
Catalytic Cracking of 1,3,5-Triisopropylbenzene and Low-
Density Polyethylene over Hierarchical Y Zeolites and Al-
SBA-15
Jim Mensah,[a, b] Penghui Yan,[c] Aditya Rawal,[d] Adam F. Lee,*[e] Karen Wilson,[e]

Neil Robinson,[f] Michael L. Johns,[f] Eric Kennedy,[a] and Michael Stockenhuber*[a]

Catalytic cracking of high molecular weight hydrocarbons
underpins the production of fossil fuels from petroleum vapour
and the recycling of polyolefin waste plastic. However, thermal
cracking over conventional microporous solid acids is hindered
by poor mass-transport. Here we explore the performance of
hierarchical H� Y zeolites and Al-SBA-15 for the catalytic
cracking of 1,3,5-triisopropylbenzene (1,3,5-TIPB) and low-
density polyethylene (LDPE) in a continuous fixed-bed flow
reactor. Dealumination by acid washing was used to create
hierarchical mesoporosity in H� Y zeolite and modify the solid
acidity. Physicochemical properties were studied by X-ray

diffraction (XRD), transmission electron microscopy (TEM),
scanning electron microscopy (SEM), gas adsorption, in-situ
Fourier transform infrared (FTIR), ex-situ pyridine DRIFT, 29Si and
27Al nuclear magnetic resonance (NMR), and 1H relaxation and
pulsed field gradient (PFG) NMR diffusion studies. Despite
weakening acidity, the introduction of hierarchical porosity
promotes deep cracking of both feedstocks; HNO3 dealumi-
nated H� Y produces five times more cumene and benzene
from 1,3-5-TIPB, and 33% more benzene and xylenes from
LDPE, than the parent H� Y.

Introduction

Plastics are essential domestic and commercial commodities
used worldwide on the megaton scale. However, at their end-
of-life usage, the vast majority of (currently fossil-derived)
plastics end up as waste sent to landfill.[1] Polyolefins are the
most consumed plastics in the world, accounting for 57% of
total municipal solid waste. They mainly consist of low-density
polyethylene (LDPE), linear low-density polyethylene (LLDPE),
high-density polyethylene (HDPE), and polypropylene (PP) used
in e.g. pipes, films, packaging and insulation. Mechanical
recycling and incineration, which represent the main alternative
destinations for plastic waste, result in progressive loss of
material properties and/or the release of toxic pollutants,
rendering them unattractive solutions for plastic recycling.
Thermocatalytic cracking of plastic waste to valuable chemical
building blocks (displacing fossil-derived hydrocarbons) offers

reduced environmental impact and improved process
economics.[2]

Thermal cracking is initiated by the homolytic cleavage of
polymer backbones at high temperatures under an inert
environment, and yields a broad mixture of C1–C60 hydro-
carbons (waxes, oils and gases). In contrast, catalytic cracking
proceeds through a carbocation mechanism,[3] wherein carboca-
tion formation proceeds by abstraction of a hydride ion by a
Lewis acid site (generating carbenium ions) or protonation by a
Brønsted acid site (generating carbonium ions).[4] At temper-
atures <400 °C, catalytic cracking of plastics dominates thermal
cracking.[5] Manos et al.[6] studied the influence of zeolite
structure on the catalytic cracking of HDPE at 360 °C in a
semibatch reactor using HY, HUSY, Beta, H-mordenite and
HZSM-5 zeolites, observing fewer light products (C2–C5) over
the larger-pore-size zeolites compared to the medium-pore-size
zeolites. The catalytic cracking of HDPE over amorphous
SiO2� Al2O3 (SAHA) and HZSM-5, H-MOR and HUSY zeolites is
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also reported in a fluidised bed reactor between 290–430 °C.[7]

Strong Brønsted acid sites in HUSY favoured bimolecular
hydrogen transfer reactions, resulting in a lower olefin:paraffin
product ratio (0.4–0.7), but were susceptible to deactivation.
Cracking of 1,3,5-TIPB, a model large hydrocarbon, has been
used to selectively probe the external surfaces of zeolites and/
or determine the accessibility of in-pore acid sites. The desired
Brønsted acid catalysed cracking pathway involves three
successive dealkylation steps, each of which yields one
molecule of propylene and increases the activation barrier
towards subsequent dealkylation.[8] Secondary, undesired prod-
ucts includes butenes (from transalkylation), di-n-propyl or
mixed propyl benzenes, mixed ethyl propyl benzenes, cymene
and coke.[9] Deep cracking is indicated by isopropylbenzene and
benzene formation.[10] Several zeolites have been studied for
1,3,5-TIPB cracking, including Y,[11] HZSM-5,[12] Beta[13] and core-
shell materials[14] in the temperature range of 300–500 °C.
Hierarchical Beta exhibits the best selectivity (90%) to deep
cracking products at 500 °C.[13]

Zeolites are the most widely studied and commercially
significant solid acid catalysts, however, their microporous
nature hinders mass-transport of large or sterically bulky
molecules, such as those prevalent in plastics. Access to in-pore
active sites can be enhanced by introducing auxiliary porosity
in the form of meso- and/or macropores. Approaches to
synthesise hierarchical porous zeolites can be categorised as
top-down or bottom-up.[15] In the former, additional porosity is
introduced by the selective extraction of specific framework
components (usually Si or Al) from pre-formed microporous
zeolites, while in the latter it is introduced through templates
during crystallisation of a sol-gel.[15a] Effective hierarchisation of
zeolites requires interconnections between different pore net-
works to enhance reactant accessibility to active acid sites and
hence improve catalytic performance. For example, mesopores
increase the number and size of pore mouths and reduce the
intracrystalline diffusion length of micropores, as demonstrated
for ZSM-5,[16] Y zeolite,[17] mordenite[18] and BEA zeolite.[19]

Dealumination and desilication are established methods of
hierarchisation to modify zeolite porosity and acidity (loading
and strength).[20] Acidity and porosity are critical to the activity,
stability and selectivity of zeolites in acid-catalysed reactions,
and hence controlling these parameters underpins the effective
design of hierarchical zeolites. Considering Y zeolites, Jansen
et al. investigated the post-synthetic genesis of mesopores by
mild hydrothermal, steaming and acid-leaching treatments.[21] A
small number of mesopores are also reported following the
dealumination of Y zeolites by ammonium hexafluorosilicate
(AFS),[22] with severe dealumination inducing a significant loss of
micropore volume. The use of silicon tetrachloride (SiCl4) to
dealuminate Y zeolite also affects microporosity.[23] There is
evidence that extraframework aluminium (EFAl) species result-
ing from dealumination modify zeolite acidity; EFAl species
produced by SiCl4 dealumination generate more acidic Y zeolite
catalysts than high-temperature steamed analogues.[24] More-
over, acid-dealuminated Y is reported to possess an intercon-
nected intracrystalline mesoporosity compared to steaming in
USY zeolites which produces unconnected mesoporosity.[25]

Here we explore the impact of post-synthetic treatment of Y
zeolite, namely dealumination by acid washing, on the catalytic
cracking of 1,3,5-TIPB and LDPE into paraffins, olefins and
aromatics. Acidity and mesoporosity are examined in the
context of changing Si :Al ratio and corresponding catalytic
cracking of LDPE to value-added products. Nitric acid deal-
uminated zeolite Y shows excellent activity and lifetime in the
cracking of 1,3,5-TIPB, and enhanced gasoline selectivity in
LDPE cracking compared to conventional microporous Y. The
development of auxiliary mesoporosity and concomitant
changes in solid acidity species (type, concentration and
strength) are discussed, and performance demonstrated in the
continuous catalytic cracking of sterically challenging feed-
stocks.

Results and Discussion

Physicochemical characterisation

Hierachisation of the parent Y zeolite was attempted through
liquid phase dealumination by acid washing, known to
introduce mesoporosity to zeolites.[26] Textural properties of Y
zeolites were examined by Ar physisorption (Figure 1, semi-
logarithmic isotherms and cumulative pore volume shown in
Figure S3). The parent H� Y zeolite displayed a type-I isotherm
as previously reported,[27] while the treated zeolite displayed a
type-IV isotherm.[28] The presence of large mesopores is
indicated by type H4 hysteresis in the adsorption and
desorption branches of USY and DA(HNO30.5 h)-Y samples
(Figure 1a),[24] suggesting that these materials contain micro-
and meso-/macroporosity typical of hierarchical zeolites,[29]

although corresponding NL-DFT pore size distributions only
exhibited well-defined micropores ~0.8 nm (Figure 1b). Textural
properties of Y zeolites and an Al-SBA-15 reference sample
(Figure S4) are summarised in Table 1. Application of the t-plot
model yielded a high micropore surface area and volume (Vmicro)
of 0.21 cm3.g� 1 for H� Y, while BJH analysis yielded a modest
mesopore volume and surface area (Smeso) of 167 m

2.g� 1 likely
due to intercrystallite voids.[30] The total pore volume of
0.32 cm3.g� 1 for the parent H� Y is in good agreement with
literature,[25,27,31] which span 0.34–0.37 cm3.g� 1 total pore vol-
ume. Our micropore volume of 0.21 cm3.g� 1 for the parent H� Y
is only slightly lower than values from these literature reports of
0.28–0.30 cm3.g� 1. For USY (CBV760), we determine a total pore
volume of 0.35 cm3.g� 1 and micropore pore volume of
0.17 cm3.g� 1 respectively - values in good agreement with
literature.[32] BJH analysis of the treated zeolite evidenced an
increase in mesopore volume associated with mesopores
spanning ~2.5–10 nm (Figure S5). Dealumination by nitric acid
washing, a mild treatment, induced a modest decrease in
microposity and concomitant increase in mesoporosity, result-
ing in minimal change in the hierarchy factor (HF, a measure of
the relative micro- and mesoporosity) for DA(HNO30.5 h)-Y.
Commercial USY closely resembled the DA(HNO30.5 h)-Y sam-
ple, whereas Al-SBA-15 was predominantly mesoporous as
anticipated from templating of the parent SBA-15. Although the
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median pore diameter, DP (Table 1), was dominated by micro-
pore contributions, DA(HNO30.5 h)-Y exhibited a small but
significant proportion of mesopores with median diameters
~1.6 nm (much larger than TIPB, see inset to Figure 1b) which
are absent in H� Y and USY.
Powder XRD patterns show the crystalline structure of the

parent H� Y zeolite, and USY and DA(HNO30.5 h)-Y samples,
closely resembled that of faujasite (Figure 2), consistent with
the large micron-sized crystals observed by TEM and SEM
(Figure S6–S7). However, nitric acid washing slightly decreased
the faujausite unit cell (evidenced by a small shift of reflections
to higher angle). HRTEM images of the parent H� Y zeolite
reveal cubic particles with pore diameters of ~1 nm (Figure S6).
Well-defined lattice fringes and sharp Fast Fourier Transform
(FFT) images were observed for H� Y and DA(HNO30.5 h)-Y
samples. Minimal changes in particle morphology were appa-
rent following nitric acid washing of the parent H� Y, with
uniform platelets observed for both samples by SEM (Figure S7).
Note we could not obtain selected area electron diffraction
patterns due to the high instability of particles under the
electron beam.

Figure 1. (a) Ar adsorption-desorption isotherms (H� Y offset by 200 cm3.g� 1 for clarity) and (b) corresponding NLDFT pore size distributions of Y zeolites (inset:
magnification highlighting well-defined mesopores in DA(HNO30.5 h)-Y).

Table 1. Textural properties of catalysts using Ar adsorption-desorption.

Sample Smicro
[a]/

m2.g� 1
Sext

[a]/
m2.g� 1

Vmicro
[a]/

cm3.g� 1
Vmeso

[c]/
cm3.g� 1

Vpore
[a]/

cm3.g� 1
DP
[b]/

nm
HF[d]

H<C!Y 489 167 0.21 0.11 0.32 0.80 0.17

DA(HNO30.5 h)-Y 373 296 0.15 0.22 0.37 0.84 0.18

USY 351 226 0.17 0.18 0.35 0.83 0.19

Al-SBA-15 41 496 0.05 0.63 0.68 1.20 0.07

[a] t-plot method; [b] NL-DFT model (median pore width); [c] BJH adsorption between 1.7~300 nm width; [d] HF¼ Vmicro=Vpore

� �

� Smeso=STot

� �
where Vmicro is

the micropore volume (cm3.g� 1), Vpore the total pore volume (cm
3.g� 1), Smeso the mesopore surface area (m

2g� 1) and STot the total surface area (Table S5).

Figure 2. X-ray diffraction patterns of H� Y zeolites.
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13Al and 29Si MAS NMR spectra were subsequently acquired
to elucidate the Si and Al chemical environments (Figure 3).
Aluminium present in a tetrahedral coordination is typically
attributed to Al3+ ions introduced into a silica framework that
are responsible for generating Brønsted acid sites,[33] whereas
that present in an octahedral coordination is attributed to
extra-framework aluminium (often as amorphous alumina).[34]

The majority of Al in H� Y occupies tetrahedral sites, as indicated
by sharp peaks between 40 and 70 ppm,[35] with additional
peaks at � 5.2 and � 8.2 characteristic of extra-framework Al.[36]

DA(HNO30.5 h)-Y exhibits weaker peaks associated with tetrahe-
dral Al, and a sharp, strong peak at � 8.2 ppm indicative of well-
defined extra-framework Al species such as crystalline alumina,
which may lower the concentration of Brønsted acid sites.
Corresponding 29Si MAS NMR spectra of the parent H� Y zeolite
showed peaks at � 96, � 102 and � 107 ppm assigned to Q4
(2Al), Q4 (1Al), and Q4 (0Al) species respectively, where Q4
represents a Si atom connected to four atoms in a tetrahedral
coordination by bridging oxygen, and nAl indicates the number
of Al atoms in the second coordination shell.[35] Note that some
reports assign peaks between � 106 to � 108 ppm to Si with
one Al in the second coordination sphere.[36] The intensities of
Q4 (2Al) and Q4 (1Al) peaks are significantly weaker in
DA(HNO30.5 h)-Y, whereas a sharp, intense Si (0AI) line is
retained at � 108 ppm, both observations consistent with
zeolite dealumination.[37] Si :Al ratios (based on framework Al)
calculated from the 29Si directly polarized MAS NMR according
to Eqn. 1 were ~3 and 13 for H� Y and DA(HNO30.5 h)-Y,
respectively:

Si
Al ¼

P4
n¼0 ISi nAlð Þ

P4
n¼0 0:25nISi nAlð Þ

(1)

Acid properties (concentration and strength) of the zeolites
were also characterised by temperature programmed desorp-
tion of ammonia between 40–650 °C. All samples evidenced a
single broad NH3 desorption spanning 150–400 °C (Figure S8),
which could be fitted with two peaks (mixed Gaussian :Lor-
rentzian 30 :70 functions) with maxima at 100–200 °C and 250–
400 °C associated with weak and medium acid site strength,

respectively.[24,38] Brønsted acidity arises from Al3+ cations
isomorphically substituted for Si4+ cations in the silica frame-
work, which are charge balanced by co-located protons within
the pore network, present as bridging Si� O(H)� Al hydroxyls.[39]

Dealumination, which increases the framework Si :Al ratio,
therefore lowers the BAS concentration. Lewis acidity may arise
from oxygen vacancies in the zeolite framework or extra-
framework aluminium oxides, which both result in under-
coordinated metal cations (electron acceptor).[40] The concen-
tration of BAS in hierarchical zeolites was recently reported to
decrease with increasing mesoporous or external surface area
and LAS concentrations.[41] Thermal pretreatment of the
commercial H� Y zeolite (Si/Al=2.6) resulted in a slight deal-
umination of the high alumina sample. Evidence for this can be
found in the observation of Lewis acidity (see Table 3) and a
reduced micropore volume compared to literature (Table 1).
Great care was taken to reduce this dealumination, but a
compromise between decomposition of the ammonium forms
and slight dealumination had to be found. In the present study,
dealumination by acid washing lowered the total acid loading
relative to the parent H� Y (Table 2), mirroring the loss of
framework Al observed by MAS NMR.[31b] Although the strongest
acid sites in DA(HNO30.5 h)-Y exhibited a slight increase in peak
maximum desorption temperature relative to the parent H� Y
(Table 2), acid washing lowered both the number and propor-
tion of strong acid sites.
Zeolite acidity was further studied by a combination of in-

situ FTIR of chemisorbed ammonia (Figure 4) and ex-situ
chemisorbed pyridine DRIFT (Figure S11). Five distinct hydroxyl
stretching vibrations are reported for zeolite Y.[42] In this work,
evacuated parent H� Y and the acid-washed zeolite exhibited
bands at approximately 3744 cm� 1, 3660 cm� 1, 3630 cm� 1,
3602 cm� 1 and 3560 cm� 1 (Figure 4a and Figure S9) attributed
to terminal silanols (Si� OH), non-acidic AlOH, Si� OH� Al groups
in the zeolite supercages, OH groups influenced by extraframe-
work Al species[43] and sodalite cavities, respectively. For
DA(HNO30.5 h)-Y, the absence of a band at 3690 cm

� 1 (with a
shoulder at 3660 cm� 1) evidences a lack of OH-groups con-
nected to extraframework Al species within supercages, and
hence the loss of extraframework material (which would

Figure 3. 29Si and 27Al solid-state nuclear magnetic resonance (NMR) using (a) 29Si directly polarized MAS NMR 100 s recycle delay, 12 kHz MAS 768 scans,
(b) 29Si CPMAS NMR 2 s recycle delay, 2 ms CP contact 5 kHz MAS 8096 scans, and (c) 27Al directly polarized NMR 0.2 s recycle delay, 8096 scans for (i) parent
H� Y and (ii) DA(HNO30.5 h)-Y).
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increase the BAS concentration/lower the LAS concentration).[43]

DA(HNO30.5 h)-Y and USY show similar hydroxyl spectra with an
intense band (HF) from SiO1HAl groups in the supercages at
3630 cm� 1 and a weaker band (LF) from SiO3HAl groups in the
small cavities at 3560 cm� 1.[44] Perturbation of hydroxyl spectra
by ammonia adsorption at 10 mbar and 150 °C and subsequent
evacuation may reflect the adsorbate interaction with Brønsted
acid sites (Figure 4b). Bands at 3744 cm� 1 and 3660 cm� 1

associated with terminal silanol and non-acidic AlOH species
were unaffected by ammonia. In contrast, the HF and LF bands
were strongly attenuated by adsorbed ammonia (possibly
reflecting their Brønsted acidity (Figure S9). All zeolites exhib-
ited strong, broad bands between 3000–3500 cm� 1 due to N� H
stretches, along with sharp bands at 1620 cm� 1 and 1445 cm� 1

which are reported as associated with the bending modes of

NH3 and NH4
+ coordinated to LAS and BAS respectively.[45] The

NH4
+ deformation vibrations expected for Brønsted acid sites

dominate the zeolites with bulk Si :Al ratios <3, in accordance
with literature.[20b] This interpretation is supported by pyridine
titration and quantification of the resultant DRIFT spectra to
detect and quantify the Brønsted/Lewis character (Figure S11).
The band at 1540 cm� 1 is commonly attributed to a pyridinium
ion coordinated to Brønsted acid sites (B), with those at
1438 cm� 1 and 1580 cm� 1 attributed to molecular pyridine
coordinated to Lewis acid sites (L), the 1488 cm� 1 band is
observed from pyridine adsorbed over both Brønsted and Lewis
acid sites (B+L).[46]

Table 3 summarises the Brønsted and Lewis acid site
loadings, obtained by scaling the total acid site loadings from
NH3 TPD and BAS : LAS ratio from pyridine DRIFTS. Ammonia

Table 2. Acid site loadings from NH3� TPD analysis.

Sample Si :Al ratio[a] Si :Al[b] Tmax (HTP)
[c]/K LTP[d]/mmol.g� 1 HTP[d]/mmol.g� 1 Total acid loading[d]/mmol.g� 1

H� Y 3 (2.6[e]) 3 533 0.868 1.775 2.64

DA(HNO30.5 h)-Y 18 13 592 0.481 0.325 0.81

USY 16 582 0.440 0.309 0.75

Al-SBA-15 10 656 0.320 0.400 0.72

[a] ICP-OES. [b] MAS NMR. [c] Maximum peak temperature from NH3� TPD. [d] NH3� TPD peak area calibrated against HZSM-5 (Si :Al=15), LTP= low
temperature peak (~100–200 °C) and HTP=high temperature peak (~250–400 °C). [e] Prior to 550 °C calcination.

Figure 4. IR spectra normalised to lattice overtones of parent H� Y, USY and DA(HNO30.5 h)-Y (a) after evacuation at 10
� 7 mbar, (b) after 10 mbar NH3

adsorption at 150 °C and subsequent evacuation. H� Y – violet, DA(HNO30.5 h)-Y – red, USY – black (spectra are normalized to the zeolite mass).

Table 3. Brønsted:Lewis acid character from pyridine FTIR and NH3 TPD.

Sample Brønsted : Lewis ratio[a] Brønsted acid loading[b]/
mmol.g� 1

Lewis acid loading[b]/
mmol.g� 1

H<C!Y 2.45 1.56 0.64

USY 3.03 0.50 0.17

DA(HNO30.5 h)-Y 3.32 0.57 0.17

Al-SBA-15 3.01 0.48 0.16

[a] Pyridine DRIFTS, [b] NH3-TPD (BAS or LAS= total acid loading×proportion of BAS or LAS from pyridine DRIFTS).
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adsorption over Al-SBA-15 resulted in similar spectral changes
(Figure S10), with sharp bands appearing at 1620 cm� 1 and
1445 cm� 1 due to LAS and BAS, in addition to an intense
terminal silanol band at 3744 cm� 1.
Time domain NMR was employed to confirm hierarchical

pore structure connectivity within dealuminated materials.
Figure 5 provides a comparison of T1 � T2 correlation data for
unrestricted water, and for water interacting with both the
parent zeolite H� Y and the dealuminated DA(HNO30.5 h)-Y
zeolite. Relaxation times for unrestricted water are on the order
of several seconds, as expected for bulk liquids,[47] with
hT1i �3.1 s and hT2i � 2:7 s, wherein angular brackets indicate
the modal relaxation times of the distribution (for mathematical
derivations see Experimental Eqns. 2–3). For water interacting
with zeolite powders, these relaxation times are expected to
decrease (corresponding with enhanced nuclear spin relaxation
rates T � 11;2) as a result of confinement within the zeolite pore
networks. Such relaxation dynamics are well described by the
simple expression T � 11;2 � 11;2d

� 1, where T � 11;2 are the experimen-
tally observed relaxation rates and d is the size of the confining
pore structure; 11;2 are the surface relaxivities of the porous
material and describe enhanced rates of nuclear spin relaxation
by species at the solid-fluid interface. In the present work such
enhancement occurs due to a reduction in molecular dynamics
due to adsorption at the pore surface,[48] dipolar interactions
with surface bound 1H spins in the form of Brønsted acid
sites,[49] and through 1H exchange with those sites.[50] Impor-
tantly, these surface relaxivities act as an approximate scaling
factor between observed relaxation and pore size, such that
materials exhibiting smaller pores will present shorter NMR
relaxation times. A single relaxation population is observed for
water interacting with zeolite H� Y, indicative of rapid exchange

between water within the zeolite micropores and within the
interparticle space (bulk media), such that the observed
relaxation times must correspond with a weighted average of
these two water populations. The short relaxation times
observed (hT1i � 0:1 s and hT2i �0.005 s) suggest these data
are dominated by the most rapid relaxation process present,
corresponding with water confined within the H� Y micropores.
A single population is also observed for water interacting with
DA(HNO30.5 h)-Y, in turn suggesting rapid exchange (and hence
connectivity) between pore structures within the material (as
well as with the interparticle space), while the increase in modal
relaxation times (hT1i � 0:25 s and hT2i �0.026 s), relative to
zeolite H� Y, indicates that imbibed water experiences pore
structures of increased size within this material. While care must
be taken in interpreting the shape of NMR relaxation
distributions,[51,52] elongation of this relaxation distribution away
from the zeolite H� Y data indicates enhanced pore size
heterogeneity within this dealuminated material, relative to
zeolite H� Y, supporting the existence of a connected, hierarch-
ical pore structure.
Figure 6a shows PFG NMR diffusion data for water within

zeolite H� Y. A single diffusion population is observed, as
characterised by a mono-exponential data decay. The solid line
indicates a fit to Eqns. 4 and 5, yielding a self-diffusion
coefficient of D=1.40�0.02×10� 9 m2 s� 1. The associated root
mean square displacement (RMSD)¼

ffiffiffiffiffiffiffiffiffiffi
2DD
p

�17 μm; as this
length scale is significantly larger than the associated zeolite
crystallites (Figure S6–S7) the observed diffusion behaviour is
interpreted as a “long-range” diffusivity,[53] characterised by a
weighted average of water diffusivities within both the H� Y
micropores and within the interparticle voids. Figure 6b shows
PFG NMR diffusion data for water in DA(HNO30.5 h)-Y. Here, two
separate diffusion populations are readily identified, corre-
sponding with a biexponential data decay. The solid line
indicates a fit to Eqns. 5 and 6; this fit yields a large population
(>98% of the observed NMR signal) characterised by D1=

1.64�0.02×10� 9 m2 s� 1, together with a small population char-
acterised by D2=3�0.5×10� 10 m2 s� 1. The large, more rapidly
diffusing component is again interpreted as long-range diffu-
sion across both the zeolite (micro- and mesopore) structure
and interparticle voids, and contrasts with the diffusive
characteristics of water in H� Y.
Given the identical particle structure (and hence packing) of

the two materials investigated, the increased long-range
diffusivity of water within DA(HNO30.5 h)-Y, relative to H� Y,
indicates a decrease in diffusive restrictions within the zeolite
upon dealumination, consistent with the incorporation of
mesoporosity within the material pore structure. This behaviour
may be quantified via calculation of the effective tortuosity
D0=D;

[54] where D0=2.48�0.01×10� 9 m2 s� 1 (data not shown) is
the self-diffusion coefficient of unrestricted water at 28 °C, and
wherein values tend towards 1 as a function of decreasing
diffusive restriction: we obtain D0=D=1.77�0.01 for H� Y and
D0=D=1.51�0.01 for DA(HNO30.5 h)-Y. Finally, given the
decrease in accessible micropore volume and surface area upon
treatment of the parent zeolite with nitric acid (Table 1), we
conjecture that the very small diffusive population (� 1% of

Figure 5. 1H T1 � T2 correlation data for bulk (unrestricted) water, together
with water interacting with zeolite H� Y and with DA(HNO30.5 h)-Y.
Correlation peaks indicated the relative probability of each systems
exhibiting a given combination of T1 and T2 relaxation time constants, while
the solid diagonal line indicates the T1 ¼ T2 parity ratio.
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the observed NMR signal) characterised by D2 may arise from a
highly restricted water population (D0=D=8.14�0.18) resulting
from micropore blocking during mesopore creation. Extensive
additional diffusion measurements will be required to fully
identify the source of this slowly diffusion population, and will
be the subject of future work.

Catalytic cracking of 1,3,5-TIPB

The catalytic performance of the preceding zeolites and Al-SBA-
15 was subsequently explored for the vapour phase cracking of

1,3,5-TIPB at 350 °C (Figure 7 and Table 4) and modest con-
versions under integral reactor operation. Catalytic cracking of
1,3,5-triisopropylbenzene (TIPB) is widely reported as a probe
reaction to evaluate the acidity and active site accessibility of
microporous and hierarchical zeolites.[25,31a] TIPB is a symmetric
molecule with a kinetic diameter of ~0.94 nm,[55] larger than the
12-ring pore diameter of a microporous Y zeolite (micropore
diameter ~0.74 nm), and hence can only react at acid sites on
the external (low) surface of microporous particles or within
mesopores (which facilitate access to in-pore active sites).[56]

The product of this extra-pore or mesopore chemistry, 1,3-
diisopropylbenzene (DIPB) with a kinetic diameter of 0.84 nm,[57]

Figure 6. PGSTE data for water interacting with a) zeolite H� Y and b) dealuminated zeolite DA(HNO30.5 h)-Y. The one-component fit in panel a) utilised
equation (4), while the two-component fit in panel b) utilised equation (6).

Figure 7. (a) Conversion of 1,3,5-TIPB and (b) product selectivity at 120 min TOS for Y zeolites and Al-SBA-15 catalysts. Reaction conditions: T=350 °C,
P=1 bar, WHSV=0.7 min� 1.
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is also too large to access micropores in unmodified H� Y for
further cracking reactions. In contrast, acid-etched H� Y catalysts
possessing mesopores should facilitate in-pore cracking of TIPB
and DIPB, provided such mesopores contain a sufficient number
and strength of acid sites. Deep cracking of 1,3,5-TIPB is a term
coined by Hosseinpour et al. to describe the formation of
cumene (and benzene) arising from the successive dealkylation
of DIPB (and cumene) to benzene and propylene.[58,59] Note that
a high propylene yield is not indicative of deep cracking as it
may simply reflect high 1,3,5-TIPB conversion to diisopropyl-
benzene, whereas cumene and benzene yields are direct
measures of deep cracking. Relationships between deep
cracking and mesoporosity are previously discussed for
zeolites.[14,60] Aghakhani et al showed that composites of
amorphous aluminosilicate (ASA) and Y zeolite facilitated TIPB
pre-cracking during diffusion through a mesoporous ASA shell,
with resulting DIPB isomers cracked to cumene and benzene
over acid sites in the zeolite core.[55] Mesopores arising from
acid-base treatments are also reported to increase the accessi-
bility of strong Brønsted acid sites in ZSM-5, promoting TIPB
conversion to deep cracking products (combined cumene and
benzene selectivity of 23% versus 18% for untreated ZSM-5). A
recent report by Trujillo and co-workers suggested that
benzene selectivity is insensitive to zeolite Y mesoporosity,[61]

but assumed that DIPB can access zeolite micropores, which is
not possible for any of the Y zeolites in this work (Table 1, DP�
0.84 nm). Cumene and benzene yield (not selectivity) are thus a
valuable indicator of the number of strong acid sites accessible to
DIPB, and to a lesser extent accessible to cumene (kinetic
diameter of 0.68 nm), and hence the propensity for deep
cracking.

Considering Figure 7, the parent H� Y exhibited a low initial
1,3,5-TIPB conversion of ~25% which decreased monotonically
to <10% after 180 min TOS, similar to values reached by Al-
SBA-15 and USY. In contrast, dealumination by nitric acid
washing significantly enhanced activity, with an initial 1,3,5-TIPB
conversion of 58% decreasing to 25% after 180 min. DA-
(HNO30.5 h)-Y also exhibited the highest selectivity to deep
cracking products after 120 min TOS, with the parent H� Y more
selective than its more active USY counterpart. Al-SBA-15 was
essentially inert for deep cracking as previously reported.[62]

Specific activities after 180 min TOS followed the sequence
DA(HNO30.5 h)-Y>USY@H� Y>Al-SBA-15, and are uncorrelated
with total acid site loading, acid strength or hierarchy factor.
The only logical conclusion is that acid sites located in ~1.6 nm
mesopores present in DA(HNO30.5 h)-Y are disproportionately
active for TIPB pre-cracking to DIPB. Despite a low acid loading
and modest proportion of strong acid sites, DA(HNO30.5 h)-Y
was also the most active catalyst for deep cracking, with a
combined cumene (IPB) and benzene yield approximately five
times greater than any other catalyst. We postulate that
diffusion of reactively-formed DIPB and cumene, produced in
the mesopores of DA(HNO30.5 h)-Y, to additional active sites
within interconnected micropores, is more rapid than diffusion
from the external surface of H� Y nanocrystals into micropores.
In other words, mesopores reduce the diffusion path length for
pre-cracking products to access microporous acid sites for deep
cracking reactions. Acid character was also an important factor
in TIPB pre-cracking, with corresponding specific activities and
turnover frequencies (TOFs, per BAS from NH3-TPD determined
for differential operation <10% conversion at a WHSV of
1.5 min� 1) directly proportional to the Brønsted:Lewis ratio

Table 4. Catalytic performance of solid acid catalysts for 1,3,5-TIPB cracking in a continuous-flow reactor.[a]

Sample Al-SBA-15 DA(HNO30.5 h)-Y HY USY

Vmicro
[b] (cm3.g� 1) 0.05 0.15 0.21 0.17

Sext
[b] (cm2.g� 1) 496 296 167 226

Total acid conc.[d] (mmol/gcat) 0.72 0.8 2.64 0.82

XTIPB (%)
[d] 4 25 7 13

Y-DIPB's (%)
[d] 2.50 3.36 4.57 3.54

Y-Bz+ IPB (%)
[d] 0.08 2.46 0.37 0.49

Y-methane (%)
[d] 0.00 0.04 0.00 0.00

Y-ethene (%)
[d] 0.00 0.01 0.01 0.00

Y-ethane (%)
[d] 0.00 0.00 0.00 0.00

Y-propylene (%)
[d] 1.50 18.56 1.91 8.65

Y-propane (%)
[d] 0.01 0.04 0.00 0.00

Y-butene (%)
[d] 0.02 0.03 0.01 0.03

Carbon balance[e] (%) 100 100 99.3 99.4

Specific activityTIPB
[f]

(102 molTIPB.g
� 1
cat.s

� 1)
0.04 0.25 0.07 0.13

TOF-cracking
[g] (s� 1) 0.8 4.4 0.4 2.5

[a] Reaction conditions: T (350 °C), WHSV (0.7 min� 1), TIPB (0.07 g.min� 1), catalyst (0.1 g), P (1 bar), N2 flow rate (50 mL.min
� 1). [b] t-plot method. [c] NH3� TPD.

[d] Values at 180 min TOS. [e] Carbon balance at 180 min TOS. [f] Specific activity at 180 min TOS. [g] Rate of TIPB conversion at 180 min TOS normalised to
Brønsted acid loading at conversion levels <10% where conversion was linear with TOS.
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(determined from NH3 FTIR data, Table 3) as seen in Figure 8.
Dealumination with nitric acid was the most effective method
for enhancing Brønsted acidity, previously conjectured as a
prerequisite for DIPB dealkylation.[62] Note that a Na� Y analogue
of the parent H� Y was completely inert towards 1,3,5-TIPB
(X-TIPB=0%) highlighting the importance of solid acid sites.

[63] In
all cases, carbon mass balances were almost 100%. Secondary
mesoporosity in the DA(HNO30.5 h)-Y catalyst arising from
dealumination may also mitigate deactivation by coke deposi-
tion accounting for the significant rate of 1,3,5-TIPB conversion
(>20%) maintained after 180 min TOS.

Catalytic cracking of LDPE

The performance of Y zeolites was for the catalytic cracking of a
real plastic feedstock, virgin LDPE dissolved in toluene, was also
investigated in the same continuous fixed-bed flow reactor.
Control reactions using pure toluene evidenced negligible
solvent conversion or alkyl aromatic products from toluene
disproportionation (Table S6), with only trace benzene, xylenes
and ethylbenzene observed.[64]

DA(HNO30.5 h)-Y and H� Y were the most active catalysts,
achieving 99% and 81% LDPE conversion respectively (Fig-
ure 9), with Al-SBA-15 significantly less active. A Lewis acidic
Na� Y counterpart (not shown) of the parent H� Y zeolite was
almost inactive (6% conversion).[65] In contrast to 1,3,5-TIPB, the
conversion of LDPE was independent of the Brønsted:Lewis
ratio, and also the total acid loading, and mesopore volume
and only weakly correlated with hierarchy factor (Figure S12a).
However, within the family of Y zeolites, LDPE conversion was
directly proportional to the total pore volume (Figure S12b),
indicating that textural properties were more important than
acidity for depolymerisation. These observations are consistent
with reports that LDPE degradation can be initiated by either
LAS or BAS, involving respective hydride abstraction or
protonation of a C� C bond in the transition state,[66] and hence
a lack of preference for Brønsted or Lewis acid character.
Activated polyethylene molecules subsequently undergo suc-
cessive β-scissions to form lower molecular weight fragments.[67]

The importance of hierarchical porosity in achieving high LDPE
conversion is expected; accessibility of bulky polymer chains to
in-pore active sites is likely rate-limiting for microporous (H� Y)
zeolites. Unlike the behaviour of lamellar and pillared ZSM-5
zeolites, we found no correlation between LDPE conversion and
the concentration of BAS or mesopore/external surface area.[68]

Although Al-SBA-15 possesses a higher porosity than any Y
zeolite, the higher acid strength of the former (peak maximum

Figure 8. Dependence of specific activity and TOF for 1,3,5-TIPB cracking on
Brønsted:Lewis ratio of Y zeolites. TOFs were determined under differential
conditions at <10% conversion.

Figure 9. Product evolution during LDPE cracking over (DA(HNO30.5 h)-Y), H� Y, and Al-SBA-15 at 120 mins (Reaction conditions: T=380 °C, TOS=2 h,
WHSV=222 h� 1).
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desorption temperature ~656 K versus 530–590 K, Table 2)
could induce pore-blockage by strongly adsorbed carbon
residues, accounting for its modest conversion.
In all cases, the major products (<70 wt.%) were C7–C12

hydrocarbons, predominantly xylenes, ethylbenzene and meth-
ylcyclohexane (Table S7), with a small proportion of <C6
hydrocarbons (benzene and aliphatic alkanes and alkenes), and
trace heavier hydrocarbons (4-methyl-octane and 2,2-dimethyl-
heptane). The combined yield of benzene and xylene isomers
was 33% greater for the hierarchical mesoporous DA-
(HNO30.5 h)-Y than the parent H� Y after 120 min TOS. High
selectivity to liquid hydrocarbons is beneficial for fuel applica-
tions which require aromatic and alicyclic feedstocks amenable
to ring-opening/hydrogenation.[69] The H� Y catalyst delivered
slightly higher selectivity to C7–C12 cracking products than
their dealuminated counterpart, with the latter slightly more
selective for deep cracking to <C6 products (Figure S13). The
nitric acid washed catalyst was the most selective to C3, C4, and
C4=products, whose formation requires Brønsted acid sites
driving carbocation chemistry and end-chain cracking of the
polymer backbone. In contrast, the low activity, Lewis acidic
Na� Y catalyst promoted a random-chain cracking mechanism
with increased selectivity to middle distillates (C13–C22, not
shown).
Ammonia titrates acid sites present within micro- and

mesopores, and those on the external surface of zeolite crystals.
Although acid sites within micropores are inaccessible to 1,3,5-
TIPB and the virgin LDPE, this is not the case for their cracking
products (e.g. DIPB and ethylene oligomers) whose molecular
dimensions are sufficiently small to access micropores. Ammo-
nia does therefore titrate acid sites which could catalyse
secondary cracking steps responsible for cumene and benzene
production from TIPB and e.g. xylenes, ethylbenzene, benzene
and aliphatic alkanes/alkenes from LDPE. The correlation
between TOFs (obtained by normalising catalyst activity to acid
site loadings titrated by ammonia) and Bronsted:Lewis acid
character determined by DRIFTS of chemisorbed pyridine
strongly supports the postulate that all acid sites contribute to
molecular cracking.

Conclusions

The impact of chemical pretreatments on the physicochemical
properties of H� Y zeolite was investigated to elucidate the
importance of structure and acidity on the thermal cracking of
1,3,5-TIPB and pristine LDPE. Dealumination by nitric acid
washing (DA(HNO30.5 h)-Y) introduced mesoporosity without
compromising surface area, but decreased the total acid
loading (from 2.64 mmol.g� 1 to 0.81 mmol.g� 1). Dealumination
of the H� Y zeolite by nitric acid washing increased catalytic
activity ten-fold (TOFcracking=4.4 s� 1) for 1,3,5-TIPB cracking in a
continuous fixed-bed flow reactor at 350 °C and a WHSV of
0.7 min� 1, and afforded a five-fold increase in the yield of deep
cracking products (cumene and benzene), significantly out-
performing commercial USY. The superior performance of
DA(HNO30.5 h)-Y is attributed to improved in-pore acid site

accessibility to the bulky reactant, enhanced diffusion of
reactive-intermediates to acid sites within micropores, and an
increase in Brønsted acidity which suggests that C� C scission
occurs via a carbonium ion pathway. LDPE cracking in the same
reactor at 380 °C also exhibited significant promotion over
DA(HNO30.5 h)-Y versus H� Y, affording 99% LDPE conversion
and 98% selectivity to C1–C12 hydrocarbons (predominantly
C7–12 in the gasoline range). Introduction of mesoporosity into
H� Y zeolite is beneficial for the deep cracking of aromatics and
branched homopolymers for chemical recycling and/or trans-
port fuels production, but must be balanced against structural
collapse and loss of desirable acidic properties. Future studies
will explore methods to introduce ordered mesopores (to
accelerate mass transport) without loss of acid loading to
enhance activity.

Experimental Section

Catalyst preparation

Two commercial Y zeolites were provided by Zeolyst International
in the ammonium form as starting materials for post-synthetic
modification (CBV300, NH4 form with nominal Si :Al atomic ratios of
2.6 and 6), alongside a NaY zeolite reference material (CBV100,
nominal Si :Al=2.6) and USY (CBV760). Post-synthetic modification
was performed via dealumination by HNO3 using 100 mL solutions
with a zeolite concentration of 67 g.L� 1 under magnetic stirring in a
round-bottomed flask equipped with a reflux condenser. In a
typical experiment, the zeolite sample was added to a vigorously
stirred solution of the desired chemical agent for a fixed time: 0.3 M
HNO3 at 100 °C for 0.5 h. The reaction was quenched in an ice bath
and the resulting solids centrifuged, washed with deionised water,
and dried overnight at 80 °C, followed by washing, ion-exchange
and calcination at 550 °C for 5 h (ramp rate 2 °C.min� 1).

The parent (protonated) Y zeolite and the sample prepared by
HNO3 dealumination were designated H� Y and DA(HNO30.5 h)-Y
(Table S1) respectively. The Si :Al ratio is specified for all samples,
e.g. HY-3 indicates the parent HY zeolite with Si :Al=3. Protonic
forms of all zeolites were prepared by three consecutive ion
exchanges in 0.5 M NH4NO3 (50 °C, 5 h); samples were then dried,
pressed, calcined in air at 500 °C for 6 h, and sieved to a 250–
600 μm size fraction. Na+-forms of zeolites (without an NH4

+ ion-
exchange) were used as Lewis acid reference materials.

While great care has been taken to avoid steaming and deal-
umination (calcination ramp rate 2 °C.min� 1 to 550 °C) for the parent
zeolite with Si/Al=2.6 some dealumination occurred (vide infra).
These conditions were an optimum between minimising deal-
umination and ensuring complete conversion of the ammonium to
the proton form.

SBA-15 was synthesised according to the literature[70] with post-
synthesis alumination[71] to produce Al-SBA-15. Briefly, 10 g of
calcined SBA-15 was hydrolysed in 100 mL of AlCl3 · 6H2O (0.085 M)
and 100 mL of aqueous tetramethylammonium hydroxide (TMAOH,
10 wt.% in water, Fluka) at 80 °C for 2 h. The resulting mixture was
filtered, washed until pH neutral, and dried at 100 °C overnight,
prior to annealing in flowing N2 (150 mL.min

� 1) at 600 °C for 5 h
(ramp rate 2 °C.min� 1) to remove residual inorganic species. A pure
SBA-15 was also prepared as a non-acidic analogue.
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Catalyst characterisation

The Si :Al atomic ratios of zeolites were determined using a Varian
Radial 715-ES Inductively Coupled Plasma-Optical Emission Spec-
trometer equipped with a Sturman-Masters spray chamber, quartz
torch, and SPS 3 autosampler. Sample digestion was performed in a
Milestone Start D microwave digestion system using a mixture of
4.5 mL HNO3 (65%), 4.5 mL HCl (37%), and 3 mL HBF4 (50%).

[72]

Powder X-ray diffraction (XRD) patterns were acquired using a
Malvern Panalytical X’pert diffractometer in Bragg-Brentano geom-
etry using Cu Kα1 radiation (λ=0.1541 nm) and Kα2 radiation (λ=

0.1544 nm) and without monochromator filtering. Diffractograms
were recorded for 2θ=5–90° with a step size of 0.013° and dwell
time of 3 s per step and an X-ray voltage and current of 40 kV and
40 mA. Phase identification was performed using X’pert Highscore
software. Si and Al concentrations were determined by scanning
electron microscopy (SEM) using a Zeiss Sigma VP electron micro-
scopy for imaging at 30 kV and energy dispersive X-ray (EDX)
elemental mapping. Transmission electron microscopy (TEM) imag-
ing and EDX elemental mapping was conducted on a JEOL TEM
2100 microscope operated at 200 kV. Characterization of crystal
nanostructures was performed by selected area electron diffraction
(SAED). Samples were suspended in ethanol (99.9%) and ground to
fine particles, ultrasonicated for 15 min and then drop-cast on
holey-carbon film grids (ProSciTech, Australia).

Ammonia temperature-programmed desorption (NH3� TPD) was
undertaken in a bespoke instrument comprising a rotary pump and
Pfeiffer HiCube 80 Eco turbopump connected to a quartz sample
chamber, equipped with pressure gauges, a dosing valve, a
programmable tube furnace, and gas analysis by a Pfeiffer Prisma
QME 200 mass spectrometer as described elsewhere.[73] 100 mg
sample was heated in vacuo to 500 °C (ramp rate 10 °C.min� 1) for
60 min, then cooled to 150 °C prior to NH3 adsorption at 10 mbar
(sufficient to saturate all acid sites). An NH3 TPD was then
performed from 40 °C–650 °C (ramp rate 5 °C.min� 1) and the m/z=

16 amu signal analysed to quantify the acid concentration relative
to a HZSM-5(15) reference (~1 mmol.g� 1). Textural properties were
determined by N2 and Ar physisorption at � 196 °C using a
Micromeritics Tristar surface area analyser and Micrometrics 3Flex
automated gas adsorption analyser. Samples (120–150 mg) were
loaded into a quartz tube and degassed on a Micrometrics Smart
VacPrep at 90 °C for 60 min and subsequently at 240 °C for 4 h. Ar-
NLDFT was used to derive the pore size distribution from the
adsorption branch of the isotherm, assuming a cylindrical pore
model for Ar on H-zeolite. The t-plot method was used to calculate
the micro- and mesoporosity surface areas in the pressure range (p/
po) of 0.08 to 0.27. The mesopore size distribution was obtained by
the Barrett-Joyner-Halenda (BJH) model applied to the adsorption
branch of the isotherm. Fourier Transform infrared (FTIR) spectra
were collected using a Bruker Tensor27 FTIR spectrophotometer on
self-supporting wafers (19 mg.cm� 1) mounted in a bespoke cell
fitted with KBr windows. The cell was attached to a high vacuum
line for in-situ thermal treatments and adsorption of probe
molecules. Wafers were heated to 500 °C (ramp rate 10 °C.min� 1) for
1 h at 10� 7 mbar to remove any adsorbates, then cooled to 150 °C
(at 10 °C.min� 1). Ammonia adsorption was subsequently performed
from 10� 7–10 mbar during spectral acquisition at 4 cm� 1 resolution.
Brønsted and Lewis acid site loadings were quantitatively deter-
mined from the intensities of NH4

+ and NH3L bands arising from
ammonia adsorption, using extinction coefficients (ɛ) of 0.11 and
0.026 cm2μmol� 1 for NH4+ (Brønsted), NH3-L (Lewis) acid bands and
ɛ(Brønsted)=1.67, ɛ(Lewis)=2.22 cm2μmol� 1 for pyridine DRIFT spectra
bands at 1545 cm� 1 and 1460 cm� 1 respectively.[74] Ex-situ pyridine
adsorption was performed by dropping approximately 100 μL of
pyridine (99.8%, Sigma–Aldrich) onto 20 mg of sample. Excess
physisorbed pyridine was removed in vacuo at 30 °C overnight prior

to recording the Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFT) spectra on a PerkinElmer FT-IR Spectrometer.

Solid-state nuclear magnetic resonance (NMR) spectra were
acquired on a Bruker Biospin Avance III 300 MHz spectrometer at
The University of New South Wales, using a wider bore 7 Tesla
superconducting magnet, operated at 59.5 MHz and 300 MHz for
29Si and 1H nuclei respectively. Approximately 100 mg of sample
was packed in 4 mm diameter zirconia rotors fitted with Kel-f® caps
and spun in a double resonance H� X probehead at 12 kHz at the
magic angle. The 29Si 90° radio frequency pulse length was
optimized to 5 μs. 29Si MAS-NMR spectra were acquired using a
Hahn echo sequence. Free induction decays of 20 ms were acquired
with recycle delays of 100 s, and up to 2 k signal transients co-
added for sufficient signal to noise. The Spinal64 scheme was used
for 1H decoupling with a wield strength of 71.5 kHz. 29Si[1H] cross-
polarisation with magic angle spinning (CPMAS) experiments were
acquired at 5 kHz, 2 s recycled delays, 5 ms to 10 ms of acquisition
time, 2 ms of Hartman Hahn contact time for signal transfer from 1H
to 29Si, and up to 8 k signal transients co-added to achieve a
sufficient signal:noise level. 29Si chemical shifts were referenced to
tetramethylsilane using the kaolinite peak at � 92.0 ppm as a
secondary reference. 27Al NMR experiments were acquired using a
Bruker Biospin Avance III 700 MHz spectrometer, with a 16.4 Tesla
superconducting magnet, operated at 182.5 MHz. Approximately
10 mg of samples were packed into 2.5 mm diameter zirconia
rotors fitted with Vespel® capes and spun in a triple resonance H/X/
Y probehead at 20 kHz. Spectra were acquired with a hard 2.2 μs
pulse with 0.2 s recycle delay and up to 8k signal transients for
sufficient signal to noise. 27Al spectra were referenced to a 1 M
Al(NO3)3 solution using the kaolin peak at � 2.4 ppm as a secondary
reference.

Time domain NMR data were acquired using a benchtop Magritek
Spinsolve Diffusion spectrometer (Magritek, New Zealand)
equipped with a cylindrical 1 T Halbach magnet array (providing a
1H NMR frequency of 43 MHz) and a gradient coil capable of
producing pulsed magnetic field gradients up to 1 T m� 1. Samples
were prepared by loading standard 5 mm NMR tubes (Bruker
BioSpin) with zeolite powder up to a height of ~5 cm, so as to fill
the active region of the magnet bore; two samples were prepared,
comprising the parent zeolite H� Y and nitric acid dealuminated Y
(DA(HNO30.5 h)-Y)), respectively. Each powder was soaked in excess
deionised water for at least 72 hours under ambient condition, with
the dynamics of the imbibed water interrogated using 1H NMR
relaxation and diffusion measurements. All time domain NMR
measurements were performed at the default spectrometer tem-
perature of 28 °C, with each sample placed within the magnet bore
for at least 20 minutes prior to analysis to attain thermal
equilibrium.
1H NMR relaxation time measurements were performed using a
standard T1 � T2 correlation pulse sequence,

[75] comprising an
inversion recovery component followed by a CPMG echo train. For
water-saturated zeolite systems the indirect (T1) dimension was
encoded using m ¼ 32 logarithmically spaced t recovery times
between 100 μs and 15 s, while the direction (T2) dimension was
acquired from the magnitude of n ¼10,000 spin echoes, separated
by an echo time of te ¼200 μs. Each correlation measurement took
approximately 1 hour to complete and included 8 repeat scans
separated by a recycle delay of 15 s. For the measurement of bulk
(unrestricted) water, the indirect dimension was encoded using
m ¼16 logarithmically spaced t recovery times between 1 ms and
30 s, while the direct dimension was acquired using n ¼15,000
echoes separated by te ¼1 ms; 4 repeat scans were employed
separated by a recycle delay of 30 s, with the measurement taking
approximately 20 minutes. In each case, the magnitude of each
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echo Sðt; nteÞ was acquired as single data point with no spectral
resolution.

The acquired NMR relaxation data may be described by a Fredholm
integral equation of the first kind according to Eqn. 2,[76]

S t; nteð Þ

S ∞; 0ð Þ
¼

ZZ

K t; T1; nte; T2ð ÞF T1; T2ð Þ d

log T1ð Þ dlog T2ð Þ þ e t; nteð Þ:

(2)

Here, Sðt; nteÞ=Sð∞; 0Þ is the normalised echo magnitude, while
eðt; nteÞ represents the noise, assumed Gaussian with zero mean.
The function Kðt; T1; nte; T2Þ describes the expected form of the
measured relaxation processes, with the form depicted in Eqn. 3,[77]

K t; T1; nte; T2ð Þ ¼ 1 � 2exp
� t

T1

� �� �

exp
� nte
T2

� �

: (3)

Finally, FðT1; T2Þ represents the desired 2D distribution of T1 and T2
relaxation time constants; distributions were obtained by applying
a numerical inversion to the acquired NMR relaxation data
according to the above expressions. Stability of the inverted
distributions in the presence of noise was achieved through the use
of Tikhonov regularisation,[78] with the magnitude of the smoothing
parameter chosen according to the Generalised Cross-validation
method.[51] The inversion algorithm was written in MATLAB (Math-
Works Inc) and first implemented by Mitchell et al.[79] and the
resulting distributions were limited to (200×200) values within the
range 10� 4; 101f g s.
1H pulsed field gradient (PFG) NMR diffusion measurements were
performed using the pulsed gradient stimulated echo (PGSTE)
sequence.[80] The self-diffusion coefficient D of water interacting
with zeolite H� Y was obtained by fitting the acquired signal
attenuation data to Eqn. 4,[80]

S gð Þ
S 0ð Þ

¼ expð� bDÞ: (4)

Here S 0ð Þ is the NMR signal in the absence of any applied field
gradient, while S gð Þ is the corresponding signal in the presence of a
gradient of magnitude g. The b-factor is obtained according to
Eqn. 5,

b ¼ g2g2d2 D �
d

3

� �

; (5)

where g is the 1H gyromagnetic ratio, while d and D are the
gradient pulse duration and observation time, respectively. To
assess the diffusion of water within DA(HNO30.5 h)-Y, however, it
was necessary to employ a bi-exponential fit of the form seen in
Eqn. 6,

S gð Þ
S 0ð Þ

¼ p1exp � bD1ð Þ þ p2exp � bD2ð Þ; (6)

where the diffusion coefficients D1 and D2 describe signal
attenuation rates at small and large b, respectively, while p1 and p2
indicate the relative populations characterised by these values. All
PFG diffusion measurements were performed by holding d=1.5 ms
and D=100 ms constant while linearly varying g. Each measure-
ment took approximately 1 hour to complete and included 8 repeat
scans separated by a recycle delay of 15 s.

Catalytic cracking of 1,3,5-tipb in continuous flow

Cracking of 1,3,5-TIPB was performed in a continuous fixed-bed
flow reactor at 1 bar. 0.1 g of catalyst was placed in a stainless steel
reactor tube between quartz wool plugs and in thermal contact
with a K-type thermocouple. Catalysts were activated in flowing N2
(50 mL.min� 1) at 500 °C for 3 h, then cooled (20 °C.min� 1) to 350 °C.
1,3,5-triisopropylybenzene (95%, Sigma Aldrich) was then fed into
N2 stream at a liquid flow rate of 0.08 mLmin

� 1 using a HPLC pump
for 180 min. Reaction products were periodically passed through an
ice-water bath to trap condensables, with a heated transfer line
(150 °C) taking gaseous products for online analysis by a HP 5890
Series II gas chromatograph (GC) equipped with a flame ionisation
detector (FID) and thermal conductor detector (TCD). Analysis was
carried out in a series configuration over a Molesieve column
connected to the TCD and a PLOT Q column connected to the FID
(Table S2). A refinery gas standard containing C1–C6 molecules
(RESTEK, Table S3) was used for calibration, with corresponding
chromatograms shown in Figure S1. A schematic diagram of the
reactor is shown in Figure S2. The reactor was purged with N2 for
30 min before and after reactions. Qualitative and quantitative
liquid products analyses were performed by an Agilent 6890GC and
Shimadzu 2014GC-FID, respectively. 0.2 g of liquid product col-
lected at different time-on-stream (TOS) was dissolved in 10 mL of
dichloromethane (CH2Cl2, Sigma–Aldrich) to produce 2 mL aliquots
for quantitative analysis over a Rtxi-1HT capillary column
(15 m×0.25 mm×0.5 μm film thickness) using a He carrier gas, 1 μL
sample injection and 150 :1 split ratio. The GC oven was isothermal
at 40 °C for 1 min, then ramped to 180 °C (15 °C.min� 1), with injector
and detector temperatures of 260 °C and 280 °C respectively. For
qualitative analysis, Agilent GC-6980MS equipped with an Rtx-
200MS (30 m length, 0.25 mm ID, 0.5 μm film thickness) column
was used. Sample injection volume and split ratio were kept at 1 μL
and 100 :1 respectively. Injector and detector temperatures were
maintained at 220 °C and 285 °C respectively. The oven temperature
was increased from 40 °C held for 5 min to 250 °C at a rate of
10 °C.min� 1. Liquid products including 1,3-diisopropylbenzene, 1,4-
diisopropylbenzene, isopropylbenzene (IPB, cumene) and benzene
were calibrated by analytical standards (Sigma–Aldrich) alongside
1,3,5-triisopropylbenzene.

Catalytic cracking of LDPE in continuous flow

Cracking of powdered LDPE (Alfa Aesar, <400 μm, melting point
104–138 °C) dissolved in toluene was carried out in the above
continuous fixed-bed flow reactor under N2 (100 mL.min

� 1). Prior to
reaction, the reactor was heated from 30–500 °C (ramp rate
10 °C.min� 1) for 3 h to activate the catalyst, and then cooled to
380 °C. LDPE dissolved in toluene (2 wt.%) was fed into a preheating
zone using an HPLC pump, where it underwent vaporisation in the
nitrogen stream. The weight hourly space velocity (WHSV) was
212 gLDPE/toluene.gzeolite

� 1.h� 1. Reaction products were periodically
passed through an ice-water bath to trap condensables. Gas and
liquid products were analysed by GC as described above. Control
experiments were performed with pure toluene to identify
potential products from its conversion; under our reaction con-
ditions, minimal C5–6 paraffins or olefins were formed by toluene
cracking, however liquid aromatic products of toluene disproportio-
nation (benzene, toluene, ethylbenzene and xylenes) were ob-
served. Carbon mass balances were calculated on a molar basis
considering the products from LDPE cracking and pure toluene to
eliminate possible solvent effects on LDPE cracking. Ultimate
analysis of carbon, hydrogen and nitrogen for the virgin LDPE
powder shown in Table S4 provided the precise composition for
accurate mass balance calculation. Mass balances were >95% in all
cases.
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Conversion, product yield and selectivity for TIPB and LDPE cracking
were calculated from Equations 7–11:

TIPB conversion; XTIPB %ð Þ ¼

TIPB in feed � TIPB in product
TIPB in feed

� 100
(7)

LDPE conversion; XLDPE %ð Þ ¼

total moles carbon in all products
moles carbon in initial LDPE � 100

(8)

Product selectivity; S %ð Þ ¼
product yield
TIPB conversion� 100 or

carbon moles in product
carbon moles in total products� 100

(9)

Product yield; Y %ð Þ ¼

moles carbon in product
moles carbon in feedstream or initial LDPEð Þ

� 100
(10)

Weight hourly space velocity;

WHSV h� 1ð Þ ¼
mass flow rate of feed

mass of catalyst
(11)
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