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a b s t r a c t
Mesopores with zeolite walls were generated through desilication of bulk crystals of MFI zeolite in a NaOH
solution in the presence or absence of cetyltrimethylammonium surfactant, as reported in the literature.
Catalytic functions of the Brønsted acid sites existing on the mesopore walls were evaluated in comparison
with external surfaces of 2.5-nm thick MFI zeolite nanosheets, which were hydrothermally synthesized
using a meso-micro dual structure-directing surfactant. Acid sites were characterized with respect to the
strength and concentration by 31 P NMR signals of adsorbed tributylphosphine oxide. Catalytic functions
were evaluated for decalin cracking, and acetal formation of benzaldehyde with pentaerythritol. The
result from desilication was quite sensitive to the particle diameters of the initial zeolite samples. In our
best case of desilication, the mesopore walls exhibited similar catalytic activity for the acetal formation
to the external surfaces of MFI nanosheets. In contrast to the condensation reaction occurring at mild or
moderate acid sites, the result for decalin cracking requiring strong acid sites indicated that the desilicated
zeolite corresponded to about 60% of the MFI nanosheets.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Hierarchical zeolites are crystalline aluminosilicates possessing
a system of mesopores in addition to their intrinsic microporous
architecture. Notwithstanding the remarkable features of the
microporous structure, the dimensionality and narrowness of the
conventional porous system of zeolites often severely limit the surface accessibility and diffusion of bulky species. As heterogeneous
acid catalysts, hierarchical zeolites have been gathering increasing
attention owing to a high concentration of external acid sites in the
structure of the solids. Moreover, these acid sites have been proven
to be stronger than those of amorphous mesoporous materials such
as MCM-41 [1]. More recently, hierarchical zeolites have demonstrated an attractive catalytic performance in a number of bulky
molecular reactions requiring strong acid sites, thereby presenting
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a promising alternative to their bulk counterpart for a wide range
of catalytic applications [2–4].
Over the years, exploratory work has led to the synthesis of
hierarchical zeolites using top-down or bottom-up approaches.
Of the top-down strategies, post-synthetic demetallation [5–13]
and delamination [14,15] have been amongst the most commonly
reported. Demetallation in particular has found practical application at a mass-production scale. Unfortunately, depending on
the selected conditions, framework defect sites are often generated, leading to a decrease in crystallinity and a poor hydrothermal
or thermal stability when compared to the bulk counterpart.
Introduction of mesoporosity by dealumination has been industrialized as an economic post-synthesis modiﬁcation procedure.
Indeed, the hydrothermal dealumination of Y zeolite has been
well-documented in the ﬁelds of ﬂuid catalytic cracking and hydrocracking [16]. As high intracrystalline mesoporosity is attained,
samples often exhibit inaccessible isolated cavities that render
part of the obtained mesoporosity ineffective [16]. In recent years,
the generation of mesopores by alkaline-mediated leaching of
framework Si atoms has become a widely-applied approach. Postsynthesis desilication has evidenced noteworthy versatility in the
treatment of a wide number of zeolite frameworks, generating
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accessible mesopores and rendering sites in the crystal interior
active [17]. Highly mesoporous hierarchical MFI zeolites prepared
by post-synthesis desilication have been recently obtained with an
interconnected mesopore distribution in the range of 30–100 nm.
The interconnected architecture has proven to be advantageous
in reducing the limited-access and diffusion within the microporosity of the zeolite [18]. Several reports have focused on the
concentration of the alkaline solution, temperature and time of the
post-synthesis treatment, or on the Si to Al ratio of the parent solid
[11,17]; however, the impact of the zeolite crystal size has been relatively unexplored so far. The addition of cetyltrimethylammonium
bromide (CTAB) to the treatment solution used for the desilication
of MFI zeolite has also been investigated [19,20], revealing that the
presence of the surfactant results in a narrower pore distribution in
the resulting zeolite. It has also been suggested that a more uniform
mesopore distribution can be attained due to the development of
electrostatic interactions between CTAB and partially dissolved Si
[19,20].
Bottom-up strategies involve a modiﬁcation of the synthesis
protocol, wherein multiammonium surfactants [5,21–23], hard
templates [24] or organosilane surfactants [25–27] are employed as
mesopore structure-directing agents (SDAs). As these approaches
frequently involve substantial amounts of costly templates, the
newly formulated solid must provide a clear economic beneﬁt that justiﬁes the added investment cost. Ryoo and coworkers
[21] introduced an effective strategy to synthesize extremely thin
nanosheets of MFI type zeolite by using multiammonium surfactants to form a crystalline MFI structure, while self-assembled long
hydrophobic chains direct the crystal morphology into a lamellar mesostructure. The fact that no other conventional SDA as
tetrapropylammonium was required conﬁrms that a zeolitic microporous architecture can be simply synthesized using the porogenic
activity of a functional group of the template molecule. Thus,
depending on the synthesis conditions, it is possible to synthesize
MFI zeolite nanosheets as either a fully disordered assembly, or
through regular stacking into an ordered multilamellar mesostructure. The synthesis of hierarchical MFI zeolite was later performed
by adding small amounts of bulk MFI zeolite seeds [23]. Seeding
was conﬁrmed to dramatically reduce the zeolite crystallization
time and surprisingly resulted in the formation of a nanospongelike morphology. The mesopore diameters in this case could also
be systematically tailored by varying the length of the alkyl tails,
with the resulting MFI zeolite nanosheets exhibiting a remarkably
high mechanical strength, a thermal and hydrothermal stability comparable to the bulk counterpart and a strong Brønsted
acidity at the external surface [23]. Enhanced catalytic performances were witnessed in different catalytic applications owing
to a large number of active sites on the external surface of the
nanosheets and the short diffusion pathways inside the crystal
framework [5].
Hierarchical zeolites exhibiting high mesoporous volume and
large surface areas, achieved using either bottom-up or top-down
strategies, have been the main focus in the literature. In particular,
the vast majority of reports regarding post-synthesis desilication
have focused on a possible correlation between the catalytic superiority of hierarchical zeolites and the attained mesoporosity of the
solid. However, questions regarding the impact of the selected synthesis strategy and the resulting acidity have not been answered.
In few cases, catalytic results obtained using model reactions have
been correlated to the acid properties of the hierarchical zeolite.
In the present paper, we have investigated the effect of the synthesis method on the acid properties of the resulting hierarchical
zeolite. For this purpose, hierarchical MFI zeolites were prepared by
post-synthetic desilication in the presence or absence of CTAB and
alternatively, by using a multiammonium surfactant as the zeolite
SDA. Each sample was then evaluated in the presence of probe bulky
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molecules to assess the resulting external acidity. The acetal formation of benzaldehyde with pentaerythritol and decalin cracking
were performed as model reactions.

2. Experimental
2.1. Zeolites preparation
2.1.1. Bulk MFI zeolites
Aluminum isopropoxide (98%, Aldrich) was added to an aqueous solution (0.2 M) of tetrapropylammonium hydroxide (TPAOH,
35 wt.%, TCI), and then stirred for 12 h at 333 K. The mixture was
cooled to room temperature, mixed at once with tetraethoxysilane
(95%, Junsei) and vigorously shaken, and aged at room temperature for 12 h. This resulted in a gel with a molar composition
of 6.0 SiO2 :0.07 Al2 O3 :1.0 TPAOH:460 H2 O. The resulting mixture was then heated in a Teﬂon-lined autoclave in a conventional
oven at 453 K for 2 d. A different bulk MFI zeolite was synthesized according to a modiﬁed version of the procedure described
in [29]. Tetrapropylammonium bromide (TPABr, TCI), aluminum
sulfate (98%, Aldrich) and ammonium ﬂuoride (Aldrich) were ﬁrst
dissolved in distilled water under magnetic stirring. Colloidal silica
(Ludox AS-40, Aldrich) was then added and the mixture was vigorously shaken for 30 min. The resultant gel mixture was aged at
333 K under magnetic stirring for 12 h, giving a ﬁnal molar composition of 1.0 SiO2 :0.01 Al2 O3 :0.08 TPABr:0.5 NH4 F:20 H2 O. The
gel was then heated in a Teﬂon-lined autoclave in a tumbling oven
(30 rpm) at 443 K for 3 d. Both as-synthesized solids were ﬁltered,
washed with distilled water and then dried at 373 K. The recovered products were calcined in air at 853 K to remove any organic
species. An additional MFI sample (CBV 8014) was purchased from
Zeolyst.
The Si to Al molar ratio for MFI zeolite samples was conﬁrmed
by inductively coupled plasma atomic emission spectroscopy
(ICP/AES) to be around 40. Each solid was ion-exchanged with NH4 +
using an aqueous solution of NH4 NO3 (1 M) at room temperature,
with the NH4 + ions then decomposed at 823 K to obtain solids in a
protonic form.
Representative SEM images of both as-synthesized bulk MFI
samples illustrated a typical cofﬁn-like, single-crystal morphology.
The sample synthesized in a hydroxide medium exhibited typical
dimensions ranging from 0.5 to 1 m in length and 0.1 to 0.2 m
in thickness, whereas MFI crystals synthesized under a ﬂuoride
medium ranged from 10 to 30 m in length and 1 to 3 m in
thickness (Fig. S1). Samples are hereafter denoted as MFI-1 and
MFI-30, respectively. In the case of the commercial MFI sample,
SEM image revealed the presence of agglomerates of nanocrystal
with 0.03–0.05 m in size (Fig. S1). The sample was accordingly
denoted as MFI-0.05.

2.1.2. Post-synthesis desilication with or without CTAB
Post-synthesis desilication of each of the bulk MFI zeolites was
performed as follows. Firstly, 1 g of bulk MFI zeolite was immersed
in 20 mL of an aqueous solution containing a speciﬁc amount of
NaOH. The solution was stirred for 1 d at 353 K, then cooled to
room temperature and centrifuged at a speed of 10,000 rpm for
8 min. The solid was then washed with distilled water and centrifuged for a second time, before drying overnight in an oven at
333 K. In the case of post-synthesis desilication in the presence of
CTAB, a pre-determined concentration of surfactant was dissolved
in the alkaline solution in advance. In all instance, the products
recovered were calcined under air ﬂow at 853 K for 4 h to remove
the surfactant, then weighed. The calcined zeolites were converted
to a H+ form in the same manner as described in Section 2.1.1.
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2.1.3. Zeolite synthesized by structure-directed synthesis
MFI zeolite nanosheets, denoted as ‘SD-MFI’, were synthesized
using [C18 H45 N+ (CH3 )2 C6 H12 N+ (CH3 )2 C6 H13 ][Br− ]2 (hereafter designated as C18-6-6 ) as the sole SDA in accordance with
a previously described procedure [21]. The gel composition for
the MFI nanosheet was 100 SiO2 :2.5 Al2 O3 :30 Na2 O:7.5 SDA:20
H2 SO4 :4000 H2 O. The calcined MFI nanosheets were converted to
a H+ form in the same manner as described in Section 2.1.1.
2.2. Characterization methods
X-ray powder diffraction (XRD) patterns for each sample were
obtained using a Rigaku Multiﬂex diffractometer with Cu K␣ radiation (40 kV, 30 mA). Transmission electron microscopy (TEM)
images were taken with a Philips F30 Tecnai at an accelerating
voltage of 300 kV (Cs = 0.6 mm, point resolution 0.17 nm). Scanning
electron microscopy (SEM) images were obtained with a FEI VERIOS
operating at 1 kV without a metal coating, with cross-sectional
images of zeolites obtained through a focused ion beam technique
at the KAIST research analysis center using a Helios Nanolab 450 F1
instrument (FEI) operated at 25 pA and 2 kV.
Argon adsorption–desorption isotherms were measured using
an ASAP 2020 Micromeritics volumetric adsorption analyzer at
liquid argon temperature, with the samples being outgassed
for 12 h at 573 K under vacuum prior to measurement. The
Brunauer–Emmett–Teller (BET) equation was used to calculate the
surface area from the adsorption branch of isotherm in the range
of P/P0 between 0.1 and 0.3; meanwhile, the total pore volume was
evaluated from the amount of adsorbed argon at P/P0 = 0.95. The
mesopore size distributions were then derived from the adsorption branch of the Ar isotherms using the Barrett–Joyner–Halenda
(BJH) algorithm.
The atomic ratio of Si to Al in each zeolite sample was analyzed
using an OP-TIMA 4300 DV (Perkin-Elmer) ICP/AES; 0.1 g of zeolite
sample being ﬁrst completely dissolved in 10 mL of HF/HNO3 /H2 O
(v:v:v = 1:1:1), and then added to 40 mL of a saturated boric acid
solution. Room temperature 31 P NMR spectra were also acquired
in a solid state with magic angle spinning (MAS) using a Bruker
AVANCE400WB spectrometer, as previously reported in the literature [1].
2.3. Measurement of catalytic activity
2.3.1. Acetal formation of benzaldehyde with pentaerythritol
The catalytic reaction was carried out at 393 K in a Pyrex
batch reactor equipped with a reﬂux condenser (EYELA Chemistation). Prior to reaction, MFI zeolites in H+ form were ﬁrst
outgassed at 573 K for 3 h. The reactor was then loaded with
11 mL of anhydrous toluene (99.8%, Sigma–Aldrich) containing
2.12 g of benzaldehyde (99.5%, Aldrich) and 1.36 g of pentaerythritol (TCI) under a N2 atmosphere. During reaction, small aliquots
(∼0.1 mL) were taken at regular time intervals and diluted with
2 mL of 1,2-dicholoroethane. The resultant solution was analyzed
by ﬂame ionization detector gas-chromatography (GC, Younglin,
Acme-6000) using a capillary column (HP-1, J&W Scientiﬁc).
2.3.2. Cracking of decalin
Decalin cracking was performed at 833 K in a stainless-steel
vertical reactor, using 0.1 g of MFI zeolite catalyst. Prior to reaction, the acid catalyst was activated in situ at 833 K for 3 h under
air ﬂow (20 mL min−1 ), after which liquid decalin (TCI) was fed
into the reactor (0.06 mL min−1 ) using high-purity nitrogen as a
carrier gas (60 mL min−1 ). Under the selected operating conditions, the calculated weight hourly space velocity (WHSV) was
32 h−1 . The reaction efﬂuent was analyzed on-line using a gas

chromatograph (GC, Younglin, Acme-6000) equipped with a ﬂame
ionization detector and capillary column (GasPro, J&W Scientiﬁc).

3. Results and discussion
3.1. Post-synthesis desilication in the presence of CTAB
3.1.1. Effect of the zeolite crystal size
In recent years, desilication of bulk MFI zeolites in the presence
of CTAB surfactant has been claimed to result in an increase in BET
surface area and mesoporous volume under optimized conditions
[19,20]. Following a synthesis protocol described elsewhere [20],
MFI zeolite samples were treated using NaOH (0.5 M) containing
0.05 M of CTAB, to assess the effect of the zeolite crystal size. Results
were at times compared with desilicated samples in the absence
of CTAB. The resulting hierarchical zeolites displayed XRD patterns
conﬁrmed to be in good agreement with those in the literature (Fig.
S2). Owing to the extraction of framework Si, samples exhibited
poorly deﬁned peaks.
Representative SEM images of each treated sample revealed a
notable absence of any signiﬁcant change in the crystal size or morphology (Fig. S3). In order to assess the porosity in the interior of
the crystals, SEM images were collected with the treated MFI-1 and
MFI-30 samples, whereas TEM analysis was performed in the case
of MFI-0.05 crystals (Fig. 1). In the absence of surfactant, the latter
exhibited non-organized mesopores or even macropores near the
surface of the crystal. In addition, selective dissolution of the interior of the resulting particles with consistent appearance of hollow
structures with a mesoporous shell was often observed (Fig. 1a).
This tendency was attributed to an Al gradient across the MFI crystals and a higher Al content on the exterior surface of the zeolite
particles [10–12]. The difﬁculty to remove Si O directly bonded
to Al is expected to inhibit local dissolution at the exterior surface,
thereby resulting in a shell-core morphology [12]. Accordingly, previous reports have detailed the impact of the zeolite Si/Al molar
ratio during desilication, which may be considered as an approach
to achieve ordered mesoporous architectures [20].
With the addition of CTAB to the post-synthesis treatment,
desilication was still observed to occur across the entire particle; however, results revealed the presence of an intracrystalline
mesostructured morphology instead of hollow cavities (Fig. 1b). It
was presupposed that this surfactant cooperatively participates in
the local desilication process, inducing a mesostructuration phenomenon in alkaline media through electrostatic interaction with
the partially desilicated zeolite [19]. The assumption is conﬁrmed
by a comparison of the pore volume after removal of surfactant with
the as-synthesized zeolite (∼70%), inferring that the mesopores are
occupied by surfactant micelles.
In the case of the MFI-1 and MFI-30 treated samples, a large
number of small diameter cavities and slits were clearly perceived
at the surface of the particles. In addition, with MFI-30 the formation of siliceous intercrystalline phases was witnessed in the
presence of CTAB, suggesting that the dissolved extracted Si was
reassembled at relatively high extent under the experimental
conditions used. Cross-sectional SEM images provided valuable
information on the internal porosity of the crystals. In the absence
of surfactant, the dissolution of the interior of the crystals core was
likewise detected with MFI-1 (Fig. 1c). Fragmented particles owing
to the fragility of large crystals with a very thin mesoporous shell
could also be observed at high extent. When CTAB was added, the
presence of an intragranullar mesoporous structure was evidenced
by cross-sectioned SEM imaging (Fig. 1d). However, hollow cavities
were still present as a result of the large crystal diameter. Crosssectional SEM images of desilicated MFI-30 revealed the presence of
cavities and faults merely up to a certain extent across the diameter

J. Jung et al. / Applied Catalysis A: General 492 (2015) 68–75

71

Fig. 1. Representative TEM images of (a, b) MFI-0.05 zeolite and SEM images of (c, d) MFI-1 and (e, f) MFI-30 zeolites following treatment by post-synthetic desilication in
the absence and presence of CTAB (upper and lower lines, respectively).

of the crystals (Fig. 1e). In addition, a total absence of large empty
voids in the crystal core was conﬁrmed. Diffusion of the hydroxide
anions was assumed to be delayed owing to the large diameter of
the crystals. Results conﬁrmed that the post-synthetic treatment is
quite sensitive to the particle diameter of the initial zeolite sample.
In the presence of CTAB, the surfactant was able to participate
in the re-deposition of dissolved species inside the MFI crystals
(Fig. 1f). Nonetheless, as desilication only occurred up to a certain
extent, the concentration of CTAB was considered to be sufﬁcient
to promote the formation of intercrystalline siliceous phases in
alkaline media. The higher Si to Al molar ratio was in this case
tentatively attributed to Si reassembly and a lower degree of
desilication.
Porosity assessment of the post-treated MFI-0.05 sample
through Ar isotherm analysis revealed a steep increase in the
relative pressure region 0.6 < P/P0 < 0.9 reﬂecting the formation
of a large number of mesopores (Fig. 2). Owing to a high

Fig. 2. Ar adsorption isotherms of () MFI-0.05, () MFI-1, and () MFI-30 zeolites
after post-synthetic treatment in the presence of CTAB.

mesoporosity degree, high external surface area (452 m2 g−1 ) and
a mesopore volume of 1.1 cm3 g−1 were determined (Table 1). A
broad pore diameter distribution was obtained in the absence of
CTAB, by the BJH model applied to the adsorption branch (Fig. S4).
The result evidenced the difﬁculty of post-synthetic desilication
of pre-synthesized zeolite crystals to generate uniform intracrystalline mesopores. On the contrary, CTAB use was conﬁrmed to
create variations of the textural parameters, resulting in a narrow
mesopore size distribution skewed to lower values, ranging from 3
to 20 nm (Fig. S4). These smaller-size mesopores are considered to
be similar to the micellar size of CTAB surfactant. No mesostructure
could be considered to be generated given the absence of any distinguishable Bragg diffraction peaks at low angle being observed (Fig.
S2). This supports the earlier assertion that a micellar assembly is
incorporated inside the mesoporosity during desilication. Owing to
the presence of CTAB, a clear increase of the surface area and total
pore volume when compared to desilication in alkaline solution
without the surfactant (Table 1).
In the presence of large crystals, Ar sorption measurements
highlighted a less pronounced increase in argon uptake (Fig. 2),
conﬁrming that a high degree of mesoporosity can be more effectively achieved in the presence of small zeolite crystals. MFI-1
evidenced the presence of porosity from the microporous to the
macroporous scales, whereas with MFI-30, results suggest the
absence of macroporosity in agreement with the absenteeism of
large intracrystalline empty voids revealed by SEM imaging. With
both desilicated samples, the increase in the BET surface area and
total pore volume was observed to occur at a remarkably lower
extent than with the desilicated MFI-0.05 sample. Nonetheless, the
presence of CTAB was concluded to be valuable in order to achieve
a higher surface area and mesoporosity degree.
Desilication was concluded to be best performed in the presence
of small crystal sizes under our experimental conditions. Given the
obtained results, the impact of NaOH and CTAB concentration levels
was evaluated in the present paper.
3.1.2. Effect of NaOH and CTAB concentration
In order to investigate the impact of NaOH and CTAB concentration during post-synthesis treatment, a series of desilicated
MFI-0.05 samples were prepared under different CTAB and
Na+ levels. Subsequent porosity assessment inferred a drastic
modiﬁcation in the textural features of the resulting hierarchical
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Table 1
Textural characteristics of pristine and post-treated zeolites.
Pristine zeolite

BET Surface area (m2 g−1 )

Treatment

Total pore volumeb (cm3 g−1 )

Si/Alc (mol/mol)

Yieldd (%)

a

NaOH (mol L−1)

CTAB (mol L−1)

Total

External

MFI-0.05

–
0.5
0.5

–
–
0.05

380
350
530

120
290
452

0.24
0.5
1.1

40
14
20

–
34
50

MFI-1

–
0.5

–
0.05

360
396

90
309

0.18
0.56

40
19

–
45

MFI-30

–
0.5

–
0.05

330
410

60
251

0.15
0.4

41
22

–
51

a
b
c
d

Obtained from the t-plot method.
Obtained at P/P0 = 0.95.
Measured by ICP/AES.
Determined from the weight of the product after calcination.

zeolites (Table 2). In the presence of CTAB (0.05 M), when the NaOH
concentration was altered to lower and higher values (0.1 and
0.8 M, respectively), a lower mesoporosity degree was achieved. In
the absence of CTAB, lower Na+ levels have been well-documented
to reduce Si extraction [30]. Herein, results evidence a higher
yield of recovered solid and superior Si to Al molar ratio, as
desilication of the zeolite crystal is concluded to occur at a lower
extent.
For a given CTAB concentration, a lower external surface area
and mesoporous volume were attained by increasing the alkalinity of the reaction medium. This is believed to be the result of
an increase in the formation of empty voids and an unorganized
meso and macroporous architecture, as the CTAB concentration
was apparently insufﬁcient to promote greater hierarchization of
the mesoporous solid. The Si to Al molar ratio and respective yield
were signiﬁcantly decreased, pointing to a severe dissolution of the
zeolite framework. Similar conclusions may also be drawn when
the CTAB concentration is reduced without varying the Na+ levels.
In both cases, a relative increase of CTAB would be expected to favor
Si reassembly and consequent mesoporosity tailoring.
At higher CTAB concentration levels, SEM images revealed the
presence of a large amount of amorphous siliceous phases (Fig S5).
Dissolved extracted Si species in alkaline solution were concluded
to be reassembled by an excess of CTAB surfactant, resulting in a
higher yield and Si to Al molar ratio. An increase in the intracrystalline mesoporosity also occurs in agreement with an increase in
the total surface area of the resulting solid. However, these results
suggest that CTAB develops preferential electrostatic interactions
with partially dissolved Si inside the zeolitic architecture. The formation of intercrystalline siliceous phases appears therefore to
occur only when CTAB is in excess. It was therefore concluded
that the initial NaOH and CTAB concentration levels used in this
study were in fact the most suitable for synthesis, with samples
being denoted hereafter as ‘De-MFI’ (0.5 M NaOH without CTAB)
and ‘DeCTAB -MFI’ (0.5 M NaOH with 0.05 M CTAB).

3.2. Comparison of hierarchical MFI zeolites synthesized by
top-down and bottom-up strategies
Hierarchical MFI zeolites obtained by post-synthesis desilication under our best conditions (De-MFI and DeCTAB -MFI) were
compared to a sample hydrothermally synthesized using C18-6-6
as the sole SDA (SD-MFI) and a similar Si to Al molar ratio [20].
Corresponding results were observed upon comparison of the
characterization of the sample with those reported in the literature [21]. C18-6-6 was able to generate unilamellar nanosheet-like
mesoporous MFI zeolite. The surfactant-directed MFI exhibited
broadened XRD diffraction peaks owing to the resulting thickness of the zeolite framework. Results were further conﬁrmed by
high-resolution TEM images of the structure. The self-supporting
disordered assembly of 2.5 nm thick zeolite nanosheets exhibited
mesoporosity with a broad distribution of mesopore diameters (5–15 nm). Subsequent characterization and textural analysis
based on Ar adsorption are summarized in Table 3 and Fig. S6.
Similar characteristics were obtained with SD-MFI and DeCTAB -MFI.
Notwithstanding the expected enhancement of surface access
and diffusion efﬁciency in heterogeneous catalytic reactions, postsynthesis modiﬁcation by base treatment may result in a notable
loss of the initial crystalline microporous architecture. Given that
acidity plays a key role in the catalytic performance of solid acid
catalysts, partially modifying their properties by altering their
chemical composition could be a priori considered to limit their
practical utility. Al extraction was considered as a possibility as
dissolution of Si species is presupposed to eventually lead to dealumination. Si and Al concentrations in the alkaline solution after
desilication were measured by ICP. Only Al traces could however
be found even upon excessive wide-ranging dissolution of the interior of the crystals, suggesting that the extracted Al species were
doubted to dissolve in the ﬁltrate.
According to solid-state 27 Al NMR, ca. 95% of the Al was substituted in the tetrahedral silicate framework of both the SD-MFI

Table 2
Textural characteristics of MFI-0.05 treated under various conditions.
Pristine zeolite

BET Surface area (m2 g−1 )

Treatment
−1

NaOH (mol L
MFI-0.05

a
b
c
d

–
0.1
0.5
0.8
0.5
0.5

)

−1

CTAB (mol L

)

–
0.05
0.05
0.05
0.01
0.15

Obtained from the t-plot method.
Obtained at P/P0 = 0.95.
Measured by ICP/AES.
Determined from the weight of the product after calcination.

Total pore volumeb (cm3 g−1 )

Si/Alc (mol/mol)

Yieldd (%)

0.24
0.5
1.1
0.53
0.5
0.8

40
32
20
16
15
24

–
75
52
39
30
59

a

Total

External

380
440
530
295
375
599

120
260
452
243
308
460
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Table 3
Physicochemical properties of zeolite samples.
Synthesis method

Surfactant-directed synthesis
Desilication with CTAB
Desilication
Commercial zeolite
a
b
c
d

Notation

SD-MFI
DeCTAB -MFI
De-MFI
MFI-0.05

Si/Ala

20
20
14
40

AlIV (mol %)

95
91
75
95

SBET b (m2 g−1 )

Total pore volumed (cm3 g−1 )
c

Total

External

529
530
350
380

460
452
290
120

0.90
1.10
0.50
0.24

Measured by ICP/AES.
Obtained from Ar adsorption isotherms.
Obtained from the t-plot method.
Obtained at P/P0 = 0.95.

and MFI-0.05 samples (Fig. 3). 27 Al NMR chemical shift centered at
54 ppm is typically assigned to framework tetrahedral Al species.
The shoulder-like peak at around 30 ppm and the peak at 0 ppm
were attributed to pentahedral and octahedral Al species, respectively [31,32]. Distinctively, 91 and only 75% of the Al had the
tetrahedral coordination in the cases of DeCTAB -MFI and De-MFI.
It was therefore concluded that in the absence of CTAB, postsynthesis desilication alters the Al coordination in the zeolite
framework to a relatively high extent. It may be inferred that the
extracted Al species in the hierarchical zeolite remain as extraframework aluminum (EFAl). Dealumination was implied to be
hindered in the presence of the surfactant, as the latter participates
in the re-deposition of dissolved Si species and cooperatively limits
the extension of the framework dissolution.
On the basis of the solid-state 27 Al NMR results, 31 P NMR analysis using tributylphosphine oxide (TBPO) as molecular probe was
considered suitable to assess the acid strength and concentration of
external Brønsted acid sites in each sample [33]. According to the
31 P NMR spectroscopic method, the phosphorus probe possesses
partially negatively-charged oxygen atoms that strongly interact
with the bridging hydroxyl groups on the zeolite surface, thereby
inducing the 31 P resonance to shift downﬁeld. The 31 P NMR chemical shift increases according to acid site binding afﬁnity. TBPO
(0.82 nm) is too large to penetrate into the intrinsic microporous
architecture of the zeolite samples, and thus is limited to acid sites
located on the external surface of the crystal. The 31 P NMR spectra

Fig. 3.

27

Al NMR spectra of SD-MFI, DeCTAB -MFI, De-MFI and MFI-0.05 zeolites.

for each solid were deconvoluted into four peaks, with chemical
shifts of 92, 75, 72 and 55 ppm (Fig. 4). The deconvoluted peaks
located at 92, 75 and 72 ppm are associated to TBPO chemisorbed
at the Brønsted acid sites, whereas the latter can be assigned to
physisorbed TBPO [33]. Hence, the 31 P ␦ at 92, 75 and 72 ppm
could be assigned to strong, medium and weak Brønsted acid sites,
respectively. The total concentration and corresponding value for
each 31 P ␦ were calculated according to the P concentration determined by ICP/AES (Table 4). Surprisingly, SD-MFI and DeCTAB -MFI
exhibited comparable total concentration of external acid sites values (268 and 231 mol g−1 , respectively). In contrast, De-MFI and
MFI-0.05 possessed remarkably lower number of total Brønsted
acid sites. The low number of total external acid sites assessed
in MFI-0.05 adequately reﬂects the scope of this study, as severe
access limitation was conﬁrmed in the presence of bulky species.
With De-MFI, results are suspected to be related to a greater formation of EFAl species and a possible precipitation of dissolved
siliceous species in the crystals surface, forming a layer of amorphous silica, which would block the access to external acid sites
[34]. In the case of the strongest acid sites (31 P ␦ = 92), SD-MFI
showed higher concentration than DeCTAB -MFI. It was quite notable

Fig. 4. 31 P NMR spectra of the TBPO absorbed on SD-MFI, DeCTAB -MFI, De-MFI and
MFI-0.05 zeolites. Dashed curves indicate the results of spectral analyses by Lorentz
deconvolution.
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Table 4
Concentration of external acidity using 31 P NMR.
External acid sitesa
(mol g−1 )
92
SD-MFI
DeCTAB -MFI
De-MFI
MFI-0.05
a
b

23
14
11
5

75
132
120
23
6

72
113
92
27
4

Total external acid
sitesb (mol g−1 )
55
195
140
39
36

268
228
61
15

Obtained from the 31 P NMR spectra of adsorbed Tributylphosphine oxide.
The sum of the concentration from 31 P ␦ = 72–92.

that the former exhibited a superior amount of strong acid sites,
despite these two zeolites having similar textural characteristics
and total number of external acid sites. In accordance, cooperative
desilication and re-deposition processes are believed to alter the
global rearrangement of Al O Si bonds in the crystalline structure, thereby generating a weaker acid strength in Brønsted sites
of the resulting hierarchical zeolite.
3.3. Catalytic activity on external zeolite surface
Catalytic functions of DeCTAB -MFI, De-MFI, SD-MFI and MFI-0.05
were compared in the presence of bulky molecules. Acetal formation of benzaldehyde with pentaerythritol and decalin cracking
were performed as model reactions. The former is likely to be catalyzed in the presence of weak Brønsted acid sites, as witnessed
with amorphous Al-MCM-41 aluminosilicates, whereas decalin
cracking requires strong acid functionality present in zeolite frameworks [1,28].
Benzaldehyde conversion was plotted against the reaction time
with the four zeolite samples in Fig. 5. The catalytic conversion
over the zeolite samples continuously increased with the reaction
time, converging to maximum values after 20 h. With MFI-0.05, the
activity was considered negligible owing to the small concentration of total external acid sites of the sample (15 mol g−1 ). More
important, however, is the fact that both SD-MFI and DeCTAB -MFI
were observed to have similar activities. Both synthesis strategies
were conﬁrmed to lead to enhanced transport properties in the
microporous architecture of MFI zeolite, resulting in improved catalytic performances. As deactivation was observed to occur during
the reaction, conversion rates were checked at the initial reaction

Fig. 6. (a) Decalin conversion versus time for a stream at 833 K and with a WHSV
value of 32 h−1 passing over () SD-MFI, () DeCTAB -MFI, () De-MFI or () MFI-0.05
zeolites. (b) Decalin conversion plotted against the concentration of external acid
sites at 31 P ␦ = 92.

time (Fig. 5b). The catalytic activity of the zeolite samples, derived
from the slope of the initial conversion values, increased linearly
following the order: SD-MFI (19%) > DeCTAB -MFI (14%)  De-MFI
(1.3%) > MFI-0.05 (0.2%). Given that the number of total external
Brønsted acid sites was observed to follow the same tendency, it is
suggested that the totality of external acid sites were able to participate in the catalytic reaction (Table 4). This is also considered
to be in good agreement with the fact that benzaldehyde conversion could be activated by weak acid sites. Accordingly, the much
lower catalytic activity observed with De-MFI and MFI-0.05 was
attributed to an inferior number of Brønsted acid sites on their
external surfaces.
The evolution of the catalytic conversion of decalin cracking
with reaction time is plotted in Fig. 6. At initial reaction time values,
the conversion values follow the order: SD-MFI (58%)  DeCTAB MFI (37%) > De-MFI (34%)  MFI-0.05 (12%). In contrast to acetal
formation of benzaldehyde, these results do not correlate to the
total number of acid sites on the external surface of each sample.
Instead, SD-MFI exhibited higher catalytic activity than DeCTAB MFI. Decalin cracking reaction was conﬁrmed to require strong
Brønsted acidity, whereas benzaldehyde protection can occur on
weaker sites. A linear correlation in this case can therefore be drawn
between the initial catalytic conversion values and the concentration of strong Brønsted acid sites at 31 P ␦ = 92 on the external surface
of the samples (Fig. 6b), as conﬁrmed by previous reports [1]. In
agreement with the results obtained with acetal formation of benzaldehyde, the catalytic activity does not appear to depend only on
the critical adsorption characteristics as the external surface area.
Notwithstanding the similar textural and structural properties, SDMFI exhibits a higher catalytic activity than DeCTAB -MFI as a direct
consequence of having a higher concentration of strong acid sites.
This means that, in the case of catalytic reactions involving bulky
reactants requiring strong acid functionality, SD-MFI is a superior
acid catalyst compared to the desilicated sample.
4. Conclusions

Fig. 5. (a) Benzaldehyde conversion against time for a stream at 393 K passing
over () SD-MFI, () DeCTAB -MFI, () De-MFI or () MFI-0.05 zeolites. (b) Initial
conversion values versus time for each stream. Reaction conditions: 20 mmol of
benzaldehyde, 10 mmol of pentaerythritol, 11 mL of toluene.

MFI zeolites possessing an additional mesoporous system were
prepared by post-synthesis desilication in alkaline media in the
presence or absence of CTAB. In the presence of small crystals, we
showed that under our ﬁxed experimental conditions the addition of CTAB was effective in increasing the total pore volume
and BET surface area. CTAB was conﬁrmed to participate in the
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local desilication process, cooperatively inducing a mesostructure
in the partially desilicated zeolite. As the modiﬁcation procedure
was conﬁrmed to be mass transfer controlled, the crystal diameter
was observed to have a remarkable impact on the degree of mesoporosity attained. Furthermore, the introduction of an additional
pore system was found to result in a higher mesoporosity degree
solely under speciﬁc operating conditions.
This paper additionally sheds some light on the impact of the
synthesis strategy in the acidity of the resulting hierarchical zeolite. Solid-state 31 P NMR was used to assess the external acidity of
our best desilicated MFI zeolite samples and of structure-directed
MFI nanosheets. Speciﬁcally, a remarkable difference was observed
in the total concentration and strength of the Brønsted acid sites
located on external surfaces. By inducing a mesostructure, the presence of CTAB during desilication was shown to result in a fourfold
increase in the total number of external acid sites. A similar total
number of external acid sites was evident in the MFI nanosheets.
However, despite having a similar texture, the post-synthesis desilicated DeCTAB -MFI exhibited a lower concentration of strong acid
sites. Cooperative desilication and re-deposition processes were
assumed to alter the global rearrangement of the Al O Si bonds
of the crystalline structure, thereby generating weaker Brønsted
acid sites. In each case, the catalytic performance was increased
in the acid-catalyzed reactions occurring on the external surface
area. However, MFI nanosheets were proven to be more effective
than desilicated zeolites in catalyzing reactions that require strong
Brønsted acid sites.
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