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ABSTRACT: Mesoporous MCM-22 zeolite (meso-MCM-22)
has been prepared by treating MCM-22 with sodium hydroxide
solution through an organic amine-assisted reversible structural
change. The alkaline treatment conditions, such as temperature,
time, organic amine type, and its amount, were examined in detail.
The desilication with sole NaOH caused an easy collapse of the
crystalline structure of MWW topology. In contrast, the NaOH
treatment with the coexistence of piperidine introduced
mesopores of ∼20 nm into the MCM-22 crystals. Meanwhile,
the calcined MCM-22 with three-dimensional (3D) MWW
crystalline structure was converted to a 2D layered precursor
with a well retained framework. The acid sites related to framework aluminum cations were almost intact after mesopore
creation, as evidenced by pyridine or ammonia adsorption−desorption and 27Al NMR investigation. In comparison with MCM-
22, meso-MCM-22 possessed a larger external surface, which mitigated effectively the steric restrictions to bulky molecules
imposed by the intracrystal micropores. Meso-MCM-22 was superior to MCM-22 in the cracking of 1,3,5-triisopropyl benzene as
well as the alkylation of benzene with isopropyl alcohol.
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1. INTRODUCTION

Zeolite MCM-22, with the MWW topology,1 is structurally
close to aluminosilicates PSH-32 and SSZ-25,3 borosilicate ERB-
1,4 and silicalite ITQ-1.5 Derived from a lamellar precursor,
MCM-22 possesses an unusual crystalline structure consisting of
two independent and nonintersecting 10-membered ring (MR)
channel systems, that is, intralayer 2D sinusoidal channels and
interlayer channels containing 12-MR supercages. Moreover, it
possesses 12-MR half cups on the external surface. The unique
structure endows MCM-22 with attractive catalytic applications
in a variety of reactions. The 10-MR channels within the sheets
show unique shape selectivity for reactants and products, and the
12-MR supercages allow bimolecular reactions involving bulky
intermediates.6−9

With the purpose of applying MCM-22 to petrochemical and
fine chemical reactions involving bulky organic molecules, it is
desirable to make full use of the acid sites of interlayer supercages
and surface pockets. Chu et al. prepared a new microporous
mesoporous hybrid material of MCM-36 by swelling and pillaring
the MCM-22 lamellar precursor.10,11 On the other hand, Corma et
al. synthesized delaminated ITQ-2 made of MWW thin sheets by
treating swollen MCM-22 with ultrasound.12 Fung et al.
synthesized a material of very thin layers denoted as MCM-56,
a so-called partially delaminated material characterized by high
external surface area and open reaction space.13 These materials

show greatly enhanced activity in acid-catalyzed reactions involving
larger molecules, but it is still desirable to find new ways that can
eliminate the mass transfer limitation by introducing enlarged
pores into MCM-22 bulk crystals.
Alternatively, the mass transfer of molecules can be improved

by creating mesopores into the interior of zeolite crystals. The
mesopores are formed either by hydrothermal synthesis by using
hard or soft templates14,15 or by postsynthesis means, including
dealumination and desilication.16−18 Featured by inexpensiveness
and convenience in comparison to withcostly and complicated
direct syntheses, the postsynthesis methods not only introduce
mesopores into the zeolites effectively but also cost less. Steaming
dealumination is widely used to introduce mesopores into FAU
and MOR zeolites.19,20

Recently, the desilication by alkaline treatment was proven to
be a more effective and simple approach for introducing mesopores
into various zeolites, such as MFI,21 MTW,22 MOR,23 BEA,24

AST,25 FER,26 IFR,27 and STF.28 Those irregular mesopores are
created as a part of silicon atoms are preferentially removed from
zeolite crystals by alkaline treatment. Nevertheless, in some cases,
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mesopore formation is at the expense of crystalline structure
degradation as well as framework Al loss.
Peŕez-Ramiŕez et al. disclosed that the NaOH treatment can

introduce efficiently the mesopores with a more uniform and
narrower size distribution into ZSM-5 zeolites with well
preserved micropores in the presence of quaternary ammonium
cations (TPA+ or TBA+), as compared with treatment with
NaOH only.29 Their further investigation on the alkaline
treatment of pure silica zeolites verified that only when the
pore-directing agents were added, such as metal complexes
(Al(OH)4

−, Ga(OH)4
−) or quaternary ammonium cations

(TPA+), could the mesopores centered at 5−20 nm be
introduced, irrespective of vulnerable siliceous framework.30

They also pointed out that this kind of protective effect was not
observed when using quaternary cations that are able to enter
the micropores, for example, TMA+. The obtained zeolites with
a bimodal porosity, that is, micropores and mesopores, showed
enhanced catalytic activity, selectivity, and stability for a wide
range of reactions, including aromatization,31 isomerization,32

alkylation,23,33 methanol conversion,34,35 selective oxidation,36

and hydrodesulfurization37 as well as medicine and pesticide
synthesis reactions involving bulky molecules.38

The diffusion transport is expected to be improved if the
internal mesopores are introduced into zeolite MCM-22, which
would interconnect the sinusoidal intralayer channels and the
supercage-containing interlayer channels. Then a three-dimen-
sional pore network is formed, shortcutting the diffusion
distance and improving the accessibility of bulky molecules to
the active sites within supercages. Xu et al. showed a moderate
alkaline treatment on MCM-49 zeolite, an analogue of MCM-
22, resulted in an enhanced diffusion of large molecules and,
hence, better catalytic performance for liquid-phase alkylation
of benzene with ethylene than the parent MCM-49.39,40

However, considering the fact that the layered structure of
MWW zeolites with a pellet morphology does not bear a harsh
treatment with NaOH, more effective ways are desirable to
increase the surface areas contributed by mesopore formation
and then to make full use of the acid sites within supercages.
In this paper, we propose a new route to postsynthesize

mesoporous MCM-22 zeolites through a combination of
protective desilication and organic amine-assisted reversible
structural change, which overcomes shortcomings such as
structure collapse that encountered in conventional treatment
with NaOH only. The organic amines, originally serving as
structure-directing agents for MWW zeolite crystallization, can
enter intracrystal micropores to induce 3D-to-2D structural
conversion. The resulting materials with well characterized
physicochemical properties and structural features are promis-
ing catalysts for processing substrates with large molecular
dimensions.

2. EXPERIMENTAL SECTION
Material Preparation. Following previously reported

procedures,1 the lamellar precursor of MCM-22 aluminosilicate
was hydrothermally synthesized from colloidal silica (30 wt %
SiO2), sodium aluminate (40.52 wt % Na2O, 53.52 wt %
Al2O3), sodium hydroxide (96 wt %), deionized water, and
hexamethyleneimine (HMI, >98 wt %) as structure-directing
agent (SDA). A gel with a molar composition of 1.0 SiO2/
0.0167 Al2O3/0.05 Na2O/0.35 HMI/20 H2O was crystallized in
a Teflon-lined stainless autoclave under rotation (100 rpm) at
423 K for 5 days. The solid product was collected by filtration,
washed with deionized water, and dried at 353 K overnight,

giving rise to MCM-22 precursor. It was calcined at 823 K for
10 h to obtain MCM-22 with 3D MWW structure.
Mesoporous MCM-22 was postsynthesized by alkaline

treatment of directly calcined MCM-22. The alkaline treatment
was carried out at a solid-to-liquid weight ratio of 1:50 in 0.1 M
NaOH solution at a desirable temperature (338−443 K) for
different times (0.25−24 h) in the presence of organic amines
including piperidine (PI), HMI, pyridine, piperazine, tetrapro-
pylammonium hydroxide (TPAOH), or tetraethylammonium
hydroxide (TEAOH). The amount of added amine or
quaternary ammonium corresponded to 0.1−1.0 molar ratio
relative to the SiO2 in zeolite. The sample was collected by
filtration; washed with deionized water repeatedly until the pH
value reached ∼7; and, finally, dried at 353 K overnight. A
subsequent calcination was carried out on the alkaline-treated
samples in air at 823 K for 6 h to remove the organic species
occluded. The samples thus prepared are denoted as meso-MCM-
22. All samples were then ion-exchanged with 1 M NH4Cl
solution three times at 353 K for 2 h. The zeolites were converted
into proton form by calcination in air at 823 K for 6 h. For the
control experiment, MCM-22 was also treated with NaOH
solution using the same procedure but in the absence of any amine
or ammonium.

Catalyst Characterizations. The catalysts were charac-
terized by various techniques. X-ray diffraction (XRD) patterns
were recorded on a Rigaku Ultima IV X-ray diffractometer (35
kV and 25 mA) using Cu Kα radiation (λ = 1.5405 Å). N2
adsorption was carried out at 77 K on a BELSORP-MAX
instrument after outgassing the samples for 10 h under vacuum
at 573 K. The micropore size distribution was determined using
the Horvath−Kawazoe (HK) method. The mesopore size
distribution was determined by the Barett−Joyner−Halenda
(BJH) method from the desorption branches of the isotherms.
The crystal morphology and size were measured by scanning

electron microscopy (SEM) on a Hitachi S-4800 microscope.
Transmission electron microscopy (TEM) images were collected
on a JEOL JEM-2100 microscope operating at an accelerating
voltage of 200 kV. The samples were ground, dispersed in ethanol,
and deposited on the copper grids prior to observation.
The amount of Si or Al was quantified by inductively coupled

plasma (ICP) on a Thermo IRIS Intrepid II XSP atomic
emission spectrometer after dissolving the samples in HF
solution. TGA-DTG and CHN element analyses were carried
out with a Mettler Toledo TGA/SDTA851e instrument and an
Elementar Vario EL analyzer, respectively. The29Si and27Al
MAS NMR spectra were recorded on a Varian VNMRS 400WB
multinuclear solid-state magnetic resonance spectrometer.
Acidity was measured by NH3-TPD with a Micromeritics tp-

5080 apparatus equipped with a thermal conductor detector
(TCD). Typically, 100 mg of sample was pretreated in helium
stream (30 mL min−1) at 823 K for 1 h. The adsorption of NH3
was carried out at 323 K for 1 h. The catalyst was flushed with
helium at 373 K for 2 h to remove physisorbed NH3 from the
catalyst surface. The TPD profile was recorded at a heating rate
of 10 K min−1 from 373 to 823 K.
IR spectra were collected on a Nicolet NEXUS-FTIR-670

spectrometer at room temperature. A self-supported wafer (50
mg and Ø 2 cm) was set in a quartz IR cell sealed with CaF2
windows, where it was evacuated at 673 K for 2 h before the
pyridine adsorption. The adsorption was carried out by
exposing the wafer to a pyridine vapor (1.3 kPa) at room
temperature for 0.5 h. The physisorbed pyridine was then
removed by evacuation at 423 K for 1 h. Similarly, the IR
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spectra were measured using 2,6-di-tert-butylpyridine as probe
molecule to measure the surface acidity of zeolites.
Catalytic Reactions. 1,3,5-Triisopropyl benzene (TIPB)

cracking and benzene alkylation with isopropyl alcohol were
performed to evaluate the ability of the zeolite catalysts for
processing bulky molecules. The reactions were carried out
using a continuous flow system in a fixed-bed quartz reactor
(i.d., 15 mm) under atmospheric pressure using nitrogen as a
carrier gas. The catalyst was activated at 773 K in nitrogen flow
(30 mL min−1) for 1.5 h before the reaction. The reactor
temperature was then decreased to the reaction temperature,
where the reactant was fed into the reactor at a rate of 1.7 mL h−1.
The typical catalyst loading and flow rate of nitrogen carrier were
0.2 g and 30 mL min−1, respectively. The liquid products were
collected periodically with an ice/water cold trap at 273 K and
analyzed on a gas chromatograph (Shimadzu 14B, FID, FFAP
capillary column). In poisoning experiments, 2,4-dimethylquino-
line (DMQ) was cofed continuously at a rate of 100 μL h−1 into
the reactor together with the mixture of benzene and isopropyl
alcohol or 1,3,5-TIPB.

3. RESULTS AND DISCUSSION
Preparation of Meso-MCM-22 Materials. Figure 1 shows

the XRD patterns of MCM-22 and as-treated samples with

0.1 M NaOH solution in the absence or presence of PI at various
temperatures. The as-synthesized MCM-22 sample showed the
characteristic [001] and [002] diffraction peaks in the 2θ region
of 3−7° attributed to a layered structure along the c direction
(Figure 1Aa). In addition, this sample showed two well resolved
diffractions due to the [101] and [102] planes, which matched
well with the lamellar precursor of MWW topology.41 When the
precursor was subjected to a direct calcination at 823 K for 10 h,
the interlayer and intralayer occluded organic species were
removed, and the layer-related [001] and [002] reflections
almost disappeared or shifted to higher angles as a result of
dehydration/condensation of the interlayer hydroxyl groups.
Those peaks due to the [h00] and [hk0] indexes, for example,
[100] and [310], remained practically unchanged (Figure 1Ab),
indicating that the 2D lamellar precursor was transformed to the
3D MWW crystalline zeolite. However, the alkaline treatment
with 0.1 M NaOH solution at 338 K for 2 h made MCM-22 with
the 3D MWW structure decline in diffraction intensity
significantly (Figure 1Ac). The MWW structure-derived
diffractions almost disappeared with increasing alkaline treatment
temperature, indicating that the cyrstalline structure was

destroyed extensively (Figure 1Ad−h). The MCM-22 used in
alkaline treatment was synthesized at a Si/Al ratio of 30, which
was in the Si/Al ratio region considered suitable for creating
mesopores by desilication for other zeolites under similar alkaline
treatment conditions.21,23,42,43 However, with a layered structure
and thin platelet morphology (shown below), the MCM-22
crystals tended to be dissolved easily instead of a selective
desilication. The 3D MCM-22 zeolite consisting of the collection
of MWW sheets is relatively weak in interlayer linkages.44,45 This
kind of delicate structure is assumed to collapse and degrade
more easily under harsh alkaline conditions. Thus, to create
mesopores within MCM-22 crystals by post modification with
NaOH treatment, a protective desilication should be developed
to stabilize the MWW structure.
On the other hand, when MCM-22 was treated in 0.1 M

NaOH solution at 338 K for 2 h in the presence of PI, the XRD
pattern of the resultant sample was very similar to that obtained
with NaOH only (Figure 1Bc), indicating structure degradation
occurred at this temperature. Nevertheless, the diffraction
intensity increased gradually with an increase in the alkaline
treatment temperature to 443 K (Figure 1Bd−h). Especially,
when the alkaline treatment temperature went up to 423 K, the
layered structure-related [001] and [002] peaks were restored
in the 2θ region of 3−7° again (Figure 1Bg). In addition, the
sample as treated with NaOH in the presence of PI still showed
well-resolved diffractions due to the [100], [101], and [102]
planes assigned to well-ordered MWW sheets. Continuously
increasing alkaline treatment temperature to 443 K, a very
similar pattern but with more intensive [001] and [002]
diffractions was observed (Figure 1B h). A further calcination at
823 K for 6 h burned off the organic species occluded in the
channels and caused an interlayer dehydroxylation. The 3D
MWW structure was then restored with the layer-related [001],
and [002] diffractions disappeared. The XRD patterns of the
calcined samples prepared at 423 and 443 K showed a negligible
distinction from that of the parent MCM-22 in diffraction
intensity (see Figure S1 in the Supporting Information). The
above phenomena indicated that the MWW structure was
destroyed easily when MCM-22 was treated with NaOH solution
only or even with presence of PI at low temperatures, for example,
below 373 K, but it almost stayed intact when treated in the
presence of both NaOH and PI at 423 and 443 K. PI was assumed
to serve as a protective agent in the process of desilication with
NaOH. We once treated Ti−MWW hydrothermally with PI, but
in the absence of NaOH with the purpose to enhance its
hydrophobicity, and also observed this kind of structure change.46

Figure 2 shows the dependence of relative crystallinity of
NaOH-treated MCM-22 samples on the alkaline treatment
temperature in the absence or presence of PI. Here, the
crystallinity of the parent MCM-22 sample was assumed to be
100%. The relative crystallinity was estimated from the
intensities of the [100], [101], [102], and [310] reflections.
For the NaOH-treated MCM-22 samples prepared in the
absence of PI, the relative crystallinity monotonically decreased
with increasing alkaline treatment temperature and became
only 20% at 443 K (Figure 2a). On the other hand, the
crystallinity of the NaOH-treated sample prepared at 338 K in the
presence of PI decreased by a large degree compared with that of
the parent MCM-22, but afterward, the crystallinity increased
continuously at higher alkaline treatment temperatures (Figure
2b). The sample treated at 443 K was comparable to parent
MCM-22 in crystallinity, verifying that the coexistence of PI could

Figure 1. XRD patterns of MCM-22 samples as treated with 0.1 M
NaOH solution in the absence of PI (A) and in the presence of PI (B).
MCM-22 precursor as-synthesized at Si/Al = 30 (a), directly calcined
MCM-22 (b), and the samples obtained by treating calcined MCM-22
at 338 (c), 358 (d), 373 (e), 393 (f), 423 (g), and 443 K (h). The
treatment was carried out at a PI/SiO2 ratio of 1.0 if PI was added.
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stabilize the MWW framework against extensive dissolution during
alkaline treatment of MCM-22.
The above results showed that MCM-22 with the 3D MWW

topology was possibly converted to a 2D MWW layered
precursor with the assistance of PI, a typical SDA for
crystallizing and constructing the MWW structure. One may
be concerned that this phenomenon is just a result of full
dissolution of the MCM-22 crystals by NaOH and subsequent
renucleation and recrystallization with the assistance of PI. To
rule out that the MWW sheets were not destroyed in basic
media in the presence of PI, we have thus traced the
desilication process in detail, especially at the initial stage.
Figure 3 shows the XRD patterns of the samples prepared by

treating calcined MCM-22 with 0.1 M NaOH solution at a PI/
SiO2 ratio of 1.0 and at 443 K. Within a relatively short alkaline
treatment time (15 - 40 min), the obtained samples still showed
well-resolved diffractions due to the [100], [101], and [102]
planes as a result of the ordered MWW sheets (Figure 3b, c),
indicating that a structural degradation did not take place in the
solution of NaOH and PI. Although they were still characteristic of
the 3D MWW structure, the layer structure-related [001] and
[002] diffractions emerged. When the alkaline treatment time was
prolonged to 1 h, the [001] and [002] diffractions were obviously
developed (Figure 3d), implying that MCM-22 was converted to a
2D layered precursor. The alkaline treatment time did not show
any obvious influence on the intensity of [001] and [002] diffract-
ions from 1 to 24 h (Figure 3e−g), indicating the structural
change was almost completed within 1 h, and the structural

transformation to other phases hardly took place. After calcination
at 823 K for 10 h, the layer-related [001] and [002] reflections
disappeared or shifted to higher angles as a result of interlayer
condensation as the 3D MWW structure was restored (see Figure
S2 in the Supporting Information). The diffraction intensity was
very comparable during whole desilication process from 15 min to
24 h. These results confirmed that the fundamental structure of
the MCM-22 was not destroyed but kept almost intact, even after
the alkaline treatment for a prolonged time of 24 h, and also
denied the possibility of MCM-22 crystals’ dissolving as well as
renucleation and recrystallization. It is then deduced that the PI
exhibited a kind of protective effect on the MWW framework in
the process of desilication.
Using the same parent MCM-22 sample, we further

investigated the effect of the amount of PI on desilication
and structural conversion. As shown in Figure 4A, the [001]
and [002] diffractions due to the layered structure were developed
until the PI/SiO2 molar ratio reached 1.0. At a lower PI/SiO2 ratio
of 0.1, the diffractions decreased slightly (Figure 4Aa). After

calcination at 823 K for 6 h, the 3D MWW structure was restored.
The diffractions peaks increased in intensity with increasing PI
amount (Figure 4B). Figure S3 shows the dependence of relative
crystallinity on the PI/SiO2 ratio. The crystallinity of NaOH-
treated MCM-22 samples increased continuously with increasing
PI/SiO2 molar ratio. This also evidenced that PI played a
stabilizing effect on the MWW framework.
To further investigate the effect of the type of amine or

quaternary ammonium on the formation of meso-MCM-22, we
treated calcined MCM-22 in 0.1 M NaOH solution in the
presence of PI, HMI, pyridine, piperazine, TPAOH, or
TEAOH. The added amount of amine corresponded to a 1.0
molar ratio relative to SiO2 in zeolite. Supporting Information
Figure S4 shows the XRD patterns of the samples treated at
443 K for 2 h in various organic amines before and after
calcination. Similar to PI, treating 3D MWW with NaOH
solution in the presence of HMI also led to a structure showing
the layered-related [001] and [002] peaks (Supporting
Information Figure S4A, c). Further calcination at 823 K for
6 h also made the layered structure convert to a 3D MWW
structure, showing the pattern with a comparable intensity to
parent MCM-22 (Supporting Information Figure S4B, c).
However, when the alkaline treatment was carried out in the
presence of pyridine or piperazine, which also possessed cyclic
molecular shapes (6 MR) like PI or HMI, a destruction
occurred to a certain degree, as evidenced by less-intensive
XRD patterns, without a structural conversion to a 2D
precursor (Supporting Information Figure S4Ad and e). They
showed an obviously different effect from PI and HMI in the

Figure 2. The dependence of relative crystallinity of NaOH-treated
MCM-22 samples on the treatment temperature in the absence (a) or
presence (b) of PI. The crystallinity was measured from the reflection
intensity of the [100], [101], [102], and [310] planes after the NaOH-
treated samples were calcined at 823 K.

Figure 3. XRD patterns of calcined MCM-22 (Si/Al = 30) (a) and the
samples obtained by treating calcined MCM-22 in 0.1 M NaOH
solution at PI/SiO2 of 1.0 and at 443 K for 15 min (b), 40 min (c), 1 h
(d), 2 h (e), 8 h (f), and 24 h (g). The NaOH-treated samples were
uncalcined.

Figure 4. XRD patterns of calcined MCM-22 (Si/Al = 30) (a) and after
treatment in 0.1 M NaOH solution at 443 K for 2 h and at PI/SiO2 ratios
of 0.1 (b), 0.3 (c), 0.5 (d), 0.7 (e), and 1.0 (f). The NaOH-treated
samples were uncalcined (A) and further calcined at 823 K (B).
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alkaline treatment of MCM-22 with NaOH solution. The
alkaline treatment in the presence of TPAOH or TEAOH made
the MWW structure-related diffractions disappear completely
while only developing a broad peak at 2θ of 25.9° in the XRD
patterns (Supporting Information Figure S4Af and g). The
MWW structure was totally destroyed in these strong basic
media. Thus, only PI and HMI possessed a stabilizing effect for
the MWW structure. Considering the fact that both PI and
HMI are capable of serving as SADs in hydrothermal synthesis
of MCM-22, in post desilication process, there existed a kind of
structural recognition between the guest molecules of organic
amines and the host zeolite avoiding structure collapse, which
then resulted in a protective desilication.
Characterizations of Meso-MCM-22 Materials. Com-

bining the above experiment results, the conditions used to
prepare meso-MCM-22 for following characterizations were as
follows: the alkaline treatment was conducted at a solid-to-
liquid weight ratio of 1:50 in 0.1 M NaOH solution at 443 K for
2 h in the presence of PI or HMI. The added amount
corresponded to a 1.0 molar ratio relative to the SiO2 in zeolite
(for others, see the Experimental Section). Figure 5 shows the

N2 adsorption/desorption isotherms of the parent MCM-22
and meso-MCM-22. The parent MCM-22 exhibited a type I
isotherm characteristic of microporosity (Figure 6Aa). The
meso-MCM-22 sample showed the isotherms featured by both
type I and type IV (Figure 5Ab and c), suggesting they
contained a hierarchical porous system consisting of micropores
and mesopores. The samples as-treated with NaOH solution in
the presence of PI and HMI displayed similar isotherms, both
of which possessed remarkably increased adsorption capacity as
a result of removing a part of the silicon atoms from the
framework. The increasing step due to multilayer adsorption in
the isotherms at P/P0 of 0.2−0.4 and the hysteresis loops at P/
P0 of 0.5−0.8 indicated that the mesopores were newly created.
Moreover, meso-MCM-22 showed a higher N2 adsorption at
P/P0 = 0.9−0.99 than the parent MCM-22, implying the
possible presence of a more exposed external surface
contributed by intercrystal mesopores.
The pore size distribution shows that the parent MCM-22

and meso-MCM-22 displayed a narrow peak near 0.55 nm
(Figure 5Ba−c), in accordance with the 10-MR channels of
MCM-22, verifying that the desilication did not destroy the
structure of the micropores. The introduced mesopores in
meso-MCM-22 are centered at around 20 nm (Figure 6Bb and
c). On the other hand, the Si/Al ratio decreased from 26 in the
parent MCM-22 to 17 in the desilicated sample (Table 1). The
mesopore surface area and mesopore volume of the parent
MCM-22 (44 m2 g−1 and 0.15 cm3 g−1, respectively) increased

to 231−242 m2 g−1 and 0.38−0.42 cm3 g−1, respectively, in
meso-MCM-22. Meanwhile, the mesopore formation by
selective desilication was accompanied by a slight decrease in
the micropore volume from 0.17 cm3 g−1 in parent to 0.15 cm3

g−1 in the meso-MCM-22. However, the decreased amount of
micropore volume was far below the increased amount of the
mesopore volume.
The N2 adsorption/desorption isotherms of the parent

MCM-22 and meso-MCM-22 prepared with different alkaline
treatment times are depicted in Supporting Information Figure
S5. The N2 uptake did not increase but slightly decreased when
the treatment time was prolonged from 2 to 24 h (Supporting
Information Figure S5c). This is presumably because the
MWW structure was destroyed more after desilication for a
longer time.

Figure 5. N2 adsorption and desorption isotherms (A) and pore size
distribution (B) of the parent MCM-22 (a), meso-MCM-22 (HMI)
(b), and meso-MCM-22(PI) (c).

Figure 6. SEM images of MCM-22 (a) and meso-MCM-22 (b) and
the samples by treating MCM-22 in 0.1 M NaOH solution at 443 K
for 2 h in the absence of amine (c). The amount of quaternary
ammonium hydroxide corresponded to 1.0 molar ratio relative to the
SiO2 in zeolite (if added).
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Figure 6 shows the SEM images taken with different
magnifications for the parent MCM-22 and meso-MCM-22
samples. The parent MCM-22 had a morphology of thin platelets,
approximately 0.5−1 μm in length and 0.02−0.05 μm in thickness,
and the surface was smooth and distinct (Figure 6a). After being
treated in NaOH solution in the presence of PI, both the
morphology and the crystal size were intact, but many grooves and
voids appeared on the crystal surface of the meso-MCM-22
(Figure 6b). This should be due to dissolving of a part of the silica
species from the zeolite crystals in the alkaline treatment. The
alkaline corrosion created random voids around 20 nm in size.
Nevertheless, the whole crystal shapes were not changed because
the MWW structure was well maintained, which was consistent
with the results derived from the XRD investigation (Figure 1Bh).
On the other hand, the treatment with only the NaOH solution
destroyed the crystal platelets severely (Figure 6c), indicating
dissolution of the crystals occurred rather than selective
desilication. On the other hand, when the MCM-22 was treated
with the NaOH solution in the presence of TPAOH or TEAOH,
the crystals were dissolved to amorphous materials (see Figure S6
in the Supporting Information).
The TEM images shown in Figure 7 provide more

information for the presence of mesopores in meso-MCM-22.
Viewed from different crystal surfaces (ab and ac planes), the
parent MCM-22 displayed clear lattice fringes corresponding to
the surface 12-MR half cups and 10-MR channels (Figure 7a, b).
The lattice fringes were arrayed in a highly ordered manner
without any interruption, and the domain contrast of the images
also implied that the crystals were almost free of an unconnected
region. In particular, the images taken normal to the [001]
direction clearly showed the stacking sequence of the MWW
sheets was ordered.
In contrast, the TEM images indicated that the crystals of the

meso-MCM-22 were abundant in the mesopores, but their size
and shape remained almost unaffected (Figure 7c−f). The
mesopores newly created by desilication were predominately
intracrystal in nature. The high-resolution TEM image taken
normal to the ab plane showed that the meso-MCM-22
possessed a large number of white spots with 10−50 nm
diameters as a result of lattice plane interruption (Figure 7c, e).
Along this direction, the mesopores exhibited a side view round
or elliptical in shape.
A deep observation indicated that the flat mesopores were

formed mainly along the direction of MWW sheet, that is, the
ab plane (Figure 7e, f). The mesopore positions are indicated
by arrows. The growth of mesopores seemed to be terminated
along the c axis, resulting in a height or thickness that was
several times the unit cell parameter, c. The mesopores were
not sphere-shaped but had a cylinder or coin shape short in

height and wide in diameter (10−50 nm). Along the c
direction, the mesopores were formed across several MWW
sheets, but their growth was interrupted by the presence of
interlayer organic species. Thus, the mesopores were not
enlarged equally as those along the ab plane, which was probably
because the MWW framework was protected by the added PI
molecules. The formation of mesopores interrupted the
continuity of the original micropore channels, but made two
sets of 10-MR channels (interlayer and intralayer) intercon-
nected together. This would reduce the diffusion limitation of
the micropores effectively; maximize intracrystal mass transport;
and finally, improve the accessibility of the active sites located in
the 12-MR supercages.
To investigate the characters of hydroxyl groups and acid

sites, the IR spectra in the region of the hydroxyl stretching
vibration were measured. As shown in Figure 8a, the parent
MCM-22 exhibited the band at 3745 cm−1 attributed to
isolated silanols, the band at 3725 cm−1 probably due to
asymmetric hydrogen-bonded internal silanols, and the strong
band at 3620 cm−1 assigned to structure Si(OH)Al hydroxyls as
well as a very weak band around 3663 cm−1 due to
extraframework aluminum-related hydroxyls.6 The meso-
MCM-22 showed a more intense band at 3745 cm−1 but a
comparable band at 3620 cm−1 (Figure 8b), indicating that
most of the framework Al remained intact by desilication. After
the adsorption and desorption of pyridine at 423 K, the bands
due to the vibration of the pyridine ring were observed (see
Figure S7 in the Supporting Information). The bands at 1545
and 1454 cm−1 are characteristic of Brønsted and Lewis acid

Table 1. Textural Properties of the Parent MCM-22 and the
NaOH-Treated Samplesa

Si/Al
surface area
(m2 g−1) pore volume (cm3 g−1)

samples ratiob SBET
c Smeso

d Vtotal
e Vmicro

d Vmeso

MCM-22 (parent) 26 415 44 0.32 0.17 0.15
meso-MCM-22(PI) 17 523 242 0.57 0.15 0.42
meso-MCM-22(HMI) 17 511 231 0.53 0.15 0.38

aCalcined MCM-22 was treated in 0.1 M NaOH solution in the
presence of PI or HMI (amine/SiO2 = 1.0) at 443 K for 2 h.
bObtained by ICP. cCalculated with BET method. dCalculated by t-
plot. eObtained at P/P0 = 0.99.

Figure 7. TEM images of MCM-22 (a, b) and meso-MCM-22 (c−f).
The arrows indicate the positions of the mesopores.
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sites, respectively.6 The 1545 cm−1 band was comparable in
intensity for meso-MCM-22 and MCM-22, which further
suggests the Brønsted acid sites were unaffected by desilication.
The acidic properties of meso-MCM-22 were further

characterized using the NH3-TPD technique. Supporting
Information Figure S8 compares its profile with that of the
parent MCM-22. The parent MCM-22 sample had two
desorption peaks. The former, around 473 K, is assumed to be
physically adsorbed ammonia or those adsorbed on weak acid
sites, whereas the latter centered at 673 K is the contribution of
the ammonia adsorbed on strong acid sites.47 Compared with
MCM-22, the meso-MCM-22 did not show any change in
temperature and peak area for the desorption corresponding to
strong acid sites, indicating that neither the strength nor the
amount of the acid sites changed after desilication. However, the
weak acid sites, corresponding to the desorption around 473 K,
increased slightly. This is probably because the extraframework Al
species increased slightly as the Si/Al ratio decreased from 26 to
17 by NaOH treatment, as shown in Table 1.
The development of external silanols by alkaline treatment

was further investigated by 29Si MAS NMR spectroscopy
(Figure 9A). The two spectra matched well with those reported

previously for MCM-22. The Q4 sites in the region of −103 to
−120 ppm could be deconvoluted into at least five lines, which
are assigned to several distinctive crystallographic sites but with
overlapping resonances.48,49 Compared with parent MCM-22,
meso-MCM-22 showed a more obvious intensive resonance
around −100 ppm, which is assigned to the Q3 sites, such as
Si(OH)(SiO)3 and Si(OAl)(SiO)3 (Figure 9Ab). Because the
alkaline treatment caused a partial removal of Si atoms (Table 1),

the −100 ppm resonance is considered to originate from the
Si(OH)(SiO)3 groups. This is in agreement with the above IR
spectra, verifying the presence of more silanol groups in meso-
MCM-22. The 27Al MAS NMR spectra of MCM-22 (Figure 9Ba)
clearly showed two sets of signals: a broader band with a
maximum at 55 ppm due to tetrahedrally coordinated framework
Al and a weak-frequency signal around 0 ppm, which is attributed
to octahedral extraframework Al species formed by calcination.50

Compared with MCM-22, meso-MCM-22 showed no significant
change for the tetrahedral framework Al, but the octahedral
extraframework Al increased in amount as a result of partial
dealumination (Figure 9Bb).
2,6-Di-tert-butyl-pyridine (2,6-DTBPy), with a molecular

dimension too large to penetrate through the micropores of
zeolites, is reported to be chemisorbed only on the external acid
sites.51 DTBPy-IR spectra are thus useful for evaluating the
Brønsted acidity on the surface of zeolite crystallites. The
adsorption with 2,6-DTBPy for MCM-22 made the bridging
hydroxyl groups at 3620 cm−1 band almost intact but developed
two characteristic bands at 3370 and 1616 cm−1 (Figure 8c),
which are assigned to the N−H stretching vibration in
DTBPyH+ and corresponding ring vibration mode.51They are
taken as the presence of strong Brønsted acid sites on the
crystallite surface of MCM-22. However, the adsorption of 2,6-
DTBPy on meso-MCM-22 made the 3370 and 1616 cm−1

bands more intensive than MCM-22 (Figure 8d). Evidently,
meso-MCM-22 had more Brønsted acid sites accessible to large
amine molecules than MCM-22.
To make clear the mechanism of the formation of meso-

MCM-22, it is necessary to know the positions of the inserted
PI or HMI molecules. Thus, the as-made samples obtained
were characterized by thermal analysis. Supporting Information
Figure S9 shows TGA and DTG curves of all these samples.
The DTG curves implied four kinds of desorption temperature-
dependent weight loss (Supporting Information Figure S9B).
The weight loss below 473 K is attributed to physisorbed water,
whereas the weight loss in the range of 473−643 K is mainly due
to the oxidative decomposition of organic species occluded in
interlayer void spaces, but in a higher temperature region of 643−
873 K, it is ascribed to the removal of organic species from the
intralayers of 10-MR sinusoidal channels, and in the range of 873−
1073 K, it corresponds to the dehydroxylation.52,53

As summarized in Table S1, the organic species had a C/N
atomic ratio of 5.7−5.9 for both the precursor and
corresponding alkaline-treated sample in the presence of
HMI, suggesting that they existed as HMI molecules within
the crystals, whereas the organic species had a C/N atomic
ratio of 4.9 for the alkaline-treated sample in the presence of PI,
suggesting that it existed as PI molecules. The weight loss of the
MCM-22 precursor in the interlayer void spaces and in the
intralayer 10-MR sinusoidal channels of the precursor was
∼9.3% and 5.3%, respectively. Nevertheless, the weight loss in
the interlayer void spaces is more than that in the intralayer 10-
MR channels in the alkaline-treated samples in the presence of
PI or HMI, indicating that the organic amine molecules
preferred to be inserted into the interlayer void spaces. The
amount of HMI inserted was slightly lower than that of PI
simply because the HMI molecules had a larger molecular
dimension than PI.
The above results allow us to describe graphically a possible

mechanism for the formation of mesopores through alkaline
treatment of 3D MWW MCM-22 with NaOH solution in the
presence of PI or HMI (Scheme 1). When the parent MCM-22

Figure 8. IR spectra of proton-type parent MCM-22 (a, c) and meso-
MCM-22 (b, d) before (a, b) and after (c, d) 2,6-di-tert-butyl-pyridine
adsorption. The inset shows the spectra without 2,6-di-tert-butyl-
pyridine in the hydroxyl stretching region.

Figure 9. 29Si (A) and 27Al MAS NMR (B) spectra of MCM-22 (a)
and meso-MCM-22 (b).
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sample was treated with NaOH solution in the presence of
amine or organic ammonium, the 3D MWW structure seemed
to recognize only PI or HMI molecules at the molecular level.
Then the PI molecules were inserted mainly into the interlayer
space of MCM-22, which led to a structural conversion into a
2D layered structure.
The TG analysis indicated that the number of PI molecules

incorporated into the interlayer space accounted for ∼7.3 wt %
(Supporting Information Table S1). This amount of organic
species would be enough to intercalate the MWW sheets to
form the layered structure. Moreover, the PI or HMI molecules
were also inserted into the intralayer 10-MR sinusoidal channels.
Thus, there existed two organic layers within the ab planes. These
inserted molecules would stabilize and protect the MWW structure,
avoiding an extensive dissolution of the framework along the c
direction. Then the cylinder-shaped or coin-like mesopores were
formed parallel to the MWW sheets within the MCM-22 crystals. A
further calcination burned off the occluded organic species and
caused an interlayer dehydroxylation, giving rise to mesopore-
containing MCM-22 with the 3D MWW topology.
Catalytic Properties of Meso-MCM-22 in Reactions

Involving Bulky Molecules. Taking advantage of mesopores,
we investigated the catalytic behavior of meso-MCM-22 in a
reaction involving substrates with larger molecular sizes because
its larger external surface may make the active sites more
accessible to the reactants, particularly for bulky molecules.
The cracking of 1,3,5-triisopropylbenzene (TIPB) (0.95 nm

diameter) is a convenient model reaction widely used to evaluate
the contribution of the external surface area of microporous
materials.54 The main liquid products were diisopropylbenzene
(DIPB) isomers, isopropylbenzene (IPB), and benzene (BZ)
(Supporting Information Scheme S1). Figure 10A shows the
change of the conversion with time on-stream (TOS) in cracking
of TIPB. Meso-MCM-22 showed a higher TIPB conversion than
MCM-22, although the TIPB conversion decreased with
prolonged time for both MCM-22 and meso-MCM-22 catalysts,
but obviously, meso-MCM-22 exhibited a slower deactivation rate
than MCM-22. Because cracking of TIPB is a successive reaction
that yields DIPB, IPB, and BZ, in turn, the product distribution
may also reflect the extent of cracking. Figure 10B shows the
product distribution in TIPB cracking over MCM-22 and meso-
MCM-22 catalysts. With prolonged time, the BZ and IPB
selectivities decreased, but the DIPB selectivity increased. This is

as expected because the MWW catalyst easily coked;6 however,
the selectivity for deep cracking products, such as IPB and BZ over
meso-MCM-22 catalysts was slightly higher than that of MCM-22
at the same TOS. This indicates that meso-MCM-22 also showed
a better cracking ability than MCM-22.
To clarify the role of the external surface in the cracking of

TIPB, 2,4-dimethylquinoline (2,4-DMQ), with molecular
dimensions too large to enter the pores of 10-MR windows,
was adopted to poison selectively the acid sites on the external
surface.55 When the reaction was carried out in the absence of
2,4-DMQ (Figure 11), the TIPB conversion was 11.1% and
23.8% for MCM-22 and meso-MCM-22, respectively. While
2,4-DMQ was cofed into the reactor, the TIPB conversion
decreased to a very low level for both catalysts as a result of
extinguishing the acid sites on the external surface. This
confirmed meso-MCM-22 is advantageous for the reactions of
the bulky molecules because it possessed a larger external
surface contributed by mesopores.
IPB (cumene) is an important and highly valuable organic

chemical raw material in industry that is widely used in
producing phenol. As an important reaction for producing IPB,
the gas-phase alkylation of benzene with isopropyl alcohol is
currently catalyzed by solid-acid catalysts of zeolites. The main
liquid product of this reaction was IPB (Supporting
Information Scheme S2). Some byproducts, such as DIPB
isomers and TIPB, were also produced because of further
alkylation of IPB. Figure 12A compares the results of benzene
alkylation with isopropyl alcohol between meso-MCM-22 and

Scheme 1. Graphic Description for the Formation of Mesopores within MCM-22 Crystallites by NaOH Treatment in the
Presence of PI or HMI

Figure 10. Dependence of TIPB conversion (A) and products
selectivity (B) on the MCM-22 (■) and meso-MCM-22 (□) catalysts
at different times. Reaction conditions: cat., 0.2 g; feed rate, 1.7 mL
h−1; N2, 30 mL min−1; temp, 573 K; time, 0.5−2.5 h.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs400284g | ACS Catal. 2013, 3, 1892−19011899



MCM-22. The trend was consistent with that of TIPB cracking;
that is, the meso-MCM-22 catalyst showed higher benzene
conversion than MCM-22, and it also exhibited a much slower
deactivation rate. Figure 12B shows the IPB selectivity for
MCM-22 and meso-MCM-22 catalysts. The meso-MCM-22
catalyst exhibited much higher IPB selectivity than the MCM-
22 catalyst at the same TOS. The IPB product would diffuse out
of the zeolite channels more rapidly in the presence of mesopores
in meso-MCM-22, which reduced the possibility of side reactions
greatly.
Table 2 compares the catalytic activity and product

distribution between the MCM-22 and meso-MCM-22

catalysts for the alkylation of benzene with isopropyl alcohol
after 10 h. Meso-MCM-22 showed an enhanced benzene
conversion and IPB selectivity in comparison with the MCM-
22 counterpart. In a commercial process for IPB production,
DIPB and TIPB are also regarded as objective products in
addition to IPB because they are finally converted into the

desirable IPB product through catalytic transalkylation with
benzene. Thus, the sum of mono- and poly-IPB is employed to
evaluate the catalyst performance. Obviously, the meso-MCM-
22 catalyst showed higher isopropylated benzenes (IPBs,
including IPB, DIPB, and TIPB) selectivity than MCM-22.
The heavy byproducts were gradually accumulated and

deposited inside the channels, which may block the active sites.
TG analysis indicated that the used meso-MCM-22 catalyst
contained about 9.5 wt % organic species, which showed a
weight loss in a wide temperature range (500−850 K). On the
other hand, the weight loss corresponding to heavy organic
species reached 13.2 wt % on MCM-22 (Figure 13). Thus, the
introduced mesopores in meso-MCM-22 catalyst not only

afforded enough space for the diffusion of bulky molecules but
also suppressed the coke formation efficiently.

4. CONCLUSIONS
We have successfully prepared meso-MCM-22 zeolite by treating
MCM-22 with a NaOH solution through the protective effect of
organic amines such as PI and HMI. This method introduces into
the MCM-22 crystals the cylinder-shaped mesopores with a size of
around 20 nm. Meanwhile, the 3D structure is converted readily
into a 2D layered structure, and the crystallinity of the zeolite is
kept intact. The acid sites related to the framework Al are almost
not affected by NaOH treatment. Having a larger external surface
than MCM-22, meso-MCM-22 is superior to MCM-22 in the
cracking of 1,3,5-triisopropylbenzene and the alkylation of benzene
with isopropyl alcohol. Thus, meso-MCM-22 zeolites postsynthe-
sized by this method are expected to serve as potential solid acid
catalysts for processing bulky molecules.
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Figure 11. A comparison of TIPB conversion between MCM-22 and
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product distribution (%)

catalyst
benzene
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IPBs
sel
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30 mL min−1; TOS = 10 h. bThe catalyst was prepared through
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the presence of PI (PI/SiO2 = 1.0).
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