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ABSTRACT: Construction of hierarchical zeolite catalysts from lamellar zeolite precursor is challenging and promising for in-
dustrial catalysis. Although numerous efforts have been dedicated to control the organization of zeolite nanosheets by post-
synthetic approaches or employing complex surfactants in hydrothermal synthesis, there is still no successful case that the hier-
archical lamellar zeolite is hydrothermally synthesized by the self-assembly of the commercially available simple surfactant
cetyltrimethylammonium bromide (CTAB) and inorganic zeolite precursor. In traditional syntheses, the self-assembly of simple
surfactants and the growth of microporous framework are hardly compatible from both thermodynamic and kinetic viewpoints,
preferring to cause phase separation. Herein, we approach for the first time the hydrothermal synthesis of a mesostructured
multilamellar zeolite ECNU-7P, consisting of an alternative stacking of inorganic MWW zeolite nanosheets and organic CTAB
layers with large interlayer spacing (25 A), by a zeolite seed and CTAB-assisted dissolution-recrystallization route. Correlated 2D
'H-29Si solid-state NMR, X-ray, electron microscopy and rotation electron diffraction analyses provide molecular-level insights
into the guest-host interactions between organic surfactant and inorganic framework during the self-assembly and structure
evolution process. Moreover, the calcined AI-ECNU-7 possessing a hierarchical mesostructure proves to serve as a highly active,

selective and stable solid acid catalyst for triisopropylbenzene cracking as well as acylation of anisole.

Zeolites are crystalline microporous materials, which
have been widely used as heterogeneous catalysts in oil refin-
ing and petrochemicals industries.”3 However, the presence
of sole micropores in conventional zeolites inevitably hinders
their actual use in processing bulky molecules due to severe
mass transfer limitation. Introducing mesoporosity into tra-
ditional zeolite crystals would reduce diffusion path lengths
and maximize the structural functionalities in the limited
space.4° Post-synthetic approaches, such as dealumination
and desilication, are useful to generate intracrystal meso-
pores, but they should be delicately controlled to prevent the
loss of crystallinity. In comparison with post-synthetic ap-
proaches, hydrothermal synthesis of hierarchical zeolites
through soft-template route adopting bulky organic mole-
cules is more expected due to the more precise control of
mesopore formation.

Layered zeolite precursor is a particularly attractive in-
termediate to design hierarchical material because of the
diversity of zeolite layers stacking, which could derive vari-
ous zeolitic materials possessing open structures.™’s Various
post-synthetic strategies have been proposed such as the
phase exfoliation of layered structures.’®2° Although the exfo-
liated zeolites exhibit greatly enhanced catalytic activities in
many reactions, the post-synthetic approaches, usually oper-
ated in strong basic media, are possible to cause the amor-

phization or dissolution of crystalline frameworks.=26.21-23
Thus, the direct synthesis of hierarchical layered materials
with the aid of soft-templates is strongly desirable. Ryoo and
coworkers succeeded in synthesizing zeolite nanosheets us-
ing several rationally-designed Gemini-type surfactants con-
taining at least two quaternary ammonium head groups,?425
which exhibited dual structure-directing functionalities at
different length scale, resulting in the multilamellar MFI
nanosheets with unit-cell thickness.?¢ Similarly, single-
crystalline mesostructured zeolite nanosheets (SCZN)2729
and MIT-13° that were composed of the MFI or MWW zeolite
nanosheets, respectively were also directly synthesized in the
presence of precisely-designed bifunctional surfactants.
Corma and coworkers presented the direct synthesis of a
material containing a large proportion of MWW monolayers
by combining hexamethyleneimine with a designed bifunc-
tional surfactant containing 1,4-diazabicyclo[2.2.2]octane
(DABOCO) groups.3' However, it was demonstrated that the
syntheses of these kind of hierarchical lamellar zeolite much
relied on the directing function of complex supramolecular
surfactants in micro- and mesoscale. Therefore, the multi-
ammonium cations should be carefully designed to have the
dual function of directing the growth of crystalline zeolite
framework and balancing the self-assembly of zeolite layers.
On the contrary, to the best of our knowledge, no successful
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example that the hierarchical lamellar zeolite is prepared by
the self-assembly of the commercially available monoquater-
nary ammonium surfactant and inorganic zeolite layers has
been realized.

In traditional syntheses, the simple surfactant CTAB was
highly expected to cooperate with the organic structure-
directing agent (OSDA) in hydrothermal synthesis, leading
to the direct crystallization of hierarchical zeolites. However,
these two types of organic templates with different proper-
ties hardly act in a synergistic manner, but in fact, they usu-
ally compete to direct independently the formation of meso-
pores and micropores, leading to phase separation. Generally,
the self-assembly of surfactant molecules and the growth of
microporous crystalline framework are incompatible with
each other from both thermodynamic and kinetic viewpoints.
Consequently, it is difficult to achieve highly-ordered zeolite
phases and mesostructures simultaneously, even when a
complex multiammonium surfactant is adopted. Thus, it is
regarded as a well-known challenge in the field of hierar-
chical zeolite to discover controllable systems in which the
simple surfactant and inorganic crystalline zeolite phase can
self-assemble cooperatively to generate micro- and mesopo-
rous materials with simplicity and potential industrial viabil-
ity.

In this contribution, we approached for the first time
the hydrothermal preparation of a mesostructured multila-
mellar MWW zeolite ECNU-7P by controllable self-
assembling of simple surfactant CTAB and lamellar zeolite
precursors through a zeolite seed and CTAB-assisted disso-
lution-recrystallization route. The small quaternary ammo-
nium hydroxide, 1,3-bis(cyclohexyl)imidazolium hydroxide,
was used as the small OSDA to direct the crystallization of
MWW sheets, whereas the bulky CTAB surfactants pillared
the layers thus constructed. The combination of the charac-
terizations, such as 2D 'H-29Si solid-state NMR, X-ray, elec-
tron microscopy and rotation electron diffraction (RED)
analyses, provided molecular-level insights into the interac-
tions between CTAB molecules with respect to crystalline
zeolite layers. The cationic hydrophilic head group of CTAB
had a strong interaction with the inorganic zeolite layer and
was embedded in the hemi-cavities on the MWW layer sur-
face, while its hydrophobic long-chain alkyl group (C.6) sup-
ported the neighboring MWW nanosheets, resulting in al-
ternative self-assembly of inorganic zeolite layers and organ-
ic CTAB layers in the multilamellar zeolite ECNU-7P. With
the assistance of MWW zeolite seed, the Al-containing
ECNU-7P could be synthesized in a wide range of Si/Al rati-
0s (15 ~ o). The calcined Al-ECNU-7 with hierarchical struc-
ture exhibited excellent activity, selectivity and stability in
the catalytic reactions involving bulky molecules.

EXPERIMENTAL SECTION

Synthesis of organic structure-directing agent (OSDA).
1,3-bis(cyclohexyl)imidazolium hydroxide (IM*OH-) was em-
ployed as the OSDA for the crystallization of MWW zeolite.
The synthesis procedure and characterization of the organic
compound are represented in Supporting Information, which
are the same as those reported previously.3?

Synthesis of multilamellar precursor ECNU-7P and hier-
archical zeolite ECNU-7. Multilamellar precursor ECNU-7P
was synthesized using dual organic templates, those were,
IM*OH- as the OSDA for crystallizing microporous MWW
topology and commercially available CTAB surfactant as the

organic pillars to generate secondary pore architecture in
mesoscale. The mixture of fumed silica (AEROSIL 200) and
the calcined ITQ-1 silicate (its detailed synthesis procedure
was shown in Supporting Information) was used as the start-
ing silica source, in which the molar percentage of fumed
silica was varied as o, 25, 50, 75 and 100 %. In a typical syn-
thesis, the silica source (fumed silica and ITQ-1 seed) was
added to an aqueous solution of IM*OH- under stirring at
room temperature for 1 h, resulting in the gel A with a molar
composition of 1.0 SiO, : 0.5 IM*OH-: 25 H,O. The gel A was
transferred into an autoclave and reacted at 443 K for 1 h un-
der rotation, and then cooled to room temperature quickly to
obtain the gel B. Subsequently, the aluminum source NaAlO,
(443 % ALO;, 37.5 % Na,O) and CTAB surfactant were intro-
duced into the gel B, giving a mixture with final molar com-
position of 1.0 SiO, : 0.5 IM*OH- : 25 H,O : (0 ~ '/50) ALO; : 1.0
CTAB. The resulting gel was sealed in an autoclave and fur-
ther treated at 423 K under rotation condition. After crystalli-
zation for a period of time, the product ECNU-7P (Si/Al =15 ~
o) was obtained after filtration and dried at 353 K. The
OSDAs and surfactants were removed by calcination in air at
873 K for 6 h, giving rise to a hierarchical zeolite ECNU-7.
Besides, the pillaring of the multilamellar AI-ECNU-7P was
performed according to the method reported previously.33
For control experiment, the conventional MCM-22 alumino-
silicate was synthesized according to that reported in the
literature,34 while the MCM-56 analogue was post-
synthesized from the as-made MCM-22 precursor by a mild
acid treatment.3s

RESULTS AND DISCUSSION

Synthesis and characterization of multilamellar zeolite
ECNU-7P. The syntheses of the swelling-type multilamellar
MWW zeolite were tried under various hydrothermal condi-
tions using CTAB and IM*OH- as soft templates. IM*OH- has
been demonstrated to possess the ability for directing the
MWW topology 3> The syntheses were carried out using the
pre-prepared MWW-type silicate (well known as ITQ-1) or
the mixture of ITQ-1 and amorphous silica as the starting
material. A very successful result was obtained in the case of
AI-ECNU-7P (Si/Al = 50) with 3D MWW ITQ-1 as the sole
starting material, in which the MWW sheets were stacked in
an ordered manner (Figure 1Ea).3¢ Taking this as the repre-
sentative, the crystallization process could be divided into
two stages. At Stage [, the starting silica source (the calcined
ITQ-1 silicate in this case) was mixed with the IM*OH- solu-
tion to give the gel A, which was hydrothermally treated at
443 K for 1 h to degrade the crystalline structure of original
MWW zeolite to obtain the gel B. Then, the aluminum
source together with the simple surfactant CTAB were intro-
duced into the resulting gel B, and then the synthesis con-
tinued at 423 K in Stage II. The Stage I was the same as the
early procedure that we reported in the synthesis of novel
layered zeolite ECNU-5P;3* during which the crystals of
MWW silicate were dissolved significantly in the basic medi-
um as the MWW framework greatly collapsed within 1 h,
giving a solid yield of only 17.8 wt.% (Figure 1Cb). The re-
maining solid exhibited somewhat broadened PXRD peaks
with reduced intensity, which was attributed to the residual
crystalline MWW phase (Figure 1Ab and 1Bb). Thus, the dis-
solved silicate fragments in liquid phase as well as the re-
maining solid phase, both still containing or consisting of the
basic building units of the MWW structure, may act as nutri-
ent species for crystallization in the next synthesis stage.
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Figure 1. Powder XRD patterns of (A) as-synthesized, (B) calcined products and (C) their corresponding solid yields based on SiO. during the
crystallization of AI-ECNU-7P (Si/Al = 50, with ITQ-1 as sole starting silica source): (a) the parent ITQ-1, (b) stage I: 443 K, 1 h, stage II: 423 K
for (c) 24 h, (d) 48 h, (e) 72 h, (f) 96 h; (D) PXRD patterns and (E) structural models of (a) simulated 3D MWW structure, (b) conventional
MWW layered precursor, (¢) AI-ECNU-7P (in swelling form). The numbers in Figure 1E show the interlayer spacing of adjacent MWW layers.

After hydrothermal treatment at 423 K in Stage II, the
dissolved silica species were recrystallized in the presence of
IM*OH- and CTAB, which was indicated by the gradual in-
crease of solid yields (Figure 1C). For the product obtained
after hydrothermal treatment at 423 K for 24 h, two peaks
newly appeared in the low-angle region of PXRD patterns (260
=1.9° ~ 2.5°), and the calcination shifted the peak to 2.8°and
enhanced the diffraction intensity (Figure 1Ac and 1Bc). Be-
sides, the products were mainly of sphere morphology to-
gether with a small content of platelet-like crystals (Figure
2b). These results implied that the silica fragments in gel B
were presumably reassembled into a hexagonal mesoporous
phase as well as lamellar phase with the assistance of CTAB
molecules.

Further prolonging the time to 48 h gave rise to a lamel-
lar phase, which showed a more intense peak at 260 = 1.9° to-
gether with a shoulder at 260 = 2.4° (Figure 1Ad), both of
which disappeared after calcination (Figure 1Bd). The SEM
images showed that the sample was packed into a lamellar
phase (Figure 2c), indicating that the hexagonal mesostruc-
ture obtained previously might have been transformed to a
2D layered phase. Besides, the peaks assigned to the MWW
structure in high-angle region were still not well resolved
(Figure 1Ad and 1Bd), implying the crystallization of zeolite
framework did not occur to a high degree.

After the treatment for 72 h, the product showed a
strong and narrow PXRD peak at 20 = 1.76° together with
well-resolved ones in high-angle region, corresponding to the
MWW structure (Figure 1Ae and 1Be). This indicated that the
ordering of multilamellar structure increased even after a full
crystallization of the MWW structure. The low-angle peak at
20 = 1.76° can be assigned to the first-order oo1 reflection

corresponding to the interlayer structural correlation. Figure
1D compared in detail the PXRD patterns of conventional
MWW and representative sample prepared in this study. The
first-order oo1 reflection observed at 20 = 1.76° corresponded
to dom = 50 A (Figure 1Dc). Considering the fact that the
MWW monolayer had a thickness of 25 A3 the interlayer
spacing, possibly generated as a result of the surfactant mol-
ecules pillaring two adjacent MWW sheets, was calculated to
be 25 A. The absence of the ooz reflection is probably be-
cause of the “accidental extinction” when the layer thickness
and interlayer spacing are comparable.3® These phenomena
have already been well observed and addressed for the mul-
tilamellar MFI zeolites.»38 Nevertheless, the third-order oo3
reflection appeared obviously at 26 = 5.28°, indicating the
presence of an ordered layered structure in the long range.
Thus, AI-ECNU-7P (Si/Al = 50) with an alternative stacking
of MWW layers and organic pillars along ¢ axis might be
obtained after the hydrothermal synthesis reaction for 72 h
in Stage II (Figure 1Ec). The resulting Al-ECNU-7P zeolite
showed a uniform platelet-like morphology. Although the
crystal edge for each MWW monolayers could not be deter-
mined owing to ultrathin crystal thickness, the layered stack-
ing manner was clearly observed (Figure 2d). Besides, the
calcined sample AI-ECNU-7 showed a broad PXRD peak with
a low intensity in the 26 range of 8° ~ 10.5° (Figure 1Be),
which resembled those of previously reported EMM-10P,39
MCM-56,354° SSZ-704 and ECNU-5.32 The MWW layers in Al-
ECNU-7P were assumed to be twisted or disordered in plane,
lacking the discrete interlayer reflections especially for the
101 and 102 planes.

When the reaction mixture was further heated in auto-
clave for 96 h in Stage II, a conventional MWW layered
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Figure 2. SEM images of the samples obtained during the synthesis
process of AI-ECNU-7P (Si/Al = 50). (a) the parent MWW silicate;
crystallized in Stage II for (b) 24 h; (c) 48 h; (d) 72 h; (e) 96 h.

precursor was obtained, which showed the characteristic oo1
and ooz reflections at 260 = 3.3°and 6.6°, respectively (Figure
1Af), corresponding to a narrowed interlayer spacing of 2 A
(Figure 1Eb). Its calcined form turned into the normal 3D
MWW structure showing extremely intensive and well re-
solved reflections (Figure 1Bf and 1Ea), meanwhile still exhib-
iting a platelet-like crystal morphology (Figure 2e). However,
it possessed an obvious increased crystal thickness in com-
parison with AI-ECNU-7P obtained at 72 h. This indicated
that AI-ECNU-7P was a metastable phase formed during the
whole crystallization process. The organic CTAB molecules
were loosely incorporated between MWW layers because
there were no channels perpendicular to the MWW layers
that could accommodate or stabilize the long chain organic
molecules. Thus, they were readily excluded out of the inter-
layer spaces, leading to a more stable MCM-22P like precur-
sor. Moreover, the sample obtained at 96 h had a different
platelet length in comparison to the pristine ITQ-1 (Figure
2a). This result further verified the multilayer structure of Al-
ECNU-7P was not constructed by simply swelling of ITQ-1
The hydrothermal process experienced multisteps of dissolu-
tion, assembling and recrystallization, which was different
from that recently proposed ADOR process+-4¢and the post-
swelling process.16:2-2

The TEM images of the products were consistent with
the stepwise structural changes that were mentioned above
(Figure 3). The initial phase gave a poorly ordered hexagonal
mesostructured material (Figure 3a), which transformed to a
lamellar intermediate still with a mesostructure but probably
containing partially crystallized units in walls (Figure 3b).
The TEM images of AI-ECNU-7P confirmed the presence of
MWW layers stacking along the ¢ direction with large inter-
layer spacing ranging from 1.6 to 2.4 nm (Figure 3c). The ob-
served interlayer distance between MWW layers was slightly
smaller than that determined by PXRD possibly due to a
partial removal of CTAB molecules during the sample prepa-
ration before HRTEM measurement together with a partial
interlayer shrinkage under vacuum conditions during imag-
ing operation. Moreover, it could be determined that over
90 % of MWW layers in AI-ECNU-7P were swelled and pil-
lared by CTAB surfactants from 10 HRTEM images.

Amorphous phase

Figure 3. HRTEM images of the samples obtained during the progressive crystallization in Stage II. (a) 423 K, 24 h, (b) 423 K, 48 h, (c) 423 K,

N

kjghly oxdered Hierarchical zeolite

- multilamellar zeolite

72 h of AI-ECNU-7P (Si/Al = 50), and (d) the calcined form AlI-ECNU-7 (Si/Al = 15).
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Figure 4. (A) The reconstructed reciprocal lattice from RED data
projected along c*. Selected planes in the reciprocal lattice and cor-
responding to (B) hol and (C) okl planes, respectively.

Moreover, the recently developed technique, rotation
electron diffraction (RED), allows 3D reciprocal space recon-
struction of a crystal based on a series of SAED patterns.47-48
300 SAED patterns were collected around an arbitrary axis at
0.2° intervals from a randomly selected Al-ECNU-7P crystal.
RED data could provide crystal information of both the layer
structure and layers stacking sequence. Strong diffractions
were observed from the c* projection of the reconstructed
reciprocal space (Figure 4A), and the unit cell parameters
were determined to be a = 13.9 A, b =14.0 A and y = 1u8.7°,
which were similar as those of traditional 3D MWW zeolite 3¢
This indicated that a high structure order of MWW structure
was preserved within the layers. Besides, most diffractions in
the hol and okl planes appeared to be elongated as streaks,
indicating a certain degree of structural distortion along ¢
direction in Al-ECNU-7P (Figure 4B, 4C and Movie S1), which
was likely associated with the somewhat disorder stacking of
MWW layers.

Thus, on the basis of the characterizations captured at
different synthesis stages, it could be confirmed that the
multilamellar MWW zeolite with a large interlayer spacing
was hydrothermally synthesized through a dissolution-
recrystallization route. The desirable AI-ECNU-7P zeolite
could be synthesized by controlling the synthesis condition,
especially the crystallization time. The self-assembly of sim-
ple surfactant CTAB and the growth of microporous crystal-
line framework are compatible with each other to generate
the multilamellar structure.

Synthesis of ECNU-7P with various Al contents. The syn-
theses of the swelling-type multilamellar ECNU-7P zeolite
were also carried out by varying the synthesis parameters.
The following synthetic variables were considered: Si/Al mo-
lar ratio (set at 15, 30, 50, 100 and o), the molar percentage of
ITQ-1 silicate added in starting material (set at 100 %, 75 %,
50 %, 25 % and o %), while the OSDA/Si molar ratio was
fixed at o.5. The resulting crystallization field diagram and
the optimized crystallization time are summarized in Figure
S4. Firstly, when ITQ-1 silicate was used as the sole starting
material, the multilamellar MWW zeolites were successfully
obtained in the Si/Al ratio range of 15 ~ oo. The Si/Al ratios of
the resultant zeolite products were nearly the same as that of
the gel composition. As shown in Figure S5, the low-angle
PXRD peak, corresponding to the oo1 reflection, decreased in
intensity as the Al content in zeolite increased, implying a
loss of multilamellar ordering due to the Al incorporation.
Besides, increasing the amount of Al source prolonged the

Chemistry of Materials

optimized crystallization time to 96 h for achieving the well-
ordered ECNU-7P in the case of Si/Al ratio = 15 (Figure S4).

When the mixture of ITQ-1 silicate (75 %) and fumed sil-
ica (25 %) was adopted as the starting material, ECNU-7P
could be prepared with the incorporated Al amount corre-
sponding to the lowest Si/Al ratio of 30. At higher Al content
such as Si/Al = 15, the mixture of amorphous silica phase and
disordered MWW zeolite nanosheets or conventional MWW
zeolite was obtained. When the molar ratio of fumed silica in
the starting material increased to 50 %, the synthesis for
ECNU-7P could be performed in the Si/Al range of 50 ~ oo.
When the percentage of the fumed silica further increased to
75 %, the synthesis of such swollen materials could only be
prepared with the Al content up to Si/Al = 100. Thus the ad-
dition of Al source obviously retarded the crystallization pro-
cess. Notably, the choice of the starting material and the
amount of Al introduced were closely relevant with each
other, and both of them had a great influence on the for-
mation of the multilamellar MWW zeolite. The variation of
these conditions caused some differences in the multilamel-
lar ordering and the optimal time required for hydrothermal
reaction. Using ITQ-1 silicate as the sole silica source yield
the best structural order within the shortest synthesis time.
Decreasing the relative amount of ITQ-1 silicate in the start-
ing silica source would lead to the fully crystallized multila-
mellar ECNU-7P zeolites with only limited amounts of Al
incorporated. On the other hand, it is interesting to explore
whether the swelling-type multilamellar MWW structure
could be prepared with fumed silica as the sole starting ma-
terial. No matter whether the Al source was added or not,
only amorphous phases were obtained even when the crys-
tallization was prolonged to 168 h in Stage II, as no structural
orders due to crystalline microporous framework were de-
tected in high-angle PXRD patterns (Figure S6).

Thus, a high content of ITQ-1 in starting material fa-
vored the incorporation of Al into the well-ordered multila-
mellar MWW zeolite. In syntheses of various zeolites, the
seed-assisted technique had been widely applied to shorten
the crystallization time or to improve the crystalline quality
of the products.495> The existence of specific building units
in the gel B would act as seeds helpful for the formation of
desirable zeolite structure in the second synthesis stage. The
coexistence of these specific silica fragments with zeolitic
building units together with suitable OSDA is critical to di-
rect the formation of MWW layers. Thus, the synthesis pro-
cess must be controlled very delicately using both the ther-
modynamic and kinetic driving forces.

Investigation into guest-host interaction in multilamel-
lar MWW zeolites. Based on the results from various char-
acterizations, the MWW monolayers in ECNU-7P presumed
to be supported by the organic CTAB layers. However, little
has been known about the guest-host interaction between
the inorganic zeolite layers and organic surfactant. Solid-
state NMR spectroscopy is a robust technique to investigate
the interaction between inorganic framework and organic
surfactant moieties,355 and could provide molecular-level
insights into how the self-assembly and crystalline frame-
works develop and the role of CTAB surfactant during struc-
ture evolution. In this study, the Al source was excluded for
simplicity, and the pure silica ITQ-1 was employed as the sole
inorganic source in synthesis. The PXRD pattern indicated
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Figure 5. (a) 'H-3C and (b) 'H-*Si HETCOR NMR spectra of Si-ECNU-7P. 1D 5C CP/MAS, »Si CP/MAS and 'H MAS spectra are shown along
the axes. The CP contact time was set to be 0.3 and 4 ms, respectively to acquire 'H-3C and 'H->Si HETCOR NMR spectra. Skeletal drawings of
(c) the framework of 3D MWW structure, (d) the MWW supercage with labeled T atoms and the structure of ECNU-7P viewed along (e) a axis

and (f) c axis.

the resulting Si-ECNU-7P possessed the multilamellar struc-
ture with organic CTAB pillars between neighboring MWW
layers (Figure Ssa). TG analysis indicated that the weight
percentage of organic species in Si-ECNU-7P was about
38.2 % (Figure S7). The spatial proximity between zeolite
framework and CTAB surfactant could be established with
H->9Si HETCOR experiment. 'H MAS NMR provided direct
information about the surfactant species in zeolites. The 'H
NMR chemical shifts were unambiguously assigned accord-
ing to the *H-3C HETCOR spectra (Figure 5a), in which only
short range correlation could be discerned with a short con-
tact time of 0.3 ms. As shown in Figure 5a, there were two
main peaks at ca. 1.4 and 3.2 ppm in 'H dimension, which
were attributed to the segment methylene (CH.) group and
methyl (CH;) species directly connected to the ammonium
groups of CTAB, respectively. It should be noteworthy that
the 3C NMR signals arising from IM*OH- were too weak to
be well distinguished, probably due to its low concentration.

The 2D *H-29Si HETCOR NMR spectrum (Figure 5b) re-
vealed the essential role of the CTAB surfactant in support-
ing the swollen structure of multilamellar MWW zeolites.
The 29Si signals in the chemical shift range of -110 ~ -8 ppm,
and at -95 ppm were assigned to Q4 and Q3 sites in Si-ECNU-
7P zeolite, respectively.?839 The framework Q4 sites exhibited
the strongest correlation peaks with -N*(CHj;); segment in
CTAB, impling the existence of strong intermolecular intera-
actions between the quaternary ammonium head groups of
CTAB molecule and the zeolite frameworks, which can fur-
ther be confirmed from the 'H->9Si HETCOR spectrum ob-
tained with a shorter CP contact time of 1 ms (Figure S8).

As described in the literature,3%37 a skeletal drawing of
3D MWW structure showing only Si atoms as T sites was
shown in Figure 5c. The adjacent MWW layers were joined

by Si-O-Si linkages, forming a two-dimensional channel be-
tween layers. There were 12 membered-ring (MR) hemi-
cavities on the layer surface and formed a large supercage
between layers in 3D MWW zeolite (Figure s5d). However,
the hemi-cavities were exposed to the surface of each MWW
monolayers in Si-ECNU-7P, as the covalently connection
between layers was prevented by organic CTAB layers, only
leaving crystallographic T6 site on the layer surface exist
freely. Therefore, the Q3 species in Si-ECNU-7P could only be
assigned to the T6 site on the MWW layer surface, while the
other T sites were assigned to Q# sites with tetrahedral coor-
dination. Thus, it could be deduced that only small parts of
CTA* surfactants may interact with the free silanols (T6 site).
Besides, as the synthesis of ECNU-7P was performed under
basic conditions, the head group of the remaining CTA*(OH")
may be embedded into the hemicavities of MWW layers
through the intermolecular hydrogen-bonding with the
bridge oxygen atoms attached to the framework Q4 sites
(Figure se and 5f). It is also possible that parts of CTAB sur-
factants exist freely in the interlayer region in swollen mate-
rials.

Besides, the formation of the intermediate amorphous
silicate during the crystallization process of Si-ECNU-7P was
also evidenced by the solid-state 2D 'H-29Si HETCOR NMR
spectrum, which was acquired on the sample after the hydro-
thermal synthesis for 24 h (Figure S4). The characterization
results of the PXRD pattern and SEM image indicated that
the amorphous silicate phase might be formed at this crystal-
lization stage (Figure Sg), which was similar with that
formed during the AI-ECNU-7P (Si/Al = 50) synthesis. Be-
sides, as shown in Figure S10, two broad signals around -100
and -10 ppm were observed in the 29Si NMR spectra, which
could be assigned to Q3 and Q+ Si species, respectively.
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cined conventional MCM-22 (Si/Al = 16), AI-ECNU-7 (Si/Al = 15) and
16 Pillared-Al-ECNU-7 (Si/Al = 22). The mesopore size distribution
17 determined by nitrogen adsorption are showed on the right.
18
19 Besides, strong 2D intensity correlations were observed be-
20 tween the Q3and Q¢4sites from the amorphous silicate and
21 the 'H signal at 3.2 ppm from the quaternary ammonium
22 moieties -N+(CH;) and -N+*(CH,) of the CTAB surfactant,
23 indicating that the hydrophilic head group of CTAB mole-
24 cules directed the formation of mesoporous silica phase at
25 this stage, and then was embedded into the amorphous silica
26 matrix. The interaction in this amorphous sample was greatly
27 different from that in the well-crystallized Si-ECNU-7P, in
which the head group of CTAB surfactant only showed
28 strong interaction with Q4sites in the 12-MR hemi-cavities
29 (Figure 5). Moreover, this result confirmed the evolution
30 process of ECNU-7P crystallization at the early stage of crys-
31 tallization, during which the parent ITQ-1 was dissolved to
32 silica segments initially and then self-assembled into weakly
33 ordered mesophase in the presence of CTAB surfactant.
34 Thus, the NMR analyses on these two samples provided
35 more evidences about the development and evolution pro-
36 cess of transient framework structures during the hydro-
37 thermal synthesis. The multilamellar Si-ECNU-7P was con-
38 structed through the dissolution-recrystallization process,
39 during which the starting source transformed to the inter-
40 mediate mesoporous amorphous frameworks, and subse-
41 quently crystallized into well-ordered assembly of MWW
42 monolayers with large interlayer spacing. The crystallization
43 and the self-assembly were highly coupled, as the simple
44 surfactant CTAB acted as the structure-directing agent for
45 mesophase or pillaring agent for MWW monolayers at differ-
ent crystallization stages.
46
47 Physicochemical properties and catalytic behaviors of
48 hierarchical AlI-ECNU-7 zeolite. Considering that at least
49 five different MWW layer stacking modes have been discov-
50 ered from direct syntheses (MCM-49,5¢ MCM-22P 3¢ MCM-
51 56,4 EMM-10P,39 ECNU-5P32), ECNU-7P with swollen struc-
52 ture is a special one, because MWW monolayers are separat-
53 ed by organic CTAB pillars. In addition, the amount of Al
54 incorporated in ECNU-7P could be well controlled in the
55 Si/Al molar range of 15 ~ o by adjusting the Si source ratio of
56 ITQ-1 and amorphous silica. The large interlayer spacing and
57 the high content of Al may provide the opportunity for the
58 construction of the hierarchically structured zeolite catalyst
for acid-catalyzed reactions.
59
60

Chemistry of Materials

The 27Al MAS NMR spectra of both conventional MCM-
22 (Si/Al = 16) and Al-ECNU-7 (Si/Al = 15) exhibited a pro-
nounced peak centered at around § = 55 ppm and a weak
peak centered around & = o ppm (Figure Su), that could be
attributed to the Al species with tetrahedral and octahedral
coordination, respectively.57 These results demonstrated that
most Al atoms in AI-ECNU-7 material were incorporated into
the framework. The HRTEM images indicated that the cal-
cined AI-ECNU-7 possessed a hierarchical structure as the
MWW sheets were partially condensed and separately ar-
ranged (Figure 3d). Apparently, the structural order in the
as-synthesized form was lost upon calcination. The mis-
matching of CTA cation-expanded nanosheets would lead to
an incomplete interlayer condensation unlike conventional
3D MWW structure. Then, AI-ECNU-7 was considered to
contain a lot of intracrystal mesopores as a result of disor-
dered stacking of MWW layers. In fact, nitrogen adsorption-
desorption demonstrated that the calcined AI-ECNU-7 sam-
ple showed a combined isotherm of type I and type IV, dif-
ferent from conventional MCM-22 characteristic of typical
microporous materials (Figure 6). AI-ECNU-7 had a much
higher mesoporosity, and in addition to the micropore of ca.
0.55 nm, it showed a very broad mesopore size distribution
from 3.8 nm to 8 nm. The total pore volume and external
surface area of AI-ECNU-7 were 0.930 cm3 g* and 312 m? g7,
respectively (Table S1). On the other hand, the resulting Al-
ECNU-7P could be pillared to produce the Pillared-Al-ECNU-
7 material, which can be regarded as the analogue to MCM-
36.223 As shown in Figure S12, the low angle oo1 peak at 26 =
1.70° was preserved in the pillared sample (in calcined form),
indicating the adjacent MWW layers was successfully sup-
ported by amorphous silica pillars. Besides, the Pillared-Al-
ECNU-7 sample exhibited an increased BET surface area (681
m? g”) and total pore volume (0.663 cm3 g*) in comparison
with that of conventional MCM-22 (Table S1), while an obvi-
ous BJH pore size distribution at 3.1 nm as a result of pillaring
was observed (Figure 6). However, the multilamellar Al-
ECNU-7P zeolite from hydrothermal synthesis cannot be
delaminated simply by ultrasonic treatment in water to yield
the exfoliated material like ITQ-2. In contrast, the conven-
tional MCM-22 sample had relatively low total pore volume
and external surface area. Therefore, AI-ECNU-7 was a hier-
archical MWW material with a high delamination degree,
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Figure 7. Results of catalytic cracking TIPB over (A) Al-ECNU-7
(Si/Al = 15) and (b) MCM-22 (Si/Al = 16) catalysts. Reaction condi-
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Chemistry of Materials

Table 1. Catalytic reaction results of the acylation of ani-
sole with anhydride over different catalysts. 2

o] (H) o
| . J I
1 o] (o]
: P 353 K Y * [
\ + o "y
J o 5
Catalyst Si/AlP SA¢ ESA ¢ SA/ESA  Yield
(m*g") (m*g") (%)
Al-ECNU-7 31 512 331 1.55 37.1
Pillared-Al-ECNU-7 47 706 605 117 48.7
MCM-22 28 452 86 5.26 17.3
MCM-56 32 454 150 3.03 233
ZSM-5 31 330 24 13.8 7.8
Beta 29 521 45 1.6 13.4

@ Reaction condition: cat., 0.1 g; anisole, 5.23 g; acetic anhydride, 5 mmol; temp., 353 K; time,
1h. " Determined by ICP analysis. © SA: total surface area, ESA: external surface area.

which would favor the diffusion for bulky molecules in cata-
lytic reactions.

Firstly, the cracking of 1,3,5-triisopropylbenzene (TIPB)
was used as a model reaction to assess the catalytic activity of
Al-ECNU-7, because its larger external surface may make the
active sites more accessible to the substrate, thus would favor
the conversion of large molecules. The cracking of TIPB was
a successive reaction with the main products as diiso-
propylbenzene (DIPB) isomers, isopropylbenzene (IPB) and
benzene (BZ). Figure 7 showed the changes of TIPB conver-
sion and product selectivities with time-on-stream (TOS).
The hierarchical Al-ECNU-7 catalyst exhibited a three times
higher TIPB conversion than conventional MCM-22. Alt-
hough the TIPB conversion decreased with the reaction time
for both catalysts, but AI-ECNU-7 exhibited a much slower
deactivation rate than MCM-22. On the other hand, the
product distribution provided information concerning the
extent of cracking degree. Although the selectivity of BZ and
IPB decreased with the reaction time, but the selectivity for
the deep cracking products over AI-ECNU-7 was also much
higher than that of MCM-22 when compared at the same
TOS. These results indicated that AI-ECNU-7 showed a bet-
ter cracking ability than the conventional MCM-2.2.

In the Friedel-Crafts acylation of anisole with acetic an-
hydride, the p-methoxyacetophenone (p-MAP) was the main
product with the selectivity over 98 %, which may due to the
electronic effect of anisole, the intramolecular steric con-
straint of o-MAP and the electrophilic substitution character
of the reaction.’®59 The comparison was made among the
solid-acid catalysts with different zeolite structures. As
shown in Table 1, the AI-ECNU-7 and Pillared-Al-ECNU-7
catalysts with hierarchical MWW structure exhibited superi-
or catalytic behaviors, giving rise to 37.1 % and 48.7 % p-MAP
yield, respectively. In contrast, the conventional MCM-22
and the delaminated MCM-56 with comparable Al loadings
only gave 17.3 % and 23.3 % p-MAP yield, respectively. As for
the bulk H-Al-Beta and H-Al-ZSM-5, lower MAP yields were
achieved because of their hydrophilic framework or lacking
of mesopores. Notably, the superiority of AlI-ECNU-7 and
Pillared-Al-ECNU-7 is proportional to its enlarged external
surface area and more exposed acid site therein.

CONCLUSIONS

In summary, a swelling-type multilamellar ECNU-7P
with alternative stacking of MWW nanosheets and organic
CTAB layers was successfully prepared through a dissolu-

tion-recrystallization route. It is the first time that the sim-
ple surfactant CTAB and layered zeolite precursor could act
in a synergetic manner during the self-assembly process. It
offers an alternative, attractive pathway to the current post-
synthetic approaches or hydrothermal syntheses of MWW
nanosheets with designed surfactants. The calcined Al-
ECNU-7 turned into a hierarchical zeolite catalyst and ex-
hibited excellent activity, selectivity and stability in the cata-
lytic conversion of bulky molecules. The present approach
would be a general methodology and suitable for the direct
synthesis of the hierarchical layered zeolites with other to-
pologies by controlling the self-assembly of simple surfac-
tant and zeolite precursor. More significantly, the low cost
and commercial availability of simple CTAB surfactant make
it more promising than complex bifunctional surfactants for
the preparation of industrial heterogeneous catalysts.
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Self-Assembly of CTAB and Lamellar Zeolite Precursor
for the Preparation of Hierarchical MWW Zeolite
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11 3D l\jlWW MWW precursor Multilamellar MWW precursor
12 ECNU-7P: Self-Assembly of CTAB and Zeolite Precursor
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