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racking of polypropylene on an H-
MFI type zeolite catalyst with recovery of
cyclooctane solvent†

Tomohiro Fukumasa,a Yuya Kawatani,a Hiroki Masuda,a Ikuto Nakashita,a

Ryusei Hashiguchi,a Masanori Takemoto, b Satoshi Suganuma, c Etsushi Tsuji,a

Toru Wakaihara d and Naonobu Katada *a

The use of hydrocarbon solvents for zeolite-catalyzed polyolefin cracking narrows the molecular weight

distribution of the products, which enhances the efficiency of polyolefin chemical recycling to naphtha,

a key precursor to polyolefins. However, solvent consumption remains a challenge. In this study, zeolite

microporosity was used to achieve shape-selective polyolefin cracking while allowing solvent recovery.

With an H-MFI type zeolite catalyst combined with cyclooctane as the solvent, polypropylene was

selectively converted without cyclooctane reactivity. In a typical case, 84% of polypropylene was

converted into C3-27 aliphatic and monocyclic aromatic compounds (equivalent to liquid petroleum gas,

naphtha, kerosene, jet and diesel) with 79% selectivity, while 95% of cyclooctane was recovered. This

study is the first to demonstrate solvent recyclability in polyolefin cracking on an acidic zeolite,

contributing to the chemical recycling of polyolefin into its precursor, naphtha, with high selectivity

facilitated by the presence of solvent but without solvent consumption.
Sustainability spotlight

Here we submit a paper “Shape Selective Cracking of Polypropylene on an H-MFI Type Zeolite Catalyst with Recovery of Cyclooctane Solvent”, reporting a fact
that polyolen was selectively cracked into naphtha-related gaseous and liquid hydrocarbons over an MFI-zeolite catalyst with small micropores, while the
solvent, cyclooctane, was mostly recovered. This will open a way for chemical recycling of polyolens without consuming other materials contributing to
sustainability in the plastic industry. The paper states that the reason for this phenomenon was the shape-selectivity due to the microporous structure. The
contents are based on the sustainability concept and will gather interest of the readers of RSC Sustainability.
Introduction

Achieving a carbon-neutral society requires the exploration of
alternatives to the two primary uses of petroleum: fuel and
chemical resources. While petroleum-based fuels are being
rapidly replaced by electricity, hydrogen, ammonia and
synthetic fuels—oen sourced from solar, wind or
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biophotosynthetic energy—the demand for petroleum-derived
chemicals, especially plastics, remains high. In 2015, it was
estimated that 300 million tons of plastic were discarded
(landlled or incinerated), of which approximately 100 million
tons were recycled.1 Expanding plastic recycling is critical for
establishing a sustainable carbon cycle and protecting the
marine environment.

Polyolens (POs), such as polyethylene (PE) and poly-
propylene (PP), account for 60% of the plastics produced and
consumed.1 In actual waste, even aer advanced sorting,2

a variety of PO molecules with different chain lengths and
microstructures remain. In the eld of PO recycling, mechanical
recycling is difficult because it involves separating the waste
plastic and restoring the initial physicochemical properties of
each polymer part. Therefore, chemical recycling is required to
convert POs into hydrocarbons equivalent to their raw material,
namely, naphtha.3,4

POs can undergo hydrogenolysis into small hydrocarbon
molecules. For hydrogenolysis, noble metal catalysts, such as
Ru5 or Pt,6 are required to upgrade POs into alkanes under
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Assumed material flow during shape selective cracking in
micropores of zeolite.
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pressurized hydrogen. By contrast, POs are long-chain alkanes.
The catalytic cracking of short-chain alkanes has been well
studied and practiced since the early 20th century.7–16 The most
advanced catalysts for alkane cracking are acid-form (H-form)
zeolites with framework types such as FAU and MFI.

Zeolites are a group of crystalline materials formed by
a three-dimensional network of Si–O covalent bonds with
micropores due to the framework topology. Some of the Si
(oxidation number +4) in the framework is substituted by Al
(+3), which generates a negative charge on the framework which
can hold a cation. When the counter cation is H+, the zeolite is
called H-, proton-, acidic- or acid-form zeolite, and the proton
plays the role of Brønsted acid. The number of Brønsted acid
sites on the H-form zeolite is principally equal to the number of
Al atoms.17–19 This enables the adjustment of the concentration
of Brønsted acid sites and the distance between two Brønsted
acid sites, which strongly inuences the catalytic selectivity and
life.20 The acid strength (the ability to stabilize the counter
cation21) is dependent on the framework topology.19,22 Some
specic framework topologies, e.g., MFI, show strong Brønsted
acidity owing to the structural feature generating strong
compression from both ends of the Si–OH–Al group.21–23

H-form zeolites have been used in various chemical reac-
tions, including conversion of articial24–37 and bio-derived20,38

polymers. H-form zeolites have high potential for recycling and
extended catalyst life, reducing the costs of catalysts because the
framework components are only Si, O and Al. These compo-
nents form strong covalent bonds and exhibit durability against
high temperatures, humidity, and reduction/oxidation condi-
tions. Even on zeolites, the Al–O–Si–O–Al bond induces deal-
umination and structural distortion.18,39,40 However, the Al–O–
Si–O–Al bond is not formed with <ca. 1mol kg−1 of Al in theMFI
framework.41 Therefore, anMFI type zeolite with <ca. 1mol kg−1

of Al (called high silica ZSM-5 zeolite, corresponding to >16 of
the Si/Al molar ratio) does not lose crystallinity at temperatures
less than approximately 1273 K,42 suggesting structural stability
at such a reaction temperature of 673 K and durability against
calcination typically at 873 K for regeneration of the active sites.
Previous studies have found that this type of zeolite exhibits
recyclability as a catalyst for the degradation of polymers such
as sucrose and cellulose.20 Zeolites are microporous, which
limits the diffusion rates of reactants; however, even with this
drawback, the strong Brønsted acidity of these zeolites allows
the catalytic cracking of alkanes at ca. 773 K, where product
selectivity can be controlled.43 The catalytic cracking of POs has
already been attempted.24,26–37,44–52 The mechanism of acid
catalysis for PO cracking has been elucidated using metal
chloride catalysts,53 which are not practical owing to the diffi-
culty in separating the catalyst from the product. A narrow
molecular weight distribution was observed on an MFI type
zeolite catalyst.25 Based on the reaction conditions and nature of
the catalyst, two types of reactions are possible: (1) combined
pyrolysis (non-catalytic thermal decomposition) and catalytic
cracking of the pyrolysis product,54,55 and (2) direct cracking of
POs over a solid catalyst.56,57

Previous reports have indicated that the use of solvents
provides advantages in the catalytic cracking of polymers.54,58–61
© 2025 The Author(s). Published by the Royal Society of Chemistry
In the reaction eld, a pure PO forms a highly viscous liquid,
causing problems such as local overheating of the reactor wall
and overdecomposition into carbonaceous materials. Solvents
(or simply co-existing liquids) suppress the viscosity of the
reactants and promote thermal and material diffusion.58,60

Because the reaction temperature can be easily controlled in the
presence of solvent, the product is expected to have a narrow
molecular weight distribution. The use of solvents is also
advantageous for the separation and transportation of practical
waste prior to the reaction.62

However, methods using solvents for PO cracking have
a fatal drawback. The solvent (any organic compound) reacts
and is consumed in the same manner as the polymer as long as
it is in contact with the active sites, making it impossible to
recycle the carbon. In limited cases, attempts have been made
to recover the solvent. To recycle carbon bers from carbon
bre-reinforced polymer (CFRP) composites, the resin matrix
was decomposed by cleaving the ester bonds under mild
conditions (433 K), and the relatively stable monoethanolamine
solvent was recovered.63 Decomposition of polyethylene tere-
phthalate (PET) was achieved under mild conditions (<403 K)
while suppressing the decomposition of the imidazole solvent.64

The chemical stability of ionic liquids has been applied for the
recovery of solvents during polymer decomposition.65 All of
these known techniques combine reaction conditions suitable
for the decomposition of the target polymer with a solvent that
is stable under those conditions. However, the decomposition
of POs (long-chain alkanes), which are chemically inert,
requires extreme reaction conditions, such as a high tempera-
ture of 673 K.

In this study, we aimed to develop a method based on the
shape selectivity owing to the microporosity of zeolites. Because
it has been reported that PO cracking proceeds within micro-
pores,37 a combination of a zeolite with small micropores and
a solvent with a bulky molecular shape was used to ensure
shape selectivity of the reactants for the selective cracking of
POs and selective recovery of the solvent (Scheme 1). For the
rst time, we combined an MFI type zeolite with small micro-
pores (diameter ca. 0.55 nm)66 as a catalyst and cyclooctane with
a bulky molecular shape (ca. 0.8 nm)67 as a solvent, which will be
the rst step in developing a method for the chemical recycling
of POs without consuming other materials.
RSC Sustainability, 2025, 3, 890–903 | 891
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To the best of our knowledge, the effect of micropore char-
acteristics on the polymer cracking activity and product distri-
bution has been reported;56,68–73 however, the selective
conversion of polymers and solvent recovery based on the shape
selectivity of the reactants have not been reported. Additionally,
we tested a series of zeolites treated with a base (alkali) in the
presence of amorphous silica for PO cracking. In addition to
changes in the external surface area by the base treatment,74 we
expected the modication of the local structure, such as
recrystallization,75 by the presence of amorphous silica. Based
on the change in PO cracking activity caused by the silica alkali
treatment, the location of PO cracking and the origin of selec-
tivity were discussed.
Results and discussion
Quality of the parent MFI sample

X-ray diffraction (XRD) showed that the parent sample (denoted
as “0” in Fig. 1) had a strong-intensity diffraction pattern
attributed to the MFI crystal structure. Nitrogen adsorption at
Fig. 1 X-ray diffraction patterns of (0) parent MFI and (2)–(19) silica-
alkali-treated MFI under Cu Ka X-ray irradiation (0.154 nm). The digits
indicate the amount of NaOH used for the silica-alkali treatment in
units of mol kgzeolite

−1.

892 | RSC Sustainability, 2025, 3, 890–903
77 K of the parent sample (denoted as “0” in Fig. S1†) showed
a type I isotherm76 and high micropore volume (0.13 cm3 g−1),
as shown in Table 1. These indicate that the parent sample had
a highly crystalline MFI framework topology.

The 27Al nuclear magnetic resonance (NMR) spectrum of the
parent sample (denoted as “0” in Fig. 2) showed a major reso-
nance at 57 ppm (four-coordinated Al) with a small proportion
at 4 ppm (six-coordinated Al). Moreover, the framework Al
content ( at 0 mol kgzeolite

−1 of NaOH in Fig. 3, indicating the
sample before the alkali treatment) was similar to the total Al
content ( at 0 mol kgzeolite

−1 of NaOH in Fig. 3) as estimated
from 29Si NMR (Fig. S2†). These observations indicate that most
of the Al was incorporated into the framework of the parentMFI
sample. Table 1 shows that the amount of Brønsted acid sites
(0.72mol kg−1) was close to the amount of Al (0.9 mol kg−1), and
the amount of Lewis acid was negligible, which conrms that
most of the Al atoms were incorporated into the framework and
served as Brønsted acid sites.

In conclusion, the parent sample was highly crystalline MFI
zeolite, which had a high proportion of framework Al atoms that
served as Brønsted acid sites.
Change in textural properties by silica-alkali treatment

The alkali (base) treatment of zeolite partially dissolves the
zeolite and forms wormhole-like mesopores, resulting in an
increase in the external surface area (total area of meso- and
macropore walls).74 Wakihara et al. found that recrystallization
proceeded in the region close to the external surface of zeolite in
a basic solution containing a silica source.75 We used this silica-
alkali treatment method to maintain high crystallinity in the
region near the external surface. This gradually changed the
properties of the external surface as follows.

Fig. 3 ( ) shows that the solid recovery aer the alkali
treatment at 453 K decreased when the amount of base (NaOH)
increased, indicating that a part of the parent solid (amorphous
silica + parent MFI zeolite) was dissolved in the base. The Al
content ( ) gradually increased with increasing NaOH, sug-
gesting that the dissolution of the SiO2 component in the base
occurred prior to the dissolution of the Al-containing part. The
dissolution of amorphous silica, which had only a pure
component, is speculated to occur in the low NaOH concen-
tration region. Meanwhile, the framework Al content ( ) was
almost constant in the region of 0–10 mol kgzeolite

−1 of NaOH
but increased in higher NaOH amount regions (12 mol
kgzeolite

−1), suggesting the dissolution of zeolite (aluminosili-
cate) framework in >12 mol kgzeolite

−1 of NaOH. In very high
alkali concentration regions (>15 mol kgzeolite

−1 of NaOH), the
difference between the total and framework Al contents became
signicantly large, and 27Al NMR (Fig. 2) showed a relatively
large proportion of the six-coordinated Al, indicating that some
of the Al dislodged from the framework remained in the solid as
extra-framework Al species.

XRD (Fig. 1) conrmed that only the MFI crystalline phase
was observed throughout the silica-alkali treatments with
different NaOH amounts. However, the XRD intensity was
suppressed to ca. 68% by the silica-alkali treatment with 2 mol
© 2025 The Author(s). Published by the Royal Society of Chemistry
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kgzeolite
−1 of NaOH, then gradually recovered up to ca. 100% in

the region of 7–10 mol kgzeolite
−1 of NaOH and nally decreased

again with a further increase in the amount of NaOH, as shown
in Fig. 4 ( ). The crystallite size was estimated from the width
of diffraction (Fig. S3†) using the Scherrer equation,77 as shown
in Fig. 4 ( ). It was maintained in the region of 0–12 mol
kgzeolite

−1 of NaOH, and further increase in the NaOH amount
reduced the crystallite size. The reduction of crystallite size may
affect the decrease in XRD intensity in the same region (>12 mol
kgzeolite

−1 of NaOH); however, the weak intensity of XRD peaks
in the low NaOH amount region (2–5 mol kgzeolite

−1) was
presumably due to low crystallinity.

Scanning electron microscopy (SEM) analysis (Fig. 5) showed
large crystals of parent MFI (0) and small particles around the
MFI crystallites treated with 2–5 mol kgzeolite

−1 of NaOH. It is
presumed that the particles were remaining amorphous silica
which was added for the silica-alkali treatment. At 9 mol
kgzeolite

−1, the small particles (amorphous silica) diminished,
and the morphology of the solid was similar to that of the
parent MFI. At >12 mol kgzeolite

−1, holes (mesopores) with
a diameter <10 nm were observed.

As shown in Table 1, the micropore volume of parent MFI
was high (0.130 cm3 g−1) as stated in the previous subsection,
while that of amorphous silica was low (0.013 cm3 g−1). In
contrast, the external surface area of parent MFI was low (9 m2

g−1), whereas that of amorphous silica was high (434 m2 g−1). As
shown in Fig. 6, the pore diameter of amorphous silica was
distributed in the 10–200 nm region; some of them should be
ascribed to the slits among the particles.

By the alkali treatment with 2–5 mol kgzeolite
−1 of NaOH, the

micropore volume was decreased, as shown in Fig. 7 ( ),
whereas the micropore volume was recovered at >6 mol
kgzeolite

−1 of NaOH up to the level equivalent to the parent MFI.
At 2–5 mol kgzeolite

−1 of NaOH, meso- and macropores with
diameters of 10–200 nm were observed (Fig. 6), resulting in
a high volume of mesopores with diameters >9 nm (Fig. 7, ).
At 6–9 mol kgzeolite

−1 of NaOH, the meso-/macropore volume
was low. Fig. 6 shows that, at >10 mol kgzeolite

−1 of NaOH, new
mesopores with diameters <5 nm, were generated. The distri-
bution peak of pore diameter around 4 nm calculated from the
desorption branch is ascribable to the cavitation of nitrogen
lling the pore entrances,78 and therefore, the actual diameters
on these samples are estimated to be less than the values where
the peaks were observed, that is, less than several nanometers.
Consequently, the volume of mesopores with diameters <9 nm
(Fig. 7, ) increased in the region of 10–15 mol kgzeolite

−1 of
NaOH, with a maximum at 15 mol kgzeolite

−1, and decreased
with further increases in NaOH.

These observations clarify the changes in the chemical
composition and textural properties due to the silica-alkali
treatments with different NaOH amounts.

(1) The added amorphous silica was gradually dissolved by
the alkali treatment, but at 2–5 mol kgzeolite

−1 of NaOH, the
amorphous silica remained. The obtained solid was a mixture
of amorphous silica and zeolite, as shown by the SEM results
and the low crystallinity observed in the XRD; hence its micro-
pore volume was lower than that of the parent MFI. Meso-/
RSC Sustainability, 2025, 3, 890–903 | 893
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Fig. 2 27Al NMR spectra of (0) parent MFI and (2)–(19) silica-alkali-
treated MFI. The digits indicate the amount of NaOH used for the
silica-alkali treatment in units of mol kgzeolite

−1.

Fig. 3 Solid recovery ( ), and changes in total ( , from ICP) and
framework [ , from 29Si NMR (Fig. S2†)] Al contents by silica-alkali
treatment of MFI zeolite. *: Recovery = Weight ratio of (recovered
solid)/(used zeolite + silica).

Fig. 4 Intensity ( ) and crystallite size ( ) estimated using the
Scherrer equation63 from the full width at half maximum (Fig. S3†) of
the diffraction peak ascribed to the MFI (0 5 1) plane (2q = 23.1°)
observed by X-ray diffraction (Fig. 1). Intensity is normalized by the
value on parent MFI (EX-122).
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macropores with diameters >9 nm, ascribed to the amorphous
silica, were observed, whereas mesopores with diameters <9 nm
were hardly observed.

(2) At 6–9 mol kgzeolite
−1 of NaOH, most of the added

amorphous silica was dissolved by alkali treatment, with the
resultant solid showing high crystallinity, high micropore
volume, and low mesopore volume. This agrees with the fact
that the solid mainly consisted of highly crystalline MFI zeolite.

(3) At 10–15 mol kgzeolite
−1 of NaOH, wormhole-like meso-

pores in nanometric dimensions were generated by the alkali
treatment of the MFI zeolite in the presence of silicate species
dissolved in the solvent.

(4) At >11 mol kgzeolite
−1 of NaOH, desilication of the MFI

zeolite proceeded to increase the framework Al content. The
crystal size was reduced, as shown by XRD.

(5) In the extremely high alkali concentration region
(>15 mol kgzeolite

−1 of NaOH), destruction of the MFI structure
proceeded owing to signicant desilication, resulting in the low
crystallinity shown by XRD and a large proportion of extra-
framework Al species shown by 27Al NMR.
894 | RSC Sustainability, 2025, 3, 890–903
The catalytic activity for 1,3,5-triisopropylbenzene cracking
was negligible on the parent zeolite and amorphous silica. It
was increased by the silica-alkali treatment in the range of 6–
10 mol kgzeolite

−1 of NaOH, and high conversion was main-
tained with further increases in NaOH, as shown in Fig. 8 ( ).
These results suggest that the number of the Brønsted acid sites
on the external surface was mainly increased by the treatments
with 6–10 mol kgzeolite

−1 of NaOH. Notably, as explained previ-
ously, the silica-alkali-treated MFI with 6–9 mol kgzeolite

−1 of
NaOH mainly consisted of highly crystalline MFI zeolite.
However, the activity of Brønsted acid sites on the external
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Field emission scanning electron microscope (FE-SEM) images of (0) parent MFI and (2)–(19) silica-alkali-treated MFI. The digit in
parentheses indicates the amount of NaOH used for the silica-alkali treatment in units of mol kgzeolite

−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 890–903 | 895
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Fig. 6 Mesopore diameter distribution of (0) parent MFI and (2)–(19)
silica-alkali-treated MFI and amorphous silica (Reolosil) estimated by
the BJH method.75 The digits indicate the amount of NaOH used for
the silica-alkali treatment in units of mol kgzeolite

−1. Vp and dp represent
the pore volume and diameter, respectively.

Fig. 7 Changes in volumes of micropores ( ), mesopores with
diameter <9 nm ( ) and meso-/macropores >9 nm ( ) by silica-alkali
treatment of MFI zeolite. The micropore volume was calculated from
the amount of nitrogen filling the micropores73,74 from the adsorption
branch, while the mesopore volume was estimated using the BJH
method75 from the desorption branch (mesopore diameter distribution
is shown in Fig. 6), based on the nitrogen adsorption/desorption
isotherm at 77 K (Fig. S1†).

Fig. 8 Change in the external surface area ( ) and catalytic activities
for 1,3,5-triisopropylbenzene cracking ( ) and PP cracking (conversion
at 663 K, ) by silica-alkali treatment of MFI zeolite.

896 | RSC Sustainability, 2025, 3, 890–903
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surface was much higher than that of the parentMFI. It is likely
that the external surface of the parent MFI was covered by an
inert layer, which was highly siliceous and/or amorphous and
dissolved in the low alkali concentration region, similar to the
amorphous silica.

Consequently, we obtained a series of MFI samples whose
chemical and external surface properties were modied. As
shown in Fig. 8, the activity of Brønsted acid sites on the
external surface ( ) was generated at 6–10 mol kgzeolite

−1 of
NaOH, whereas the external surface area ( ) was signicantly
increased in a slightly larger NaOH amount region, 9–15 mol
kgzeolite

−1. The framework Al content (Fig. 3, ) increased in
a higher NaOH amount region, >11 mol kgzeolite

−1.
Location of PP cracking

It is known that polyolens, such as PP, are cracked on acidic
zeolites. In this study, we attempted to clarify the location of
this reaction. We tested the following four hypotheses.

(1) In the initial stage of the reaction, the PP molecules are
bulky and large; therefore, thermal pyrolysis proceeds in solu-
tion without a catalyst, producing polymer fragments.

(2) The PP cracking is rst catalysed by the Brønsted acid
sites on the external surface of zeolite, and the acid sites within
the micropores mainly contribute to the subsequent cracking of
the formed medium-length alkanes.

(3) The molecular chains of PP penetrate the micropores of
the zeolite, and cracking occurs within the pores. Micropores
restrict the diffusion of long molecules; however, when only the
end of the molecule is inserted into the pore, diffusion is
sufficiently fast because of the short length of the alkyl moiety
within the pore. Therefore, the reaction mainly proceeds in
micropores close to the pore mouths.

(4) The diffusion of PP is sufficiently faster than the reaction,
and the reaction proceeds throughout the micropores.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Plots of PP conversion at 663 K against external surface area.
The conversion on parent MFI is shown using , whereas those on
the silica-alkali-treated MFI samples are shown using . The digits
indicate the amount of NaOH used for the silica-alkali treatment in
units of mol kgzeolite

−1.
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As shown in the previous subsection, a series of samples with
different chemical and external surface properties were ob-
tained, allowing experiments to test the above hypotheses.

At 663 K, cracking of PP (0.25 g) was tested in cyclooctane (1
g) without a catalyst, and negligible reactivity (conversion <1%)
was observed. Thus, Hypothesis (1) was rejected. Fig. 8 ( )
shows the change in catalytic activity for PP cracking with
respect to the NaOH amount employed for the alkali treatment.
Considerable activity was observed on the unmodied MFI. In
the region of <9 mol kgzeolite

−1 of NaOH, the activity did not
increase signicantly. In this region, the activity of Brønsted
acid sites on the external surface was increased by the silica-
alkali treatment, as shown in Fig. 8 ( ). Thus, the PP
cracking activity is not related to the activity of Brønsted acid
sites on the external surface. This suggests that the contribution
Table 2 Reaction conditions in Entries 1–13

Entry Polymer (0.25 g) Solvent (1 g)

1 No Cyclooctane
2 PP Cyclooctane
3 No Cyclooctane
4 PP No
5 PP Cyclooctane
6 PP Hexadecane
7 PP Cyclooctane
8 PP Cyclooctane
9 PP Cyclooctane
10 PP Cyclooctane
11 LLDPE Cyclooctane
12 GPPS Cyclooctane
13 PP No

a Reaction time was 1 h in all entries. b Amorphous silica-alumina N631-L

© 2025 The Author(s). Published by the Royal Society of Chemistry
of the acid sites on the external surface to PP cracking was not
dominant, which refutes Hypothesis (2). The low activity of the
acid sites on the external surface of the MFI type zeolite for the
polymer pyrolysis and related reactions has been reported.79 As
shown in Fig. 8 ( ), silica-alkali treatment in the >9 mol
kgzeolite

−1 region signicantly enhanced the PP cracking activity.
In this region, the external surface area increased, as shown in
Fig. 8 ( ). Fig. 9 shows a good relationship between the PP
cracking activity and the external surface area; simultaneously,
its vertical intercept was not zero. These observations suggested
that PP cracking predominantly occurred in the micropores of
the MFI type zeolite. However, PP cracking activity was not
correlated with the framework Al content (increased at >11 mol
kgzeolite

−1 of NaOH, as shown in Fig. 3 ), demonstrating that
the activity was not dependent on the total Brønsted acidity.
This is consistent with the fact that PP cracking occurs in
a limited portion of the zeolite. Because a high external surface
area enhanced the activity, Hypothesis (3) was supported, and
Hypothesis (4) was rejected. It is likely that PP cracking occurred
mainly in the micropores, and the region near the pore mouth
was mainly responsible for the reaction.

Tsubota et al. also reported the dependency of low-density
polyethylene (LDPE) cracking activity on the physicochemical
properties of MFI type zeolite to indicate that at least a part of
LDPE cracking proceeded in the micropores.37

The kinetic diameter of monomethyl-branched alkane is
regarded to be 0.50 nm,80 smaller than the diameter ofmicropores
of MFI type zeolite (10-ring, ca. 0.55 nm).67 Thus, it is reasonable
that a part of the PP molecule penetrates the micropores of MFI
type zeolite. PP forms a three-dimensional network with entan-
glements and cross-links consisting of multiple chains, even at
a high temperature of 673 K. It is speculated that the head of the
molecule penetrated the micropores, and the reaction proceeded
in the region close to the pore entrance.

Catalytic activities for cracking of cyclohexane and
polypropylene

Hereaer, the effects of the reactant polymer, solvent, catalyst,
and reaction temperature will be shown through experiments
Catalyst (0.05 g) Reaction temperature/Ka

No 673
No 673
Parent MFI zeolite 673
Parent MFI zeolite 673
Parent MFI zeolite 673
Parent MFI zeolite 673
Beta zeolite 673
ASAb 673
Silica-alkali-treated MFI zeolitec 673
Silica-alkali-treated MFI zeolitec 693
Silica-alkali-treated MFI zeolitec 673
Silica-alkali-treated MFI zeolitec 673
Silica-alkali-treated MFI zeolitec 673

. c MFI zeolite treated with silica and alkali (12 molNaOH kgzeolite
−1).

RSC Sustainability, 2025, 3, 890–903 | 897
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Table 3 Conversion of reactants observed in reaction tests at 673 K for 1 h

Entry Reactant Catalyst Cyclooctane conversion/% PP conversion/%

1 Cyclooctane 1.0 g No 2.3 —
2 Cyclooctane 1.0 g + PP 0.25 g No 1.8 4.3
3 Cyclooctane 1.0 g Parent MFI 0.05 g 24 —
4 PP 0.25 g Parent MFI 0.05 g — 57.3

Fig. 10 Effect of catalyst and solvent combination on the cracking performance (PP and solvent conversion, and selectivity) of PP (0.25 g) with
solvent (1 g) and catalyst (0.05 g) at 673 K for 1 h, where ASA* denotes amorphous silica alumina N631-L.
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involving the variation of these variables, as in Entries 1–13 in
Table 2.

As shown in Table 3, heating of pure cyclooctane (Entry 1)
and a mixture of cyclooctane and PP (Entry 2) without a catalyst
at 673 K for 1 h resulted in negligible conversion of cyclooctane
and PP. These indicate that the non-catalytic reaction of alkanes
under the experimental conditions has a negligible inuence on
the discussion below, and the reactions observed below were
mainly the catalytic cracking of alkanes and not pyrolysis (non-
catalytic thermal decomposition).

Entry 3 in Table 3 shows that the cyclooctane conversion in
the presence of parent MFI zeolite as a catalyst was also negli-
gible. It is presumed that because of its bulky molecular shape,
cyclooctane did not enter themicropores of theMFI type zeolite.
The kinetic diameter of cyclooctane is 0.80 nm,66 larger than the
micropore diameter of the MFI type zeolite (ca. 0.55 nm),67 and
is in agreement with the inactivity of cyclooctane on the MFI
type zeolite. In contrast, heating of pure PP with the parentMFI
at 673 K for 1 h (Entry 4) resulted in a high conversion of PP.
This agrees with the previous subsection, where the conversion
of PP was observed at a slightly lower temperature of 663 K.
Thus, pure cyclooctane was not converted, while pure PP was
converted using the MFI type zeolite catalyst.

Next, we investigated the reaction of a mixture of PP and
cyclooctane on the parentMFI zeolite, as shown in Fig. 10 (Entry
5). The conversion of cyclooctane was very low (3%), andmost of
898 | RSC Sustainability, 2025, 3, 890–903
the cyclooctane was recovered, while the PP conversion was
28%. Most of the products were liquid (C5-40) hydrocarbons.

In Entry 6, a linear alkane (hexadecane) was used as the
solvent for PP cracking on the parent MFI zeolite catalyst. The
conversion of hexadecane was high (53%), while the PP
conversion was suppressed (13%) compared to that in cyclo-
octane (Entry 5, 28%). The high reactivity of hexadecane on the
MFI zeolite suggests that hexadecane penetrates the micropore
of MFI and occupies the cavities to suppress the diffusion and
conversion of PP molecules. In Entries 7 and 8, catalysts with
larger pore sizes (Beta type zeolite and amorphous silica-
alumina) showed higher conversions of cyclooctane.

Thus, a high PP conversion and low solvent conversion were
observed only when cyclooctane andMFI type zeolite were used
as the solvent and catalyst, respectively. The cyclooctane mole-
cule (kinetic diameter 0.80 nm)66 is larger than the micropore of
MFI (10-ring, ca. 0.55 nm).67 The use of narrow solvent molecule
(hexadecane, whose kinetic diameter should be equivalent to
other linear alkanes, 0.43 nm)80 or the use of catalysts with
larger pore sizes (Beta: 12-ring, 0.74 × 0.64 nm81 or amorphous
silica-alumina N631-L: averagely 4 nm82) showed no selectivity.
As explained in the previous subsection, PP cracking proceeds
mainly in the micropores, even in the MFI type zeolite, which
has the smallest pore size among the presently used catalysts.
These facts clearly indicate that the selective reaction of PP in
the PP-cyclooctane mixture is caused by reactant shape
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Influence of reaction temperature (Entries 9 and 10, PP
cracking at 673 and 693 K, respectively) and influence of reactant
polymers (Entries 9, 11 and 12, PP, LLDPE and GPPS cracking,
respectively, at 673 K) on polymer cracking performance catalyzed by
silica-alkali-treated MFI for 1 h with polymer (0.25 g), cyclooctane as
the solvent (1 g) and silica-alkali-treated MFI (prepared with 12
molNaOH kgzeolite

−1) as the catalyst (0.05 g).

Fig. 12 Comparison of PP cracking performances in the absence
(Entries 4 and 13) and presence (Entries 5 and 9) of cyclooctane solvent
catalyzed by parent MFI (Entries 4 and 5) and silica-alkali-treated MFI
(Entries 13 and 9, prepared with 12 molNaOH kgzeolite

−1) at 673 K for 1 h
with PP as the polymer (0.25 g), cyclooctane as the solvent (1 g) and
a catalyst (0.05 g).
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selectivity. Only molecules smaller than the catalyst pores
reacted selectively, while molecules bulkier than the pores were
recovered without any reaction.

In the eld of polymer cracking, shape selectivity (transition
state shape selectivity or product shape selectivity in terms of
the reaction mechanism), in which the product distribution is
inuenced by the porous structure, has been known.70,83

However, to the best of our knowledge, the contribution of
reactant shape selectivity to the selective recovery of the solvent
has not been reported. Herein, we report the rst example of
reactant shape selectivity with amicroporous catalyst applicable
to the chemical recycling of POs without consuming other
materials (solvents), as shown in Scheme 1.

Entry 9 in Fig. 11 shows the catalytic performance of silica-
alkali-treated MFI (12 molNaOH kgzeolite

−1) for PP cracking in
cyclooctane. Compared to Entry 5 in Fig. 10 (parentMFI), the PP
conversion on the silica-alkali-treated MFI was higher, in
agreement with the previous subsection, where the enhance-
ment of activity for PP cracking by the increase in the external
surface area was demonstrated. The silica-alkali-treated MFI
zeolite was then tested at a slightly higher temperature (693 K)
© 2025 The Author(s). Published by the Royal Society of Chemistry
for PP cracking (Entry 10). The PP conversion reached 84%, and
the sum of C3-27 aliphatic and monocyclic hydrocarbons
selectivities was 79%, meaning that most of the PP was con-
verted into valuable hydrocarbons (LPG, naphtha, kerosene, jet,
and diesel), while the cyclooctane conversion was 5% (95% of
cyclooctane was recovered). Entry 11 indicates that the selective
cracking can be applied to linear low-density polyethylene
(LLDPE). On the silica-alkali-treated MFI, 80% of PE (here
LLDPE) was converted into mainly C5-10 aliphatic and mono-
cyclic aromatic hydrocarbons, while only 4% of cyclooctane was
consumed. Entry 12 shows 95% of PS (here general purpose
polystyrene, GPPS) was converted. In this case, it was speculated
that the high reactivity of alkylaromatic hydrocarbons resulted
in the non-catalytic cracking of PS, and the intermediates
reacted on the zeolite. It was conrmed that the cyclooctane
conversion was low (4%) in this case also and that selective
cracking was applicable to PO and PS. Throughout Entries 9–12,
the conversion of cyclooctane was #5%, presumably because
the micropore of the silica-alkali-treated MFI was also small
owing to the MFI framework topology.

Fig. 12 shows the effect of the presence of cyclooctane on the
selectivity of MFI type zeolite-catalysed PP cracking. Compar-
ison of Entries 4 (without solvent) and 5 (with cyclooctane
solvent) shows that, over the parentMFI zeolite catalyst, the use
of the solvent signicantly increased the C5-20 aliphatic selec-
tivity, whereas C3-4 and C28+ selectivities were suppressed. The
decrease in the amount of small (C3-4) hydrocarbons in the
presence of cyclooctane is ascribable to the lower reaction
progress shown by the lower PP conversion in Entry 5, whereas
the decrease in C28+ liquid selectivity reveals that the chain
length distribution of products was narrowed by adding cyclo-
octane. In addition, also on the silica-alkali-treatedMFI catalyst,
the formation of C3-4 and C28+ hydrocarbons observed without
the catalyst (Entry 13) was signicantly suppressed in the
presence of cyclooctane (Entry 9). The use of solvents for PO
cracking contributes to high mass and heat transfer and
a homogeneous temperature distribution.54 In the presence of
cyclooctane, these effects probably result in a narrow product
distribution. A narrow product distribution is necessary to
produce a specic region of a hydrocarbon mixture, such as
naphtha. Fig. 12 shows the advantage of selectivity achieved by
the addition of solvent.

Notably, high selectivity for valuable hydrocarbon
compounds was achieved by the reaction in cyclooctane,
although cyclooctane itself was not present in the micropores
where PO cracking occurred. As mentioned above, the primary
role of the solvent in PO cracking is probably to improve
thermal and mass transportation. The high selectivity observed
in the presence of the solvent outside the reaction eld
(micropore) indicates that the solvent inuenced heat andmass
transportation but did not directly inuence the chemistry of
the active site or the reaction mechanism.

For the short chain alkane (C3-8) cracking, the active site has
been claried to be a strong Brønsted acid site based on the
relationship between activity and acidic properties15,43,84–87 and
dependence of activation enthalpy on ammonia desorption
enthalpy.43,88–91 Since strong Brønsted acidity is required to
RSC Sustainability, 2025, 3, 890–903 | 899
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initiate the reaction, nonclassical carbonium ion formation is
considered the initial step in the reaction. C–C bond cleavage of
the carbonium ion leads to the formation of a carbenium ion
and a short alkane pair, as in reaction (1).92 The former is
further decomposed into a shorter carbenium ion and alkene
pair, as in reaction (2).12,93 In reaction (2), tertiary carbenium
ions are preferred over secondary and primary carbenium ions;
thus, alkanes longer than C3 are preferentially formed, unlike
non-catalytic radical reactions where all C–C bonds have similar
probabilities for cleavage, resulting in the considerable forma-
tion of C1-2 fragments.

As PO is an alkane, PO cracking catalysed by acidic zeolite, as
shown in the present study, is believed to have the same reac-
tion mechanism. The low selectivity of C1-2 products observed
in the reactions catalyzed by the acidic zeolite is consistent with
the mechanism. The low activity of ASA (amorphous silica-
alumina) with lower Brønsted acid strength23,82 is also in
agreement with the speculated mechanism.

In contrast, the PO polymer forms a three-dimensional
network. As stated in the previous subsection, it is speculated
that the head of a molecule penetrates the micropores to
contact the Brønsted acid sites on the pore walls.

This work shows the possibility of a new sustainable method
for polymer recycling that does not consume solvents and has
high selectivity for the polymer precursor owing to the presence
of the solvent. In the small-scale experiments, almost complete
recovery of the solvent (>95%) was achieved; however, in a real
process the efficiency of several steps, such as separation of the
catalyst from the hydrocarbon mixture, separation of the
solvent from the product, and purication of the solvent for
repeated use, is an issue. Therefore, a life cycle assessment
(LCA) of the new process based on a comprehensive evaluation
of these efficiencies is necessary in the next research stage.

In addition, we have not yet tested the repeated use of the
catalyst; therefore we have no experimental evidence about the
life, degradation and recyclability of the catalyst because the
recycling test requires complex experimental procedures for the
complete collection of the solid catalyst aer the reaction in
a small reaction tube and separation of the zeolite from the
remaining solid polymer in the present reaction system.
Therefore, information on the recyclability of the catalyst,
energy and resource consumption, and economic efficiency has
not been obtained. Here we can discuss only the general trend
of the catalytic life of MFI type zeolites, which typically exhibit
low solubility in organic media, high stability at temperatures
such as 1373 K42 in the low Al concentration region (<ca. 1 mol
kg−1). Therefore, it is reasonable to expect that the MFI type
zeolite is durable under the reaction conditions (673 K) and the
calcination conditions required for the regeneration of active
900 | RSC Sustainability, 2025, 3, 890–903
sites (typically 873 K). In addition, compared to other zeolites,
MFI type zeolites are known to have a distinct long life for
reactions such as the transalkylation91 and cracking94 of
hydrocarbons. It is therefore expected that theMFI type zeolites
can be repeatedly used for polymer cracking. It is predicted that
contaminants in practical waste such as alkaline salts and
nitrogen-containing organic compounds with basicity could
neutralise the Brønsted acid sites to lose the catalytic activity,
and therefore a more important research subject is the appli-
cability and recyclability for the cracking of practical waste POs
containing these contaminants. Here we showed only funda-
mental ndings, and the evaluation of the recyclability of the
catalyst should be the subject of the next study.

Experimental
Catalyst preparation

NH4-ZSM-5 zeolite (aluminosilicate with an MFI framework
topology, Si/Al molar ratio of 15, EX-122 from Mizusawa
Industrial Chemicals, Ltd) was used as the parent MFI sample.
Table 1 lists its important physicochemical properties. Amor-
phous silica (Reolosil from Tokuyama Corp.) was used as
a feedstock, and its properties are also shown in Table 1.

For the silica-alkali treatment, the parent MFI (6 g) was
added to a mixture of amorphous silica (4 g), NaOH (FUJIFILM
Wako Pure Chemical Corp), and 60 cm3 of ion-exchanged water,
stirred in an autoclave at 453 K for 2 h, washed and ltered. The
obtained Na-form of zeolite (3.5 g) was twice ion-exchanged with
an aqueous solution (300 cm3) of NH4NO3 (24 g) at 338 K for 4 h.

In addition, zeolite b (aluminosilicate with a Beta framework
topology, hereaer Beta) and amorphous silica-alumina (here-
aer ASA) were employed as catalysts (shown in Table 1).

The NH4-form zeolites were calcined at 813 K for 4 h in air,
and the obtained H-form zeolites were used for the PO cracking
reaction.

Structure and texture analysis. XRD analysis was performed
using a Rigaku Ultima IV diffractometer with a Cu Ka X-ray
source operated at a voltage of 40 kV and a current of 40 mA.
The crystallite size was estimated using the Scherrer equation77

from the full width at half maximum of the diffraction peak
ascribed to the MFI (0 5 1) plane (2q = 23.1°) in the XRD. The
surfaces and morphologies of the samples were observed using
a eld-emission scanning electron microscope (FE-SEM, JSM-
IT800, JEOL) with an accelerating voltage of 5 kV.

Nitrogen adsorption/desorption isotherms were measured at
77 K using Microtrac-BEL BELSorp-max or BELSorp-mini
equipment aer evacuation at 573 K for 1 h. The micropore
volume was calculated by the t-plot method,95 and the value was
conrmed to be similar to the volume of liquid nitrogen
showing capillary condensation96,97 at p/p0 = 0.01 and T = 77 K,
where p, p0 and T are the pressure of nitrogen, vapor pressure of
nitrogen, and temperature, respectively. Here, the volume of
pores with diameters 2–50 nm is termed the mesopore volume
and was calculated by the Barrett–Joyner–Halenda (BJH)
method.98 The external surface area, that is, the area of meso-
pore and macropore walls in this study, was calculated by the t-
plot method.95
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Solid-state magic angle spinning nuclear magnetic reso-
nance (MAS NMR) spectra were recorded using a JNM-ECZ 400
instrument (JEOL). The 29Si dipolar decoupling (DD) MAS NMR
spectra were measured at 79.42 MHz with a p/2 pulse length of
3.3 ms, a relaxation delay of 30 s, and a spinning frequency of 10
kHz. The 27Al MAS NMR spectra were measured at 104.17 MHz
with a p/2 pulse length of 2.97 ms, a relaxation delay of 5.0 s, and
a spinning frequency of 14 kHz.
Catalytic cracking of PO

Cyclooctane and hexadecane, purchased from FUJIFILM Wako
Pure Chemical Corp., were used as solvents. PP (Mw: weight
average molecular weight = 370 000 and Mn: number average
molecular weight = 32 000), LLDPE (Mw = 110 000 and Mn =

39 000), and GPPS (Mw = 240 000 and Mn = 15 000) were
supplied by Japan Petroleum and Carbon Neutral Fuels Energy
Center. The molecular weight distributions were analyzed using
gel permeation chromatography as detailed in Fig. S4.† The
polymer (0.25 g) and catalyst (0.05 g) were placed in a solvent (1
g) in a stainless-steel tube (i.d. 10 mm, volume 3.6 cm3), and the
gas phase was purged with N2. It was sealed, and heated using
an electric furnace while maintaining the temperature of the
thermocouple attached to the stainless-steel tube at 663–693 K
for 1 h. Aer cooling, the stainless-steel tube was connected to
a gas syringe, and the volume of the formed gas was measured
at atmospheric pressure and room temperature. The gaseous
products were analyzed by gas chromatograph with a ame
ionization detector (FID-GC). The solid and liquid were then
separated, and the liquid was analyzed by an internal standard
method using a two-dimensional FID-GC. The solid was washed
with pentane, dried, and weighed.
Conclusions

Alkali (NaOH) treatment of the MFI type zeolite in the presence
of amorphous silica suggests that PP cracking mainly pro-
ceeded in the region near the entrances of the micropores. As
previously reported for other hydrocarbon solvents, the use of
cyclooctane as a solvent provided a narrow molecular weight
distribution of the products in the PP cracking on the MFI
catalyst. The combination of the cyclooctane solvent and MFI
catalyst resulted in the selective cracking of PP, while most of
the cyclooctane was recovered. Using a linear alkane (hex-
adecane) as the solvent or a catalyst with large pores (Beta type
zeolite or amorphous silica-alumina) resulted in high conver-
sion of both solvent and PP. These observations indicate that
selective PP cracking is based on the shape selectivity caused by
the 10-ring micropores ofMFI and the bulky molecular shape of
cyclooctane. The products were valuable hydrocarbons. For
example, the reaction of PP (0.25 g) with cyclooctane (0.1 g) on
silica-alkali-treated MFI (0.05 g) at 693 K for 1 h converted 84%
of PP into C3-27 aliphatic and monocyclic aromatic compounds
(equivalent to LPG, naphtha, kerosene, jet, and diesel) with 79%
selectivity, while 95% of cyclooctane was recovered. The newly
discovered shape-selective cracking of PO with solvent recovery
will contribute to a sustainable process for the chemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
recycling of PO into its precursor, naphtha, with high selectivity
facilitated by the presence of solvent without consuming the
solvent.
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