,
the catalytic cracking of the polymer (end chain cracking)
mainly occurs in the external surface of the crystals or in the
pore-mouth of the channels, giving rise to a high proportion of
light hydrocarbons (C,-Cs)."* However, the presence of large
pore zeolites or the introduction of mesoporosity in traditional
zeolites enhances the diffusion of larger plastic fragments,
allowing them to reach the micropores and undergo
a secondary type of cracking, yielding the formation of a mixture
of middle and light hydrocarbons.”””** In this context, a close
analysis of the literature shows that the two main factors that
determine the performance of a catalyst are the Bronsted acid
sites (BAS) and the accessibility of the molecules to the micro-
porous structure.””** A synergy of these two parameters is the
key to develop a superior catalyst. For example, AI-MCM-41,
which shows excellent accessibility presents a poor perfor-
mance because of weak acidity. Although many studies discuss
the ability of micro/meso-porous zeolites to crack polymers,
there is a debate regarding which process is dominant during
catalytic cracking. Regarding the selectivity of the process, many
factors influence it, such as the pore size of the zeolite, the
presence of mesoporosity and the strength of those BAS. In
general, the acid strength impacts the cracking capacity of the
materials: stronger BAS will result in terminal cracking to form
light hydrocarbons, while medium-light strength will be selec-
tive to the formation of longer chains or waxes.'”** The modu-
lation of a potential secondary cracking is affected by the nature
and distribution of the BAS and the diffusion process of the
molecules leaving the catalyst where the textural properties, i.e.
improved accessibility, play a determining role.*®

This work addresses these critical challenges by exploring
innovative strategies to modulate the confinement and pore
diffusion properties of zeolites at very low temperatures (<280 °C)
where the thermal cracking was not feasible.® Through
a comprehensive study, we enhanced the efficiency of FAU-type
zeolite catalysts in plastic waste upcycling, paving the way for
more sustainable and economically viable waste management
solutions.

2 Results and discussion
Synthesis and material characterization

CBV720 zeolite (FAU-type) was used as a starting material to
prepare the materials studied in this work. Mesoporous zeolites
were successfully prepared by surfactant templating as
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described elsewhere.?*** Two different treatment times 3 h
(M7203},) and 24 h (M720,,4,) were used, giving rise to materials
with superior textural properties. More specifically, the meso-
pore volume doubled from 0.14 cm® g~* (CBV720) to 0.28 cm®
g~ " (M7203y,), as shown in Table 1.

To remove any debris material that could partially block the
microporosity, samples CBV720 and M720;}, were treated with
either citric acid (to increase the accessible Bronsted acid sites
in the zeolite)*® or NH,SiF, (in order to remove some extra-
framework (EFAL) Al species).””*® Samples were labelled as
CBV720xx or M720xx, where XX is ‘cit’ or ‘HFSi’ depending on
whether citric acid or NH,SiF, were used for treatment. The
post-synthetic treatment with citric acid did not modify the
micropore and mesopore volumes and the textural properties
remained nearly unaltered (Table 1) as shown in Fig. 1c.
However, the NH,SiFs, slightly increases the Vi, at the
expense of the diminution of Vijcre; it is well known that the
aggressive character of the reactant will be able to locally
destroy part of the zeolitic framework creating bigger “holes”
which are reflected in the Vis.”° A reference surfactant-
templated material Al-MCM-41, with a similar mesopore
volume but no microporosity was synthesized for comparison
purposes and its properties are also given in Table 1. The
mesoporosity of the surfactant-templated zeolite and AI-MCM-
41 material was observed by TEM (Fig. 1le-g) confirming its
narrow pore size distribution and high connectivity in contrast
to the commercial material where no well-defined mesopores
are able to be identified by TEM (Fig. 1e)."*

Table 1 shows the ratio of Si/Al of all samples, obtained by
SEM-EDX. After the introduction of mesoporosity neither the Si/
Al ratio nor the FAU structure (Fig. 1a) was significantly affected;
however, after the washing treatments with citric acid or
NH,SiFs the Si/Al ratio increased, suggesting that some
aluminium was removed from the sample; as expected, this
effect was more noticeable in the samples washed with NH,SiF¢
causing an increase of the Si/Al from ~14.6 to more than 38. The
structural features of the washed samples were checked by
PXRD and Raman spectroscopy, showing the typical pattern of
FAU topology indicating that the local order typical of this
structure is well preserved (Fig. 1a and d) after the post synthetic
treatments.

The evolution in the nature of the aluminium atoms in the
zeolites submitted to the surfactant templating and the poste-
rior washing treatments was studied by >’Al MAS-NMR and the
results are displayed in Fig. 1b. In all >’Al MAS-NMR spectra, it
was possible to identify the two more common signals for
zeolites, the tetrahedral Al (Alyg) at around 55 ppm and the
octahedral (Alp,) at 0 ppm. The parent material CBV720
possesses 88.8% of the aluminium atoms as Alyg while the
11.2% remains in Alpy. After the surfactant templating proce-
dure, the Algy, increases to 25.9%, while the Si/Al ratio does not
vary significantly, meaning that some aluminium atoms leave
the framework during the creation of the mesopores and stay as
the EFAL within the framework. The washing treatments affect
differently when the materials are microporous (CBV720) or
mesoporous (M720,y,), probably due to the easier diffusion of
the reactants and EFAI species along the pores and channels.*

Chem. Sci., 2024, 15, 20240-20250 | 20241
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Fig. 1 Structural characterization. (a) X-ray diffraction patterns, (b) Al MAS-NMR, (c) N, isotherms, (d) Raman spectroscopy of the zeolites
prepared. TEM images of (e) CBV720, (f) M720z;, and (g) Al-MCM-41 materials as representative of microporous and mesoporous materials.

The use of citric acid does not vary the Si/Al ratio but when using
the CBV720 more EFAL species are created (due to deal-
umination) and the opposite trend is observed when washing
the M720 material (due to realumination) (Fig. 1b). The use of
NH,SiFs, typically used for removing EFAI species,” changes

20242 | Chem. Sci, 2024, 15, 20240-20250

significantly the Si/Al ratio and creates more EFAI species in the
conventional zeolite while in the mesoporous zeolite the treat-
ment occurs successfully and practically all the EFAL disap-
pears. For M720, washing with NH,SiFs predominantly
removed the EFAI (Aly;, = 2.4%), while washing with citric acid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Chemical composition and main textural properties of the
materials prepared

Material Si/AIEDX Vmicro (Cm3 gil] Vmeso (Crn3 gil)
CBV720 16.5 £ 2.5 0.26 0.14
CBV720yzs; 54.3 + 3.9 0.22 0.20
CBV720,; 20.7 + 0.8 0.25 0.16
M7203, 14.6 £ 1.0 0.22 0.28
M720gsi 38.3 + 5.5 0.18 0.31
M720.i¢ 21.0 + 2.8 0.22 0.28
M720541 16.6 £ 1.0 0.20 0.33
AI-MCM-41 7.5+ 3.1 0.00 0.46

removed a portion of the EFAI (Al = 14.3%). It is important to
note the broadening of the Alyy signal in M720.;yrs; Samples
indicating that some Al is now present in the tetrahedral dis-
torted coordination®' or as Al pentacoordinated.?

Catalytic pyrolysis study of polyethylenes (PEs)

The pore arrangement in a zeolite plays a crucial role in deter-
mining the accessibility of its acid sites to the polyolefin reac-
tant and intermediates, thereby impacting its overall activity.*
Additionally, different zeolites exhibit distinct topological and
microporous structures, directly influencing their catalytic
performance and deactivation (or lifetime). Consequently, any
exploration of structure-activity relationships in polyolefin
cracking should consider both acidity and the pore structure.®*
In our study, different polyethylenes (PE) having different
degrees of branching were used as model plastics to know the
role of accessibility (well-interconnected micro/mesoporosity)
for the conversion of low to highly ramified (bulky) polymers.
For this, 2 mg of different zeolites were mixed with 6 mg of PEs
(namely low-density polyethylene (LDPE), linear low-density
polyethylene (LLDPE), and high-density polyethylene (HDPE))
in a mortar pestle. Fig. S11 shows the sample preparation steps
for TG analysis. These three different types of polyethylene have
various degrees of branching. The HDPE has the least branch-
ing whereas the LDPE has long branching. The thermal and
catalytic degradation of the polymers were evaluated by ther-
mogravimetric analysis (TGA). First, the adsorbed moisture
from the catalyst surface was removed by heating the sample at
130 °C under nitrogen flow. After that, the mixture was heated
from 130 °C to 700 °C under a nitrogen flow. The T, (tempera-
ture to reach x% of weight loss) was determined for all samples.

The weight loss curve for different types of polyethylenes
(PEs) was plotted against the temperature (Fig. 2a-c). The
addition of the catalyst to the PEs causes a significant reduction
in the degradation temperature (up to Ty, of 178.5 °C, see Table
S17) because of the well-known cracking activity of the strong
acid sites of the zeolite."”** In all the cases, the mesoporous
zeolite, i.e. M720;5, behaved better in plastic degradation than
parent CBV720 (Fig. 2d and e). The contrast between the two
was found to be more prominent in the case of LDPE, which has
more branches. A LDPE degradation study was also conducted
using different weights of the catalyst. Weight loss curves with
1.8, 2.0 and 2.2 mg of catalyst overlap with each other in both

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cases (Fig. S2). Additionally, 2 mg of M720;,, outperformed all
the different screened amounts of CBV720.

Notably, increasing the mesopore volume, by increasing the
time of surfactant templating treatment (3 h vs. 24 h), does not
improve the capacity of the PE cracking of the synthesized
micro/meso zeolites M720, pointing out that there is no rela-
tionship between the mesopore volume and the cracking
capacity of the catalyst. We propose that the presence of
a certain amount of mesopores is crucial to start cracking the
bigger portions of plastics and then those portions can diffuse
through the micropores to reach other Brgnsted acid sites and
continue breaking into smaller polymer fractions. This obser-
vation was evident in the comparative analysis of M720;;, and
M720,,, across all three polyethylene (PE) variants where
M720;, behaved slightly better than M720,,, (Fig. 2f-i) but
remained very similar. The removal of some debris alumina
from the M7203, sample after the citric acid treatment was
found to have a positive effect on the accessibility to the
Br@nsted acid sites, as revealed by Py-DRIFT and NH;-TPD
(Fig. 3), and thus better performance during the cracking of the
PE because of its superior acidic properties, as discussed in the
next section.

In fact, M720. proved to be the most effective zeolite for the
cracking of all types of PE. More specifically, the T;, values
reduced to 231 °C £ 14 °C from 402 °C £ 1 °C when the catalyst
was used along with LDPE. Mesoporous aluminosilicate (i.e., Al-
MCM-41) was also used in the catalytic cracking of polyolefins
for comparison purposes as a benchmark material with just
mesopores. The AI-MCM-41 catalysts exhibit diminished
acidity, yet demonstrate improved accessibility of activity sites
situated within the mesopores.** Compared to M720,, catalysts,
the AI-MCM-41 catalysts showed higher T, values. This under-
scores the limitation of relying solely on mesopores for
comprehensive plastic cracking and highlights the key role of
the presence of strong zeolite-like acidity for the proposed
application.

Both the enhanced accessibility provided by the introduced
mesoporosity and the strong acidity preserved in the surfactant-
templated zeolites are needed for facile cracking of PE, charac-
teristics present in M7203,. Deep insights into the significant
advantage of precise control over pore volume and size as well as
pore architecture, as determined from the N,-adsorption study,
were obtained by plotting the difference in T;, of M7203;, and
CBV720 (Fig. 2f-i). We found that AT, remains almost the same
for HDPE and LLDPE, while it decreases significantly for LDPE. It
clearly showed that the zeolite M7203;, favors LDPE (having long
branching) over HDPE (having no branching) since it has more
mesopores (0.28 cm® g~ ') than CBV720 (0.14 cm® g ).

Acidic characteristics of the catalyst

The acidity inherent in zeolites is a crucial factor in plastic
cracking.** An approach to determining the number of acidic
sites involves quantifying the base molecules like NH;, chem-
isorbed onto the acidic sites present in the zeolites.*® The total
acidity of each catalyst was determined by the NH,;-TPD
(Temperature Programmed Desorption) method, and the

Chem. Sci., 2024, 15, 20240-20250 | 20243
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Fig. 2 Plastic degradation study by TGA. Weight loss curve of (a) LDPE, (b) LLDPE, and (c) HDPE pyrolysis using different zeolites. (d) T1o's and (e)
Tso's of the pyrolysis of different PEs. Comparison of (f and g) T1o's and (h and i) Tso's of commercial CBV720 vs. mesoporous M720+, zeolite. Error
bars: calculated from data of at least two repeated experiments. PE-polyethylene, LDPE-low-density polyethylene, LLDPE-linear low-density

polyethylene, and HDPE-high-density polyethylene.

results are summarized in Fig. 3a and b. All the tested zeolites
showed two peaks, a small desorption peak centered at
approximately 150 °C, followed by a broad NH; desorption peak
ranging from 250 to 450 °C, indicating that the zeolitic mate-
rials featured two different types of acidic sites: weak and
strong. A typical TPD spectrum of a zeolite exhibits two
desorption peaks: the l-peak (at lower temperatures) and the h-
peak (at higher temperatures).’” The l-peak, weak acidic sites,
cannot be attributed to desorption from a specific type of acid
site; rather, it arises from the intense ammonia saturation
experienced by the acidic sites.?”**

Initially, ammonia molecules adsorb on Brgnsted acid sites
and robust Lewis sites, forming ammonium sites and
ammonia-framework complexes. Incoming molecules get
adsorbed on newly formed NH,’, probably by hydrogen
bridging and dispersive interactions giving the l-peak. The
strong acidic sites, h-peak, on the other hand, are the conse-
quence of ammonia desorption from true acidic centres. On
comparing CBV720 and M7203;, we found that the total acidity
was comparable (410 vs. 393 pmol g~ respectively) but there

20244 | Chem. Sci, 2024, 15, 20240-20250

was a clear difference in the type of acidic sites present
(Fig. S371). We also found that the total acidity of the best catalyst
M720,; (342 pmol g ), was slightly lower than that of M720;,
(393 umol g ). The common configuration of ammonia TPD
allows us to get the total number of acidic sites in each zeolite
but, it does not allow distinguishing between Bregnsted acid
sites (BASs) and Lewis acid sites (LASs). In situ DRIFT spec-
troscopy of various probe molecules adsorbed on zeolites has
proven useful to overcome this drawback.*® Fig. 3c presents IR
spectra of the various catalysts following pyridine adsorption. In
the case of studied zeolites, the peak at 1444 cm™ " arising from
the C-C stretching vibration of the coordination-bonded pyri-
dine complex indicated the presence of Lewis acid sites. The
peak at 1545 cm ™ *, attributed to the C-C stretching vibration of
the pyridinium ion (PyH'), showed the presence of Brensted
acid sites, and the peak at approximately 1490 cm ' was
assigned to pyridine adsorbed on both Lewis and Brensted acid
sites. On comparing the area under the peak assigned to the
Lewis acid sites and Bregnsted acid sites, we found that the ratio
of the area of Bronsted acid and total acid sites was highest in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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M720.: and lowest in M720ygs;. As the ratio of the area of
Bronsted acid and total acid sites increases, the T, values
decrease in all types of plastics (Fig. 3d).

These results suggest that (a) M720.;; has primarily Brensted
acid sites together with a lower number of Lewis acid sites, and
(b) higher amounts of Brgnsted acid sites are responsible for
better plastic degradation in our FAU-type zeolites as reported
in literature, where BAS are responsible for reactions of mono-
molecular cracking and dehydrogenation of n-butane, propane
and n-pentane via the carbonium-ion mechanism.*** As
a conclusion, the presence of mesopores and the right propor-
tion of BAS over LAS as in the M720;, and M720;; zeolites favors
LDPE (having long branching) over HDPE (having no branch-
ing) or LLDPE (having medium branching) because the latter
two can not easily diffuse over the micropores and be cracked.

LDPE cracking selectivity

The degradation process of a plastic, as discussed before, can
occur via thermal degradation or via catalytic cracking, at lower
temperatures. Based on the TGAs (see Fig. 2a) the experiments
done in the presence of both zeolites (at around 250 °C), are

completely based on catalytic cracking. The product

© 2024 The Author(s). Published by the Royal Society of Chemistry

distribution dramatically changes when catalytic cracking rules
the degradation process (see Fig. 4a), while the employment of
a conventional or mesoporous zeolite does not have a huge
impact on the product distribution. During the thermal
cracking, only C1 and C2 (both alkane and alkene) were detec-
ted, while for the experiments with zeolites CBV720 and M7203},
a very similar distribution was observed for both of them. We
identified them as methane, propene, C4 (alkane and alkenes)
and iso-pentane. Some aspects to highlight regarding the
results of the analysis of the gas fraction for the catalytic
cracking are: (1) the presence of methane points to a cracking
mechanism which involves the presence of carbonium cations
that only can take place in the BAS;*** and (2) the presence of
a high proportion of mesoporosity in M720;;, gives rise to
shorter diffusion paths enabling the production of heavier
hydrocarbons, as is the case of iso-pentane, and prevents deep
cracking of hydrocarbons.*®

Fig. 4b shows the product distribution of the non-volatile
fractions that was adsorbed in the resin and then extracted
with organic solvents. For the non-catalyzed experiment a wide
distribution is observed which covers all the C species that can
be formed, from C14 to C31 pointing out that there is no control

Chem. Sci., 2024, 15, 20240-20250 | 20245
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Fig. 4 LDPE cracking profile. (a) Gas fraction and (b) non-volatile compound selectivity analysis.

of the process.”® However, the presence of a catalyst, either
CBV720 or M720;5,, dramatically changes the product distribu-
tion. The products observed range from C14 to C28 for both
zeolites, but the major (and quantifiable) contributions are the
hydrocarbons C14, C16, C17, and C18, the smaller chains being
favoured for CBV720 and the bigger ones for M720;;,. In the
non-volatile fraction analysis by GC-MS, alongside the linear
hydrocarbons, a signal corresponding to the 1-alkene species
was also detected, consistent with previous reports. However,
the quantification of alkene compounds was not feasible due to
their smaller peak area and coelution with other species, which
made accurate integration challenging.*” In light of the results,
the use of mesoporous FAU-type zeolite, which has improved
textural properties and a lack of some acidity with respect to the
parent commercial CBV720 zeolite, has two positive effects on
plastic cracking: (1) the presence of mesopores facilitates the
initial cracking of the bulky molecules of LDPE, lowering the Ts,

20246 | Chem. Sci., 2024, 15, 20240-20250

temperature by around 30 °C;** and (2) despite the introduction
of mesopores, associated with the presence of more Si-OH
defective sites, the selectivity of the material is practically
identical to that of the commercial CBV720 zeolite, highlighting
the similarity between the materials after the mesopore intro-
duction and the preservation of the FAU microstructure.

Efficient degradation of plastic waste from daily life sources

The universality of the best-screened catalyst (M720;) was
studied via the degradation of ‘real’ plastics in daily household
(see Table S27t for the composition of each daily plastic), such as
food packaging, plastic bottles, milk packet, electric wire, etc. as
shown in Fig. 5a-d. Notably, the T;, of food packaging was
reduced to 208 °C, (from 354 °C), plastic bottles to 349 °C (from
381 °C), milk packets to 277 °C (from 409 °C), and electric wire
to 205 °C (from 228 °C) (Fig. 5d). We found that M720.; was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Plastic waste degradation Study. (a) Different plastic wastes collected from our surroundings. (b and c) Weight loss curves of plastic waste
(6 mg each), and using M720;; (2 mq). (d) Comparison of Tio's of different plastic waste used in the study.

good at degrading food packaging and bottle caps. The nominal
reduction in the T;, of the plastic bottle was because, while food
packaging and milk packets are predominantly made of
hydrocarbons, plastic bottles are made from polyethylene tere-
phthalate which are hard to break. (Table S2t). In summary, as
shown in the model study with pure HDPE, LDPE or LLDPE,
FAU-type zeolites and their mesoporous versions are a good
candidate to degrade some daily-life plastics.

3 Conclusions

The escalating environmental impact of plastic waste on
ecosystems and human health necessitates innovative solu-
tions, with plastic waste upcycling emerging as a promising
strategy. Zeolite-based catalysts, known for their unique prop-
erties, show potential in catalysing the conversion of plastic

© 2024 The Author(s). Published by the Royal Society of Chemistry

waste into valuable products. However, challenges, such as
inefficient diffusion of long-chain plastics into zeolite pores,
hinder their widespread application. We address these chal-
lenges by exploring innovative strategies to modulate the pore-
size diffusion properties of zeolites. The study focuses on the
synthesis and characterization of mesoporous zeolites using
surfactant templating techniques resulting in a significant
increase in mesopore volume from 0.14 cm® g (CBV720) to
0.28 cm® g~ (M7203,), improving diffusion without compro-
mising the crystalline structure as well as in the product
distribution results. 2’ Al MAS-NMR shows the evolution of EFAI,
which left the framework during the creation of the mesopores
after surfactant templating. The research investigates the cata-
Iytic pyrolysis of different types of polyethylenes using these
zeolites. The results highlight the role of the zeolite pore
architecture, demonstrating enhanced plastic degradation with
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mesoporous zeolites compared to conventional zeolites. The
introduction of mesoporosity improves the cracking capacity of
the catalyst, particularly for polyethylenes with higher branch-
ing. Insights into the acidic characteristics of the catalysts
reveal the importance of acidic sites. The study employs NH;-
TPD and in situ Py-DRIFT spectroscopy to quantify acidic sites
and distinguish between Brgnsted and Lewis acid sites. Meso-
porous zeolites with the right proportion of Brensted acid sites
exhibit superior plastic degradation, emphasizing the signifi-
cance of both mesoporosity and acidity. The manuscript
concludes by applying the optimized zeolite catalyst (M720,;) to
degrade various daily-life plastics, showcasing its effectiveness
in reducing degradation temperatures. For example, the Tj,
value for food packaging decreased from 354 °C to 208 °C, for
plastic bottles from 381 °C to 349 °C, and for milk packets from
409 °C to 277 °C, demonstrating its effectiveness in lowering
degradation temperatures across various plastic types.

Data availability

All data are available in the manuscript and ESI.

Author contributions

V. P. and ]J. G.-M. conceived the concept, designed the experi-
ments, and supervised the project. S. S., J. M.-O. and N. O.
designed various experiments and performed the experiments.
Data were analysed by S. S., J. M.-O., N. O. and V. P. The initial
draft of the manuscript was penned by J. M.-O., S. S. and V. P.,
and was subsequently refined by the entire team.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This study forms part of the Advanced Materials program (MFA/
2022/059) and was supported by MCIN with funding from
European Union NextGenerationEU (PRTR-C17.I1) and by
Generalitat Valenciana. We acknowledge the funding support of
the Department of Atomic Energy, Government of India, project
no. 12-R&D-TFR-RTI4003 and grant PID2022-1373640B-100
funded by MCIN/AEI/10.13039/501100011033. ]J. M.-O.
acknowledges the financial support from the European Union -
NextGeneration EU through the Universitat Politécnica de
Valéncia, Ministerio de Universidades, Plan de Recuperacion,
Transformacion y Resiliencia for the Margarita Salas grant.

Notes and references

1 A. J. Martin, C. Mondelli, S. D. Jaydev and J. Pérez-Ramirez,
Catalytic processing of plastic waste on the rise, Chem,
2021, 7, 1487-1533.

2 J. Huang, A. Veksha, W. P. Chang, A. Giannis and G. Lisak,
Chemical recycling of plastic waste for sustainable material

20248 | Chem. Sci, 2024, 15, 20240-20250

View Article Online

Edge Article

management: a prospective review on catalysts and
processes, Renew. Sustain. Energy Rev., 2022, 154, 111866.

3 K. M. Van Geem, Plastic waste recycling is gaining
momentum, Science, 2023, 381(6658), 607-608.

4 N. Rahimi and R. Karimzadeh, Catalytic cracking of
hydrocarbons over modified ZSM-5 zeolites to produce
light olefins: a review, Appl. Catal. Gen., 2011, 398(1-2), 1-17.

5 J. Weitkamp, P. A. Jacobs and J. A. Martens, Isomerization
and hydrocracking of C9 through C16 n-alkanes on Pt/
HZSM-5 zeolite, Appl. Catal., 1983, 8(1), 123-141.

6 L. B. Young, S. A. Butter and W. W. Kaeding, Shape selective
reactions with zeolite catalysts: III. Selectivity in xylene
isomerization, toluene-methanol alkylation, and toluene
disproportionation over ZSM-5 zeolite catalysts, J. Catal.,
1982, 76(2), 418-432.

7 H. Yuan, C. Li, R. Shan, J. Zhang, Y. Wu and Y. Chen, Recent
developments on the zeolites catalyzed polyolefin plastics
pyrolysis, Fuel Process. Technol., 2022, 238, 107531.

8 D. K. Ratnasari, M. A. Nahil and P. T. Williams, Catalytic
pyrolysis of waste plastics using staged -catalysis for
production of gasoline range hydrocarbon oils, J. Anal
Appl. Pyrolysis, 2017, 124, 631-637.

9 L. H. Chen, M. H. Sun, Z. Wang, W. Yang, Z. Xie and B. L. Su,
Hierarchically Structured Zeolites: From Design to
Application, Chem. Rev., 2020, 120(20), 11194-11294.

10 K. Moller and T. Bein, Mesoporosity — a new dimension for
zeolites, Chem. Soc. Rev., 2013, 42, 3689-3707.

11 A. Sachse and J. Garcia-Martinez, Surfactant-Templating of
Zeolites: From Design to Application, Chem. Mater., 2017,
29(9), 3827-3853.

12 N. Linares, E. O. Jardim, A. Sachse, E. Serrano and J. Garcia-
Martinez, The Energetics of Surfactant-Templating of
Zeolites, Angew. Chem., Int. Ed., 2018, 57, 8724-8728.

13 K. Li, J. valla and J. Garcia-Martinez, Realizing the
Commercial Potential of Hierarchical Zeolites: New
Opportunities in Catalytic Cracking, ChemCatChem, 2014,
6, 46-66.

14 J. Garcia-Martinez, K. Li and G. Krishnaiah, A
mesostructured Y zeolite as a superior FCC catalyst - from
lab to refinery, Chem. Commun., 2012, 48, 11841-11843.

15 J. P. Hittinger and D. F. Shantz, Systematic study of low
temperature cracking of low-density polyethylene with
ZSM-5, Microporous Mesoporous Mater., 2022, 343, 112170.

16 S. Tsubota, S. Kokuryo, K. Tamura, K. Miyake, Y. Uchida,
A. Mizusawa, T. Kuboc and N. Nishiyama, Exploring the
effect of Brensted acidity of MFI-type zeolites on catalytic
cracking temperature of low density polyethylene, Catal
Sci. Technol., 2014, 14, 1369-1374.

17 A. Maity, S. Chaudhari, J. J. Titman and V. Polshettiwar,
Catalytic nanosponges of acidic aluminosilicates for plastic
degradation and CO, to fuel conversion, Nat. Commun.,
2020, 11, 3828.

18 Y. Wang, Y. Zhang, H. Fan, P. Wu, M. Liu, X. Li, J. Yang,
C. Liu, P. Bai and Z. Yan, Elucidating the structure-
performance relationship of typical commercial zeolites in
catalytic cracking of low-density polyethylene, Catal. Today,
2022, 405, 135-143.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc05121a

Open Access Article. Published on 31 October 2024. Downloaded on 4/27/2026 9:57:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

19 Z. Cen, X. Han, L. Lin, et al., Upcycling of polyethylene to
gasoline through a self-supplied hydrogen strategy in
a layered self-pillared zeolite, Nat. Chem., 2024, 16, 871-880.

20 S. Kokuryo, K. Miyake, Y. Uchida, A. Mizusawa, T. Kubo and
N. Nishiyama, Defect engineering to boost catalytic activity
of beta zeolite on low-density polyethylene cracking, Mater.
Today Sustain., 2022, 17, 100098.

21 J. Aguado, D. P. Serrano, J. M. Escola and A. Peral, Catalytic
cracking of polyethylene over zeolite mordenite with
enhanced textural properties, J. Anal. Appl. Pyrolysis, 2009,
85, 352-358.

22 Y. Wang, H. Wu, Y. Liu, W. Wang, P. Wu, H. Fan, Z. Liu,
P. Bai and Z. Yan, Unravelling the structure-performance
relationship of zeolite Beta in the catalytic cracking of low-
density polyethylene by proposing gasoline factor as the
descriptor, Fuel, 2024, 371, 131889.

23 A. Peral, J. M. Escola, D. P. Serrano, J. Pfrech, C. Ochoa-
Hernandez and J. Cejka, Bidimensional ZSM-5 zeolites
probed as catalysts for polyethylene cracking, Catal. Sci.
Technol., 2016, 6, 2754-2765.

24 A. Chawla, A. Linares, J. D. Rimer and ]. Garcia-Martinez,
Time-Resolved Dynamics of Intracrystalline Mesoporosity
Generation in USY Zeolite, Chem. Mater., 2019, 31(14),
5005-5013.

25 A. Sachse, A. Grau-Atienza, E. O. Jardim, N. Linares,
M. Thommes and J. Garcia-Martinez, Development of
Intracrystalline ~ Mesoporosity in  Zeolites  through
Surfactant-Templating, Cryst. Growth Des., 2017, 17(8),
4289-4305.

26 X.Zaiku, C. Qingling, Z. Chengfang, B. Jiaqing and C. Yuhua,
Influence of Citric Acid Treatment on the Surface Acid
Properties of Zeolite Beta, J. Phys. Chem. B, 2000, 104(13),
2853-2859.

27 A. Corma, V. Fornés and F. Rey, Extraction of extra-
framework aluminium in ultrastable Y zeolites by
(NH,),SiFs treatments: I. Physicochemical
Characterization, Appl. Catal., 1990, 59(1), 267-274.

28 Q. L. Wang, M. Torrealba, G. Giannetto, M. Guisnet,
G. Perot, M. Cahoreau and J. Caisso, Dealumination of Y
zeolite with ammonium hexafluorosilicate: a SIMS-XPS
study of the aluminum distribution, Zeolites, 1990, 10(7),
703-706.

29 J. Lynch, Development of Structural Characterisation Tools
for Catalysts, Oil Gas Sci. Technol., 2002, 57(3), 281-305.

30 A. Galarneau, F. Guenneau, A. Gedeon, D. Mereib,
J. Rodriguez, F. Fajula and B. Coasne, Probing
Interconnectivity in Hierarchical Microporous/Mesoporous
Materials Using Adsorption and Nuclear Magnetic
Resonance Diffusion, J. Phys. Chem. C, 2016, 120, 1562-1569.

31 M. Ravi, V. L. Sushkevich and ]J. A. van Bokhoven, On the
location of Lewis acidic aluminum in zeolite mordenite
and the role of framework-associated aluminum in
mediating the switch between Breonsted and Lewis acidity,
Chem. Sci., 2021, 12, 4094-4103.

32 T. H. Chen, B. H. Wouters and P. J. Grobet, Aluminium
Coordinations in Zeolite Mordenite By *’Al Multiple

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Quantum MAS NMR Spectroscopy, Eur. J. Inorg. Chem.,
2000, 2812285.

33 Z. Dong, W. Chen, K. Xu, Y. Liu, J. Wu and F. Zhang,
Understanding the Structure-Activity Relationships in
Catalytic Conversion of Polyolefin Plastics by Zeolite-Based
Catalysts: A Critical Review, ACS Catal., 2022, 12, 14882-
14901.

34 M. Hartmann, A. G. Machoke and W. Schwieger, Catalytic
test reactions for the evaluation of hierarchical zeolites,
Chem. Soc. Rev., 2016, 45, 3313-3330.

35 P. Kamila, K. Tarach, S. Anna, I. M. Cabrera and K. Gora-
Marek Kinga, Pd-modified beta zeolite for modulated
hydro-cracking  of low-density  polyethylene into
a paraffinic-rich hydrocarbon fuel, Appl. Catal, B, 2020,
277, 119070.

36 M. Niwa and N. Katada, New Method for the Temperature-
Programmed Desorption (TPD) of Ammonia Experiment
for Characterization of Zeolite Acidity: A Review, Chem.
Rec., 2013, 13, 432-455.

37 L.E.S. Diaz, J. A. G. Amaya and C. A. Trujillo, General aspects
of zeolite acidity characterization, Microporous Mesoporous
Mater., 2015, 215, 229-243.

38 A. J. Van, D. Verboekend, A. Philippaerts, et al., Catalyst
design by NH,OH treatment of USY zeolite, Adv. Funct.
Mater., 2015, 25, 7130-7144.

39 S. Bordiga, C. Lamberti, F. Bonino, A. Travert and
F. Thibault-Starzyk, Probing zeolites by vibrational
spectroscopies, Chem. Soc. Rev., 2015, 44, 7262-7341.

40 H. Krannila, W. O. Haag and B. C. Gates, Monomolecular
and bimolecular mechanisms of paraffin cracking: n-
butane cracking catalyzed by HZSM-5, J. Catal., 1992, 135,
115-124.

41 N. Xue, A. Vjunov, S. Schallmoser, J. L. Fulton, M. Sanchez-
Sanchez, J. Z. Hu, D. Mei and ]. A. Lercher, Hydrolysis of
zeolite framework aluminum and its impact on acid
catalyzed alkane reactions, J. Catal., 2018, 365, 359-366.

42 B. Xu, C. Sievers, S. B. Hong, R. Prins and and J. A. van
Bokhoven, Catalytic activity of Bregnsted acid sites in
zeolites: intrinsic activity, rate-limiting step, and influence
of the local structure of the acid sites, J. Catal., 2006, 244,
163-168.

43 R. Zhao, R. Khare, Y. Zhang, et al., Promotion of adsorptive
and catalytic properties of zeolitic Bronsted acid sites by
proximal extra-framework Si(OH), groups, Nat. Catal.,
2023, 6, 68-79.

44 Y. Zhang, R. Zhao, M. Sanchez-Sanchez, G. L. Haller, J. Hu,
R. Bermejo-Deval, Y. Liu and J. A. Lercher, Promotion of
protolytic pentane conversion on H-MFI zeolite by
proximity of extra-framework aluminum oxide and
Br@nsted acid sites, J. Catal., 2019, 370, 424-433.

45 C. Chizallet, C. Bouchy, K. Larmier and G. Pirngruber,
Molecular Views on Mechanisms of Breonsted Acid-
Catalyzed Reactions in Zeolites, Chem. Rev., 2023, 123(9),
6107-6196.

46 M. J. Mendoza-Castro, E. Serrano, N. Linares and J. Garcia-
Martinez, Surfactant-Templated Zeolites: From

Chem. Sci., 2024, 15, 20240-20250 | 20249


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc05121a

Open Access Article. Published on 31 October 2024. Downloaded on 4/27/2026 9:57:51 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Thermodynamics to Direct Observation, Adv. Mater.
Interfaces, 2021, 8(4), 2001388.

47 L. Sojak, R. Kubinec, H. Jurdakova, E. Hajekova and
M. Bajus, High resolution gas chromatographic-mass

20250 | Chem. Sci., 2024, 15, 20240-20250

View Article Online

Edge Article

spectrometric analysis of polyethylene and polypropylene
thermal cracking products, J. Anal. Appl. Pyrol., 2007, 78,
387-399.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc05121a

	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a

	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a
	Enhanced efficiency in plastic waste upcycling: the role of mesoporosity and acidity in zeolitesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc05121a


