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Zeolites and related crystalline molecular sieves are utilised in a wide range of reactions and processes due

to their regular microporous structure, strong acidity, shape selectivity and ion-exchange properties.

However, their practical applications can be limited by the small size of the channels and cavities of the

microporous structures, and therefore, a great deal of effort has been devoted to enhancing the

transport of large-sized molecules in the host pores. Several commercially available zeolites, including

faujasite (FAU), mordenite (MOR), beta (BEA), ZSM-5 (MFI) and zeolite L (LTL), have been exposed to

a variety of acid and base treatments in the presence of a surfactant (cetyltrimethyl ammonium bromide,

CTAB), which led to the controlled introduction of intracrystalline mesoporosity. The detailed

characterisation of the obtained mesostructured zeolites has been carried out using FTIR spectroscopy,

high resolution TEM, XRD, N2 adsorption, 29Si and 27Al MAS NMR. This work demonstrates a successful

application of the supramolecular templating approach for generating tuneable mesoporosity in a range

of zeolites possessing 12-membered ring channels, which has been applied to zeolite L for the first time,

thus producing hierarchical meso-microporous materials with improved accessibility of active sites and

enhanced catalytic performance in dealkylation of tri-isopropylbenzene.
1 Introduction

Zeolites are crystalline microporous materials with well-dened
structures built of corner-sharing SiO4 and AlO4 tetrahedral
units, which are linked by oxygen atoms that create a variety of
channels and cages, which are highly uniform in size and
shape. As the dimensions of the channels are such that they
adsorb molecules of a certain size, these materials are known as
molecular sieves and are widely used in a variety of applications,
including separation, adsorption and selective catalysts.1,2 The
reported zeolite pore topologies of interest in catalysis are
formed by 1D, 2D or 3D pore structures with the pores typically
comprising 8- (small pores), 10- (medium pores) or 12- (large
pores) membered rings (MR). Some of the active sites located
inside these pores, especially in the small and medium chan-
nels, are not accessible because of diffusional limitations and
size exclusion, which can lead to poor performance of zeolite
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catalysts, pore blockage and active site deactivation.3–7 An
alternative solution to address this issue is by preparing mes-
oporous MCM-41 and SBA-15-type materials with a 1.5–30 nm
pore range that could overcome some of the limitations asso-
ciated with zeolites. However, these materials exhibit weak
acidity, lack of hydrothermal stability and low crystallinity.4 At
the same time, sustained efforts have been devoted to designing
nano-sized zeolite crystals aiming to reduce the diffusion path
length, although, this approach may have limited large-scale
applications due to the high costs and practical difficulties
associated with handling and separating such materials from
the crystallisation mixtures.2,7 In recent years, a number of
strategies have been introduced in the eld of the synthesis of
well-dened hierarchical zeolites containing micro-, meso- and
macro-pores, such as the so-called bottom-up and top-down
approaches.4–19 These approaches for improving the accessi-
bility of active sites and transport efficiency rely upon the
presence of a hierarchy of pores in the zeolite crystals, which are
referred to as mesostructured or hierarchical zeolites. The
bottom-up procedure is based on employing either hard or so
templates, such as carbon nanotubes, polymers, and organic
structure directing agents to generate secondary mesopores in
the range 2–50 nm. The main disadvantages of this strategy are
the high cost of the template and some difficulties in removing
the organic species aer the hydrothermal synthesis, which
might affect the degree of structural order in the resulting
Nanoscale Adv., 2019, 1, 2029–2039 | 2029
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material. The second strategy involves post-synthesis deal-
umination or desilication of zeolite crystals utilising, for
instance, chemical etching and steaming. Among them,
although this strategy is a destructive approach that oen
generates extra framework fragments with ineffective pore size
control, the surfactant-templated mesostructuring approach
has been successfully commercialised.20–23

In the present contribution, zeolites with different structures
and chemical compositions are treated with a long-chain alkyl
quaternary amine cationic surfactant at controlled pH in order
to generate an intracrystalline network of mesopores without
causing excessive degradation of the zeolite structure, and
therefore, reduce transport limitations in the reaction involving
larger molecules.22 To evaluate the efficiency of the meso-
structuring process in the zeolites with different structures and
Si/Al ratios, extensive development work has been focused on
the preparation of hierarchical FAU, BEA, MOR, LTL and ZSM-5
zeolites by surfactant-templating. The detailed characterisation
of the parent and modied mesostructured zeolites was carried
out using XRD, N2 physisorption, solid-state NMR, and TEM as
well as FTIR spectroscopy.

2 Experimental section
2.1 Synthesis of hierarchical zeolites

Several series of hierarchical materials were prepared from
the parent FAU, BEA, MOR and MFI and LTL zeolites generally
by utilising a one-step procedure to introduce mesoporosity
into these materials. A base or an acid was used to initiate
either desilication or dealumination of the zeolite in the
presence of a cationic surfactant under controlled conditions.
The samples were washed, dried, and calcined at elevated
temperatures prior to the structural characterisation. The
obtained mesostructured zeolites were denoted as M-Zeolite-
i, where i refers to the extent or severity of the mesostructur-
ing treatment, which would depend on the concentration of
the acid or base and the temperature and duration of the
modication procedures.

Faujasite. Na-Y zeolite (FAU structure type, CBV100, Si/Al ¼
2.6) was purchased from Zeolyst International and modied to
obtain the hierarchical zeolite, following the procedure adapted
from ref. 24. In a typical preparation, 5.0 g of the commercial
faujasite was mixed with 50 mL of water and the pH of the slurry
was adjusted to �5.5–5.7 using few drops of dilute nitric acid
(Fisher Scientic, 70%). Then the slurry was stirred with 10%
citric acid (Fisher Scientic, 99.9%) using 1.5–9.0 milli-
equivalents of the acid per 1 g of the zeolite for 1 h at ambient
temperature. Aer centrifuging and rinsing with deionised
water, the acid treated material was recovered and dried for 1 h
at room temperature. The zeolite was re-slurried in a solution
containing 0.12–0.75 g of sodium hydroxide (Fisher Scientic,
99%) and 2.60 g of n-hexadecyltrimethylammonium bromide
(CTAB) (Alfa Aesar, 98%). The mixture was kept at 80–100 �C for
24 h. Next, the solid was recovered, washed and dried overnight.
To remove the template, �2 g of the sample was calcined in
a tube furnace in a ow of nitrogen at 450 �C (temperature ramp
of 1.5 �C min�1) for 1 hour and then in oxygen at 550 �C
2030 | Nanoscale Adv., 2019, 1, 2029–2039
(temperature ramp of 2 �C min�1) for 2 hours. Prior to the FTIR
and reaction studies, the sample was three-fold ion-exchanged
using 1 mol L�1 ammonium nitrate solution.

Mordenite and beta zeolites. The MOR (Zeolyst, CBV 21A,
Si/Al ¼ 10) and BEA (Zeolyst, CP814E Si/Al ¼ 12.5, CP814C Si/
Al ¼ 19, and CP811C-300, Si/Al ¼ 150) zeolites were modied
according to the procedure reported in ref. 25. 2 g of parent
MOR or BEA zeolites was calcined in a muffle furnace in air at
450 �C for 3 h, cooled to room temperature and then stirred in
50 mL of a basic solution of 0.13–0.5 mol L�1 tetramethy-
lammonium hydroxide pentahydrate TMAOH (Alfa Aesar,
98%). Next, 1–1.85 g of CTAB was added to this mixture. Aer
1 h, the synthesis mixture was placed into a Teon-lined
autoclave and heated to 150 �C using a CEM Mars 6 micro-
wave. The heating time was varied from 5 h to 18 h. The initial
ramp time was 20 minutes and the power output was limited
to 400 W. The product was ltered and washed with deionized
water, dried overnight and calcined in a ow of nitrogen at
400 �C (temperature ramp of 1.5 �C min�1) for 1 h and oxygen
at 500 �C (temperature ramp of 2 �C min�1) for 2 h.

ZSM-5 zeolite. The parent MFI (Zeolyst, CBV 3024E Si/Al ¼
15, CBV 5524G Si/Al ¼ 25, and CBV 8014 Si/Al ¼ 40) zeolites
were treated with 50 mL of a basic solution containing 0.2 mol
L�1 of sodium hydroxide and tetrapropylammonium
hydroxide TPAOH (Alfa Aesar, 1 mol L�1). 1 g of CTAB was
added to this mixture and stirred for 1 h at 80 �C. This
protocol followed the desilication method described in ref.
26. The resulting mixture was treated at 150 �C using micro-
wave irradiation for 8 to 16 h, according to the method
described above. The zeolite was ltered, washed and dried at
room temperature. The dried zeolite was subjected to a three-
fold ion-exchange with 0.5 mol L�1 ammonium nitrate solu-
tion at 60 �C for 1 h. Finally, the product was ltered, washed,
dried overnight and then calcined using the method
described for Na-Y.

Zeolite L. 3 g of NaK-LTL zeolite (Tosoh, HSZ-500KOA, Si/Al ¼
3.2) was slurried in 11 g of deionised water and treated with 0.2–
0.4 mol L�1 of sulphuric acid (Fisher Scientic, 70%) for 1 h. The
treated zeolite was then ltered and washed with hot deionised
water. The dealuminated zeolite was re-slurried in 20 g of water
and the pH of the slurry was adjusted to 7.0 using a sodium
hydroxide solution. The slurry was then treated with 0.1–0.2 g of
50 wt% sodium hydroxide in the presence of 1.40 g of CTAB at 80–
100 �C overnight. The solid product was isolated and three-fold
ion-exchanged with 0.5 mol L�1 ammonium nitrate solution at 40
�C for 1 h. Next, the zeolite was ltered, washed, dried at room
temperature and calcined using the method described for MOR.
2.2 Characterisation of hierarchical zeolites

Comprehensive structural characterisation of all the materials
utilised in this work was carried out using powder X-ray diffrac-
tion (XRD) patterns which were recorded on a Bruker D8 Advance
diffractometer with CuKa radiation at 40 kV and 40mA over the 2-
theta angle range of 5–60�. In addition, mesostructured catalysts
were characterised in the low 2-theta angle range between 1 and
13� using a low scan rate. The crystalline phases were matched by
This journal is © The Royal Society of Chemistry 2019
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comparing the XRD patterns of the catalysts with those reported
in the literature. The relative crystallinity of the mesostructured
materials was determined using Bruker EVA soware. In addition,
TM3000 (Hitachi) scanning electron microscopy (SEM) with
energy dispersive X-ray analysis (EDX, Bruker) was utilised to
obtain the elemental composition of the zeolites. The apparent
surface area of the catalysts was calculated using the BET model
for the P/P0 relative nitrogen pressure < 0.04; their micro- and
mesopore volume and the pore size distribution were computed
using the nonlinear density functional theory (NLDFT) model
applied to the adsorption branch of the isotherms obtained from
the nitrogen adsorption experiments carried out on a Quantach-
rom Autosorb instrument. The textural data were scaled to the
mass of the activated samples, which was determined by ther-
mogravimetric analysis (TGA). The TGA analysis was carried out in
owing nitrogen using a Rheometric Scientic STA 1500 instru-
ment; the sample weight change was measured as a function of
temperature (ramped from 20 to 500 �C at 10 �C min�1). Further
details are available in ref. 24.

TEM experiments were carried out using a FEI Tecnai G2 30 UT
LaB6 microscope operating at 300 kV and having 0.17 nm point
resolution.Weak beam conditions were used for TEM experiments
in order to prevent the degradation and artefacts in the samples.
TEM samples were prepared by dispersing them in ethanol and
transferring the dispersion onto a Cu holey carbon grid.

Solid-state NMR experiments were performed using a 500
MHz Bruker Advance III spectrometer operating at a Larmor
frequency of 130.3 MHz for 27Al and 99.3 MHz for 29Si.
Powdered samples were packed into 4 mm rotors. For 27Al MAS
NMR, spectra were acquired using a relatively short pulse length
of 1 ms (i.e., a selective pulse of 10�), a recycle delay of 1 s and
a spinning rate of 14 kHz. For 29Si MAS NMR, spectra were
acquired using a 30� pulse, a recycle delay of 20 s and a spinning
rate of 12 kHz. Chemical shis were referenced to 1 mol L�1

Al(NO3)3 for
27Al and to TMS for 29Si.

Comparative characterization of the Brønsted and Lewis
acid sites in zeolites was carried out using transmittance FTIR
measurements in the 6000–900 cm�1 spectral range utilising
pyridine adsorption. FTIR transmittance measurements were
performed at �80 �C using catalyst self-supported disks acti-
vated in an in situ IR cell at 450 �C for 5 h in a vacuum (10�5

torr, a temperature ramp of 1 �C min�1). FTIR spectra were
collected using a Thermo iS10 spectrometer at a 4 cm�1

resolution (0.96 cm�1 data spacing). The spectra were ana-
lysed using specialised Thermo soware, Omnic. An excess of
Py was admitted into the transmittance cell at 150 �C, in
a stepwise manner until no changes were observed in the
spectra. The saturated sample was then evacuated for 20 min
at 150 �C to remove physically adsorbed Py. The following
values of the molar absorption coefficients were applied for
Brønsted acid sites, BAS, 3(BAS, MFI) ¼ 1.08, 3(BAS, BEA) ¼
1.16, and 3(BAS, MOR) ¼ 1.34, and 3(BAS, FAU and LTL) ¼ 1.65
cm mol�1 (IR peak at �1545 cm�1) and for Lewis acid sites,
LAS, 3(LAS) ¼ 1.71 cm mol�1 (IR peak at �1455 cm�1). The
error margin for the acid site quantication was estimated to
be �5%.
This journal is © The Royal Society of Chemistry 2019
2.3 Reaction studies

The catalytic studies, utilising 1,3,5-tri-isopropylbenzene (TIPB,
Sigma-Aldrich, >95%) dealkylation as a reaction test, were
carried out in a conventionally heated high-pressure Mono-
wave-50 reaction system (Anton Paar) using specially designed
10 mL glass vials as batch reactors operating at elevated
temperature and pressure. In a typical reaction run, 0.2 g of the
zeolite catalyst was activated in an open reactor at 400 �C for 5 h,
cooled down to�100 �C and then mixed with 2 mL of TIPB. The
reactor was purged with nitrogen and sealed, and the temper-
ature was raised to 240 �C and kept for 1 h. Next, the reaction
mixture was cooled down to �0 �C and the liquid products were
isolated and analysed using GC-MS (see Table S1 in the ESI†).
From the repeated experiments, the estimated error of the
conversion measurements was �2%.
3 Results and discussion

XRD measurements have been performed in this study in order
to monitor structural changes in the zeolites treated with acids
or bases of different concentrations (Fig. 1–3 and S1, ESI†). It is
important to note that the apparent decrease in crystallinity
with increasing severity of the treatment conditions, as evi-
denced by the intensity of the XRD patterns, can be due to two
factors: the structural degradation of the “over-treated” zeolites
and the intracrystalline mesoporosity introduced as the result
of such treatment. XRD analysis reveals that themesostructured
zeolites maintain signicant crystallinity following their treat-
ment under relatively mild conditions; however, it decreases
signicantly with increasing severity of the acid or base treat-
ment. This suggests that the introduction of mesopores can be
achieved without a signicant loss of crystallinity, which is in
accord with previous reports.21,25–29 The results of low angle XRD
measurements (Fig. 2a, 3a and c) also demonstrate some level of
ordered pore arrangement in the mesostructured zeolites. In
the three series of materials prepared from the parent zeolites Y,
MOR and L, the intense peaks in the low 2-theta range (not
detected in the parent zeolites) can be indicative of the lamellar
or hexagonal ordering of the mesopores: at 2.5� (d-spacing �
3.47 nm) for mesostructured zeolite Y, at 2.23� (d-spacing� 3.95
nm) and 4.03� (d-spacing � 2.18 nm) for mesostructured mor-
denite, and at 2.0� (d-spacing� 4.39 nm) and 4.02� (d-spacing�
2.19 nm) for mesostructured zeolite L. However, no signicant
long-range ordering has been detected in zeolites BEA and ZSM-
5 aer this treatment. This is an important observation indi-
cating that there is a direct link between the zeolite micropore
size and the formation of the intracrystalline mesopores. It can
be suggested that the presence of 12-MR pores in the zeolite
framework (Table 1), which are accessible to the surfactant
species, would facilitate the formation of regular mesopores
during the surfactant-templated mesostructuring process. In
contrast, the 10-MR channels of the medium pore ZSM-5 zeolite
would be largely inaccessible for the surfactant. Thus, there is
no long-range ordering observed in the treated ZSM-5. With
regard to the BEA zeolite, there is no conclusive evidence for the
long-range ordering of the mesopores, which may be related to
Nanoscale Adv., 2019, 1, 2029–2039 | 2031
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Fig. 1 XRD patterns of the parent and treated BEA (a) and ZSM-5 (b) zeolites.

Fig. 2 Low-angle (a) and wide-angle (b) XRD patterns of the parent and treated Y zeolites. The starred peak indicates long-range ordering in the
mesostructured sample.
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the complexity of its structure. Zeolite beta consists of two
distinct polymorphs, A and B.30 The XRD patterns of the
commercial BEA samples utilised in this work correspond to
materials comprising �50% of polymorph A and 50% of poly-
morph B.31 The polymorphs intergrow as two-dimensional
sheets that randomly alternate forming a three-dimensional
framework with a 3D network of 12-MR pores. The intergrowth
of the polymorphs does not signicantly affect the pores in two
of the dimensions, but in the direction of the faulting, the pores
become tortuous, which may restrict the access of surfactant
species during the mesostructuring treatment. In addition, the
random nature of the intergrowth would prevent the formation
of ordered mesopores within the BEA structure.

An important insight into the formation of mesostructured
zeolites comes from high-resolution TEM (HRTEM) imaging
(Fig. 4). For the parent zeolites, particularly Na-Y, TEM data
demonstrate the nano-scale features of well-crystallised mate-
rials with sub-micron particle size. It appears that for the BEA
sample, large zeolite particles (�600 nm) consist of agglomer-
ates of single crystals about 40–50 nm in size, which is in
agreement with the dimension of crystalline domains (�40
2032 | Nanoscale Adv., 2019, 1, 2029–2039
nm) estimated from the line broadening in the XRD patterns
using the Scherrer equation. The high resolution images
demonstrate the presence of intracrystalline mesopores, con-
rming that the surfactant-templated mesostructuring proce-
dure was successful for large-pore zeolites. The pore size in
faujasite and BEA zeolites (Fig. 4a and b) ranges from 10 to 15
nm and from 5 to 8 nm, respectively. In the samples of MOR
and LTL zeolites (Fig. 4c and 5 respectively), the pore size is
signicantly smaller, 3–5 nm, in agreement with the nitrogen
adsorption data. Furthermore, arrays of parallel mesopores are
observed for the latter two zeolites, which would correspond to
the long-range order peaks detected in the XRD patterns at �2�

(d-spacing of�4 nm). In agreement with previous reports,21,24,32

the generated mesopores are clearly located in the MOR zeolite
crystals, conrming that a single step rearrangement process
takes place during the mesostructuring of a large-pore zeolite
in the presence of the cationic surfactant under mildly basic
treatment conditions in contrast to the recrystallisation
procedure, involving partial destruction and reassembly under
more severe conditions. Interestingly, in the case of LTL zeolite
(Fig. 5), mesopores are located in the exterior layer of the LTL
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Low-angle (a and c) and wide-angle (b and d) XRD patterns of the parent and treated MOR (a and b) and L (c and d) zeolites. The starred
peaks indicate long-range ordering in the mesostructured samples.

Table 1 Properties of the parent zeolites30

Zeolite
Si/Al molar
ratio

Ring size;
pore system Pore size (Å)

FAU 2.5 12-MR; 3D 7.4 � 7.4
BEA 12.5–150 12-MR; 3D 6.6 � 6.7 and 5.6 � 5.6
MFI 15–40 10-MR; 3D 5.1 � 5.5 and 5.3 � 5.6
MOR 10 12- and 8-MR; 1D 6.5 � 7.0 and 2.6 � 5.7
LTL 3.1 12-MR; 1D 7.1 � 7.1
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crystals resulting in the formation of a core–shell type structure
consisting of a microporous core and a mesoporous shell.
These ndings are also supported by recent research,33

combining in situ synchrotron XRD and ex situ gas adsorption
experiments, which indicates that during the formation of
mesopores in faujasites via surfactant-templating the crystal-
line structure of the zeolite remains largely intact. In contrast,
the two-step zeolite recrystallization process reported in ref. 34
is oen accompanied by the formation of amorphous silica or
silica-alumina. The main difference between these two
approaches is the introduction of a surfactant, such as CTAB,
during desilication of the zeolite framework. The mechanism
This journal is © The Royal Society of Chemistry 2019
proposed by Garcia-Martinez et al.32 indicates that as the FAU
zeolite is subjected to a basic treatment, the base initiates the
hydrolysis of the Si–O bonds generating negatively charged
defect sites, which attract cetyltrimethylammonium cations
(CTA+) of the surfactant molecule inside the zeolite crystal. As
the reaction proceeds, a system of ordered mesopores is
produced due to the micelles agglomerations within the indi-
vidual zeolite crystals. Our data indicate that this process is
relatively facile in the large-pore zeolites, FAU, BEA, MOR, and
LTL, but not in the medium-pore MFI structure. It should be
noted that for the unidimensional pore system of LTL, the
formation of mesopores is rather gradual as compared to the
more open pore structures, particularly FAU and BEA, thus
potentially affording an additional degree of control over the
specic features of the pore system in this material. For zeolites
BEA and ZSM-5 with a wide range of Si/Al ratios, the amount of
mesoporosity generated in BEA is signicantly greater than
that in ZSM-5 (Fig. 4b and S1†). It appears the surfactant
species cannot penetrate inside the ZSM-5 crystals due to the
small size of the 10-MR pores (Fig. 6). The desilication process
for ZSM-5 is more pronounced on the external surface of its
crystals under the relatively mild conditions utilised in this
work (Fig. S2b†). Desilication (and dealumination) also takes
Nanoscale Adv., 2019, 1, 2029–2039 | 2033
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Fig. 4 Bright field low magnification TEM (top) and HRTEM (bottom)
images for the parent (left) and modified (right) zeolites: (a) Y, (b) BEA
and (c) MOR. Bright contrast pores inside the crystallites are clearly
visible and marked with white arrows.

Fig. 5 Bright field TEM and HRTEM images of modified L viewing
along two orthogonal directions (a) and (b). Higher magnification TEM
image of a single rectangle L particle (c) and enlargement image of the
edge (marked with a white rectangle) are given as inserts. The aligned
pores (bright contrast) on the surface of the L crystal are observed
from both directions.

2034 | Nanoscale Adv., 2019, 1, 2029–2039
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place on the external surface and the grain boundaries of fau-
jasite and zeolite beta (Fig. 4a and b).

Further evidence of well-denedmesoporosity in the studied
large-pore zeolites is provided by the N2 adsorption–desorption
data (Fig. 6 and S2c†), which show very different isotherm
proles for the parent (type I) andmesostructured samples (type
IV). For all the modied zeolites, a type H4 hysteresis loop is
observed (less evident for ML-1), which is typical of mesoporous
zeolites possessing a bimodal pore size distribution owing to
the presence of both meso- and micropores.25,35 Indeed,
a detailed analysis of the connectivity between mesopores and
micropores in the mesostructured faujasites conducted using
both nitrogen and argon adsorption at different temperatures
with hysteresis scanning has demonstrated the presence of
interconnected intracrystalline meso- and micropores in these
materials.32,36 In agreement with the TEM data, MY-1 and
MBEA-1 materials exhibit a signicant nitrogen uptake at
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 N2 adsorption–desorption isotherms of the parent and modified zeolites: (a) Y, (b) BEA, (c) MOR and (d) L.
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relative pressures higher than 0.5 indicating the presence of
larger mesopores as compared with MMOR-1 and ML-1.

Table 2 summarises the Si/Al molar ratios and the N2 phys-
isorption results of the studied zeolites. The textural properties,
such as the total surface area and the pore volume of the hier-
archical zeolites, depend on the concentration of the acid or
Table 2 NMR, XRD and N2 adsorption–desorption characterisation
data for the parent and modified zeolites

Zeolite
Si/Al
(SEM)

Si/Al
(NMR)f

Crystallinity
(%)

SBET
(m2 g�1)

Vmicro

(cm3 g�1)
Vmeso

(cm3 g�1)

NaY 2.6 2.6 99 855 0.33 0.04
MY-1a 4 3.1 65 830 0.21 0.28
MY-2 4.5 — 42 605 0.15 0.34
BEA 19 12.7 98 695 0.26 0.06
MBEA-1 15 9.9 81 740 0.2 0.12
MBEA-2b 10 — 70 810 0.16 0.25
MOR 10 9.3 93 488 0.20 0.03
MMOR-1 8.5 6.3 77 600 0.14 0.18
MMOR-2c 7 — 67 630 0.10 0.25
ZSM-5 40 — 97 423 0.20 0.03
MZSM-5-1 35 — 90 475 0.20 0.10
MZSM-5-2d 32 — 85 500 0.18 0.15
KL 3.1 2.8 94 300 0.15 0.08
ML-1 4.4 3.3 74 380 0.11 0.17
ML-2e 5.8 3.9 59 490 0.07 0.28

a Treatment of NaY with 6 meq. g�1 (milliequivalent) of citric acid for
MY-1 and 9 meq. g�1 for MY-2. b [TMAOH] was 0.15 mol L�1 for
MBEA-1 and 0.5 mol L�1 for MBEA-2. c The high temperature
treatment time was 5 h for MMOR-1 and 15 h for MMOR-2. d The
high temperature treatment time was 9 h for MZSM-5-1 and 16 h for
MZSM-5-2. e 0.2 mol L�1 H2SO4 was used for ML-1 pretreatment and
0.4 mol L�1 H2SO4 was used for ML-2. f For zeolites with the ratio of
Si/Al > 10, particularly BEA with a large number of Si–OH groups, the
(Si/Al)NMR values are overestimated probably by up to 25%.

This journal is © The Royal Society of Chemistry 2019
base used in the treatment and the type of surfactant as well as
the contact times. In the basic media, some of the Si–O–Si
bonds are opened producing negatively charged sites in the
zeolite structure that are balanced by the cationic surfactant
species. Thus, the combination of a surfactant and a base is
essential for protecting the zeolite structure from excessive
desilication. This treatment is successful for medium and high
silica zeolites including MOR and BEA (Si/Al� 8–20), but not for
the low silica zeolites (Si/Al � 1–5). This can be attributed to the
difficulty of breaking the Si–O–Al bonds under basic conditions,
and hence, using an extra pre-treatment step with an acid is
important. A dilute acid, such as citric or sulphuric acid, can
initiate the dealumination process by breaking the O–Al bonds.
The role of this pretreatment is to create a sufficient number of
defects in the zeolite structure, which would facilitate the
formation of signicant mesoporosity in the acid-treated zeolite
through subsequent surfactant-templating. In agreement with
the literature,33,36 the external surface area and the volume of
mesopores both increase with increasing alkali or acid
concentration, time or temperature of the treatment, while the
micropore volume is largely conserved (see Table 2, Fig. S3 and
S4†). Mesostructured zeolites obtained in the presence of CTAB
have more than double pore volume and high crystallinity due
to the controlled introduction of the intracrystalline mesopores,
generally without noticeable formation of amorphous silica or
aluminosilicate, which is in contrast to the materials prepared
utilising NaOH or KOH without the surfactant that are generally
characterised by low crystallinity and a broad pore size
distribution.37

Zeolite acidity, including the type, concentration, strength,
and accessibility of active sites, can be characterised by
employing FTIR spectroscopy.38,39 Pyridine has been used in this
study in order to determine the number of Brønsted (B) and
Nanoscale Adv., 2019, 1, 2029–2039 | 2035
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Fig. 7 The spectra of pyridine adsorbed on the parent MOR zeolite (a)
and modified sample MMOR-1 (b).
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Lewis (L) acid sites. Our FTIR data demonstrate that the
formation of surface defects upon the treatment with basic
surfactant solution is correlated with the loss of some Brønsted
acid sites and an increase in the L/B ratio (see Table 3, Fig. 7 and
S5†). For all the studied zeolites, this is accompanied by the
formation of terminal SiOH groups characterised by the
infrared peak at�3745 cm�1 (Fig. 7 and S5†), in agreement with
the data reported previously.40 The intensity of the bridging
hydroxyl peak at�3610 cm�1 decreases very signicantly for the
mordenite samples, whereas for other zeolites, only a modest
change in intensity is observed.

Further characterisation of the coordination and local
structure of Al and Si atoms in the studied zeolites has been
conducted using 27Al and 29Si MAS NMR. 27Al MAS NMR spectra
of the treated MY-1 and ML-1 zeolites presented in Fig. 8 reveal
that the treatments did not result in the formation of octahedral
Al extra-framework species with a chemical shi d � 0 ppm in
these materials aer the treatment. The bulk of Al remains in
tetrahedrally coordinated framework positions characterised by
the chemical shi values from d ¼ 60 to d ¼ 54 ppm, which are
indicative of the changing local environment of Al in the
different materials.41 The amount of extra-framework species (d
� 0 ppm) displayed by MBEA-1 increases signicantly following
the surfactant-templated treatment, whereas for MZSM-5-1 and
MMOR-1 only a small increase is detected. In addition, the NMR
spectra of the mesostructured FAU, LTL and MOR zeolites show
noticeable signal broadening for the framework Al species,
which is indicative of the increasing disorder of the local
aluminium environment resulting from the pretreatment
procedure (see Fig. S6a–d†). From the comparison of our NMR
and FTIR data, it can be concluded that these distorted tetra-
hedral Al species may be coordinated by Py molecules
producing Py-LAS complexes observed in the infrared spectra.
This phenomenon, which is particularly evident for the hier-
archical FAU and LTL samples, is probably facilitated by the
formation of mesopores and enhanced accessibility of the sites
resulting from themesostructuring treatment in the presence of
the surfactant.

The Si/Al framework ratio in the studied zeolites has been
monitored by 29Si MAS NMR (Table 2). The surfactant-tem-
plated modication of zeolites Y and L resulted in increasing
Table 3 The concentration of acid sites in the activated ammonium
exchanged zeolites

Zeolite CB, m mol g�1 CL, m mol g�1 CL/CB ratio

NH4-Y 862 48 0.06
MY-1 689 91 0.11
NH4-BEA 409 105 0.26
MBEA-1 397 406 1.02
NH4-ZSM-5 328 29 0.09
MZSM-5-1 281 57 0.20
NH4-MOR 864 122 0.14
MMOR-1 337 149 0.44
NH4-L 515 165 0.32
ML-1 349 286 0.82

2036 | Nanoscale Adv., 2019, 1, 2029–2039
signal intensity for the Si(0Al) and Si(1Al) sites at ��107 and
�101 ppm, whereas the Si(2Al) and Si(3Al) signals at ��96 and
�91 ppm decrease. The generation of Si(0Al) and Si(1Al) sites
during the zeolite treatment is characteristic of dealumination
of these materials. In contrast, the 29Si MAS NMR spectra of BEA
and MOR zeolites show clear evidence of desilication as the
intensity of the Si(0Al) decreases following the mesostructuring
treatment (Fig. S7†).41–43

The TIPB conversion data of both parent and modied
zeolites are presented in Table 4 (the product selectivity values
are available in Table S2†). It has been shown that the activity of
zeolite based catalysts in this reaction is determined by the
accessibility of BAS to the bulky TIPB molecules.18,44 Our results
demonstrate that the TIPB conversion increases on all zeolites
following the mesostructuring treatment. The major liquid
dealkylation products are 1,3- and 1,4-di-isopropylbenzenes for
all the studied catalysts, and a small amount of mono-iso-
propylbenzene has been detected for both faujasites, which are
the most active catalysts as they possess the more open pore
systems with the largest pore apertures, and hence, the greatest
number of accessible acid sites. Beta zeolites are the second
most active pair, which can also be attributed to their open pore
structure. Interestingly, a very signicant increase in activity is
shown by the M-LTL-1 and M-MOR-1 materials indicating the
potential of the applied pore-opening procedure for enhancing
the accessibility of the acid sites in zeolites with the unidi-
mensional system of micropores.

In summary, our results demonstrate a successful intro-
duction of uniform mesopores into the crystals of zeolites BEA,
FAU, LTL and MOR via surfactant templating. The intra-
crystalline character of mesoporosity and long-range ordering
have been previously conrmed for faujasite type materials
using TEM, XRD and adsorption studies.32,45,46 Our results
extend this work to a number of large-pore zeolites and provide
further evidence for the intracrystalline nature of the generated
micro-mesoporous materials, rather than the co-existence of
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00004f


Fig. 8 The 27Al MAS NMR spectra of the parent (black lines) and hierarchical (red lines) zeolites: (a) Y, (b) BEA, (c) MOR and (d) L.

Table 4 The conversion of TIPB over the activated ammonium forms
of the parent and mesostructured zeolite catalysts

Zeolite
TIPB conversion,
%

NH4-Y 35
MY-1 54
NH4-BEA 12
MBEA-1 17
NH4-ZSM-5 2
MZSM-5-1 6
NH4-MOR 2
MMOR-1 9
NH4-L 1
ML-1 13
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a microporous crystalline zeolite and a mesoporous amorphous
silica in a composite mixture. This is based on direct informa-
tion obtained from the TEM images of these materials and the
shape of the H4 hysteresis loop observed in nitrogen adsorp-
tion–desorption experiments, which is indicative of the inter-
connected system of micro- and mesopores. Our reaction
studies on the transformations of bulky molecules (TIPB deal-
kylation data reported in Table 4 and aldol condensation results
to be presented in a forthcoming paper) also conrm the
improved accessibility of strong acid sites in the mesostruc-
tured zeolites. It can be concluded that the surfactant species
play a key role in the formation of regular intracrystalline
mesopores and protection of the zeolite framework against
excessive desilication and dealumination during the
This journal is © The Royal Society of Chemistry 2019
mesostructuring process, which is in contrast to the treatment
of zeolites by a recrystallisation process that can lead to the
degradation and amorphisation of the zeolite structure whilst
generating a high degree of mesoporosity. In agreement with
previous reports,26,47,48 our data conrm that the treatment of
a zeolite in the presence of an organic surfactant in basic media
makes the mesostructuring procedure much more controllable
as compared to the severe leaching route utilising inorganic
basic solutions (e.g. sodium hydroxide solution) without
a surfactant, which generally leads to a signicant degradation
of the zeolite framework. It is important to note that the pres-
ence of a two- or three-dimensional pore system in some
zeolites, e.g. medium-pore ZSM-5, may not be sufficient for the
introduction of intracrystalline mesoporosity via the supramo-
lecular templating approach of ZSM-5. These types of zeolites,
with the pores comprising 10-MR windows, are resistant to the
surfactant-templating treatment, and hence, the potential
routes to enhancing their intracrystalline porosity are still
under investigation.49,50
4 Conclusions

Hierarchical materials with uniform intracrystalline mesopores
and strong acidity based on a number of industrially important
zeolites have been prepared by means of surfactant templated
post-synthesis modication of zeolites using a combination of
acid and base treatments in the presence of a surfactant, CTAB.
This methodology has been successfully applied for the prepa-
ration of a variety of well-dened mesostructured materials
from a number of industrially relevant large-pore zeolites. To
Nanoscale Adv., 2019, 1, 2029–2039 | 2037
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the best of our knowledge, it has been utilised for the rst time
for the LTL structure type. In contrast, the secondary porosity
introduced by this method does not show uniform mesopores
of tuneable size with 10-MR channels of ZSM-5 crystals. The
mechanism of the mesostructuring process is still incompletely
understood and the intermediate structures have not been
identied. A detailed understanding of the mesostructuring
processes would serve as a general guide to allow targeted post-
synthesis modication, yielding improved materials having
a direct impact on new catalytic applications, particularly
involving the transformations of bulky molecules.
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J. Pérez-Ramı́rez, Structural analysis of hierarchically
organized zeolites, Nat. Commun., 2015, 6, 8633.

16 M. V. Opanasenko, W. J. Roth and J. Cejka, Two-dimensional
zeolites in catalysis: current status and perspectives, Catal.
Sci. Technol., 2016, 6, 2467–2484.

17 D. Verboekend, T. C. Keller, M. Milina, R. Hauert and
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