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The synthesis and exceptional catalytic performance of nestlike hollow hierarchical MCM-22
microspheres (MCM-22-HS) were presented. The MCM-22-HSs were obtained by one-pot rotating
hydrothermal synthesis using carbon black as a hard template via self-assembly combined hydro-
thermal crystallization. The shell of MCM-22-HS was hierarchically constructed by many flaky
MCM-22 crystals. The Mo/MCM-22-HS exhibited significantly improved methane conversion,
yield of benzene product and catalyst lifetime for methane dehydroaromatization as a model
reaction. The exceptional catalytic performance was attributed to the hollow and hierarchical
structure. Faster transfer of Mo species because of the existing mesopores and higher dispersion of
Mo species brought by the higher external surface of the Mo/HMCM-22-HS lead to generation of
more catalysis active sites and high benzene yield. The sites associated with catalyst deactivation
could also be reduced, contributing to improvement of the catalyst lifetime. Both the hierarchical and
hollow structure is favorable for the diffusion of larger molecule product, probably contributing to
significant improvement of the catalyst lifetime. This work demonstrated the potential applications

of hollow hierarchical microsphere structure in catalytic engineering.

1. Introduction

In the past decade, inorganic hollow spheres from
nanometer to micrometer dimensions have received in-
creasing interest because of their unique physicochemical
properties such as their distinct low effective density and
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high specific surface area, which may open new possi-
bilities in controlled storage and release, adsorption,
catalysis, acoustic insulation, piezoelectric transducers,
optics, sensors, and manufacture of advanced mate-
rials.'”® Caruso provided short reviews about hollow
spheres and focused on a recent novel and versatile
technique, based on a combination of colloidal templat-
ing and self-assembly processes, which could readily
afford control over the size, composition, and wall thick-
ness of the hollow spheres.'®“ To date, hollow spheres of
various compositions such as oxide,? metal,’ sulfide,* and
carbon® have been produced. Taking into account the
greatly different properties of various inorganic com-
pounds that would benefit specific applications, the
development of fabrication strategy and the construction
of special functions for hollow structures built from
various inorganic compositions is of both scientific and
technological significance.

More recently, hollow spheres with a shell of material
zeolites attract great attentions.® Zeolites are a class of
microporous crystalline materials with pores of mole-
cular dimensions widely used in industry as adsorbents,

(6) (a)Wang, X.; Yang, W.; Tang, Y.; Wang, Y.; Fu, S.; Gao, Z. Chem.
Commun. 2000, 2161. (b) Valtchev, V.; Mintova, S. Micro. Meso.
Mater. 2001, 43, 41. (c) Valtchev, V. Chem. Mater. 2002, 14, 956.
(d) Dong, A.; Wang, Y.; Tang, Y.; Ren, N.; Zhang, Y.; Gao, Z. Chem.
Mater. 2002, 14,3217. (e) Valtchev, V. Chem. Mater. 2002, 14,4371.
(f) Dong, A.; Ren, N.; Yang, W.; Wang, Y.; Zhang, Y.; Wang, D.; Hu, J.;
Gao, Z.; Tang, Y. Adv. Funct. Mater. 2003, 13, 943. (g) Naik, S. P.;
Chiang, A. S. T.; Thompson, R. W.; Huang, F. C. Chem. Mater. 2003,
15, 787. (h) Xiong, C.; Coutinho, D.; Balkus, K. J., Jr Microporous
Mesoporous Mater. 2005, 86, 14.

pubs.acs.org/cm



2758  Chem. Mater., Vol. 22, No. 9, 2010

ion exchangers, separation membranes, and in particular
as solid acid catalysts in the fields of oil refining and
petrochemistry.” It is indisputable that hollow zeolite
microspheres represent for a special group of hollow
structural materials in view of the high thermal and
chemical stability as well as intrinsic scientific interest in
their diverse chemistry. Because a layer-by-layer (LbL)
technique based on electrostatic interaction or hydrogen
bonding was reported by Caruso,'® there have been
several reports on the syntheses of hollow zeolite micro-
spheres using polystyrene spheres (PS) as templates and
applying LbL or secondary growth synthesis approaches.
Tang et al. reported the fabrication of hollow zeolite
(silicalite-1 and ) spheres through an LbL technique
using PS as templates and nanozeolites as building
blocks, followed by calcination.®* Subsequently, Valtch-
ev introduced a combination of LbL and hydrothermal
synthesis techniques to prepare core—shell polystyrene/
zeolite A microbeads® and silicalite-1 hollow spheres and
bodies with a regular system of macrocavities.®® In this
way, the zeolite shells are built of well-intergrown crystals
so as to improve the mechanical stability and intact
ratio of the obtained hollow spheres. Nevertheless, these
methods for the hollow zeolite microspheres relied on
generated beforehand building block of nanozeolite par-
ticles and the LbL technique in which the necessary
multistep alternatively coating processes are rather com-
plicated and labor intensive. More importantly, there was
lack of application of hollow zeolites reported to date,
although new application and unique properties are
highly expected for them either in traditional use areas
or advanced areas.

Zeolite MCM-22 is a microporous materials composed
of interconnected building units that form two indepen-
dent pore systems: two-dimensional 10-ring sinusoidal
channels, and 12-ring interlayer supercages with depths
of 18.2 A, both of which are accessible through 10-ring
apertures.® This makes MCM-22 a promising catalyst for
many processes, particularly for methane dehydroaro-
matization reaction (MDA),? which provides alternative
route to petroleum for the production of benzene and
become an important branch of C1 chemistry. Herein, we
report the synthesis of hollow hierarchical MCM-22
microspheres (simplified as MCM-22-HS) by a facile
one-pot hydrothermal method involving self-assembly
combined hydrothermal synthesis with carbon black
spheres as core-template. To the best of our knowledge,
synthesis of zeolite hollow spheres by such carbon tem-
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plating method has not been reported to date. Further-
more, the exceptional catalytic performance in MDA
reaction related to the hollow hierarchical MCM-22
structure was demonstrated.

2. Experimental Section

2.1. Synthesis. All chemical reagents used in this work were
of analytical grade. The MCM-22-HS was synthesized using
hexamethyleneimine (HMI) as a structure direction agent
(SDA) and carbon black microspheres as hard core template.
The used carbon black microspheres (M700, purchased from
Cabot Corporation) with particle diameter 4—8 um possesses
BET surface area of 257 m?/g with pore size ranging from 20 to
30 nm. Known amounts of sodium metaaluminate (NaAlO,,
supplied by Tianjin Bodi Chemical Co., Ltd.), sodium hydro-
xide (96% NaOH, supplied by Tianjin Bodi Chemical Co.,
Ltd.), HMI (>99%, purchased from Aldrich) and deionized
water (supplied by DLUT) were mixed and vigorously agitated
in a vessel for 30 min. Subsequently, a specific amount carbon
black microspheres, which were dried in an oven (393 K) over-
night, was impregnated with this solution and vigorously agi-
tated for 6 h. The weight ratio between the Al-containing
precursor solution and the carbon black impregnated is about
10. Ludox (AS-40, 40% SiO,, Aldrich) was then added into the
mixture by dropping with one drop per two seconds. The moral
composition of the final mixture was as follow: Al,05:30Si05:3-
Na,0:1500H,0:15HMI. The resultant mixture of 80 mL was
introduced into a stainless-steel autoclave (100 mL), followed by
heating to 423 K for 7 days under the condition of rotating
crystallization. After quenching the autoclave to room tempera-
ture, the solid sample was separated from the mixture by
centrifugation (5000 r/min), washed by deionized water then
dried at 393 K overnight. The SDA and the carbon black
microspheres were removed by controlled calcination in air in
a muffle at 823 K for 12 h at a heating and cooling rate of 0.5
and 0.9 K/min, respectively. In this way, a white material
(MCM-22-HS) is obtained. For comparison, the synthesis
experiment was carried out with the synthesis parameters kept
as same as that of MCM-22-HS except for the presence of
carbon black template so as to obtained conventional flaky
MCM-22 zeolites.

H-form MCM-22-HS and MCM-22 zeolites were obtained
by successive exchanging with 1 M NH4NO; aqueous solution
and calcination. Then, Mo-containing catalysts (Mo wt% =
6%) were prepared by incipient wetness impregnation of the
obtained MCM-22-HS and MCM-22 with an aqueous solution
of ammonium molybdate according to the procedure as pre-
ciously described in the previous studies’ and denoted as
Mo/HMCM-22-HS and Mo/HMCM-22 catalysts, respectively.
After impregnation, the catalysts were dried at 393 K for4 h and
then calcined in air at 773 K for 6 h as described in the previous
studies.” Besides, all the conditions for the two catalysts pre-
paration were kept same for comparison.

2.2. Catalyst Evaluation. The MDA reaction was carried out
in a quartz tubular fixed-bed reactor (8 mm i.d.) at atmospheric
pressure and 973 K, a space velocity of 1500 mL/(g h). The
products were analyzed by an online gas chromatograph
equipped with ten-way sampling valve (Valco) for autosampling
every time per 30 min, a flame ionization detector (FID) for the
analysis of CHy, C4Hg, C;Hg, and CyHg, and a thermal con-
ductivity detector (TCD) for the analysis of H,, N,, CHy, CO,
C,Hy4, and C,Hg. The feed was a gas mixture of 10% N,/CHy4
and the N, in the feed was used as an internal standard for
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analyzing all products, including carbonaceous deposition on
the basis of converted methane molecules.

2.3. Characterization. The synthesized products were char-
acterized by X-ray powder diffraction (XRD) on a Rigaku-
Dmax 2400 diffractometer equipped with graphite monochro-
matized CuKa radiation in the 26 angle ranging from 0.5 to 50°,
scanning electron micrograph (SEM, KYKY-2800B). Trans-
mission electron microscopy (TEM) was carried out on a Philips
Tecnai G2 20 instrument, operating at 200 kV. Nitrogen ad-
sorption analyses was carried out with an Autosorb-1 adsorp-
tion analyzer (Quantachrome Instruments) at 77 K. Prior to the
adsorption measurements, the sample was degassed at 473 K for
at least 6 h. Pore size distribution was obtained by BJH method.
The X-ray fluorescence (XRF) spectrometry analysis was car-
ried on Bruck SXR SKS-3400 instrument. For the NH3;-TPD
experiments, the sample (0.14 g) was dried in a flowing He
(99.99%, 30 mL/min) at 873 K for 0.5 h prior to adsorption.
Pure NH; was adsorbed until saturation took place at 323 K,
then the catalyst was flushed with He at the same temperature
for 1 h. TPD measurements were conducted from 323 to 900 K
with a heating rate of 15 K, with He as carrier gas. The amount
of desorbed ammonia was detected by a thermal conductive
detector.

3. Results and Discussion

3.1. Preparation of MCM-22-HS. XRD patterns
(Figure 1) of the calcined products showed well-resolved
peaks in the 4—40° range characteristic for MCM-22
structure'® without the presence of peaks of other crystal-
line phases and amorphous phase, confirming the forma-
tion of MCM-22 zeolite with the high crystallinity.

The formation of the hierarchical hollow MCM-22
microspheric structure was revealed by SEM and TEM
images of the products in Figure 2. The SEM images in
Figure 2a, b showed beautiful nestlike microspheres that
were constructed compactly by many flaky crystals. Such
unusual spherical architecture is entirely distinct from the
typical flaky morphology of the MCM-22 zeolite in
Figure 3 synthesized with the same synthesis composi-
tions and procedures as MCM-22-HS without adding
carbon black particles. More detailed structural features
of the spherical architecture were revealed by SEM image
of a few individual microspheres with collapse-fissure
(Figure 2c), clearly exhibiting that the individual micro-
sphere was hollow and the thickness of the shell was quite
uniform. TEM images (Figure 2d) further revealed the
hollow structure and the stacking of the building units of
MCM-22 nanocrystals (as shown in the insert) since the
contrast at the center was much lower than that of a solid
particle. Besides, clear lattice fringes were observed,
revealing the high crystallinity of this sample. It is worth
noting that most of the products (>85%) present the
intact spherical morphology similar to that of the car-
bon black particles (see the Supporting Information,
Figure 1), suggesting the good mechanical strength of
the products.

N, adsorption isotherm (Figure 4) of the MCM-22-HS
showed a clear hysteresis loop at about relative pressure
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Figure 1. Wide-angle XRD patterns of the calcined products using
carbon black as core template and the typical flaky MCM-22 zeolite
synthesized in this work with the same synthesis compositions and
procedures as MCM-22-HS without adding carbon black particles.

P/Py 0.5—0.98, caused by the capillary condensation in
the textural mesopores, indicating the presence of meso-
pores that were reasonably assigned to intercrystalline
voids between the flaky nanocrystals. The mesoporous
structure in microporous zeolites is particularly impor-
tant for practical application of zeolite.'! The BJH aver-
age pore diameter of the sample is about 16.1 nm based on
the desorption branch of the isotherm. The BET surface
area and micropore area of MCM-22-HS is 471 and 337
m?/g, respectively. Compared with the conventional typi-
cal flake MCM-22 with BET surface area and micropore
area of 458 and 352 m?®/g, respectively, it possessed a
higher external surface area of 134 m?/g and lower
micropore surface area of 337 m?/g (see the Supporting
Information, Table 1). The above observations revealed
the formation of the hierarchical and hollow MCM-22
microsphere via carbon black templating hydrothermal
synthesis.

3.2. Growth Mechanism. Time trial study of the growth
process aided us in understanding the formation mecha-
nism of the hollow hierarchical structure. TEM images
and XRD patterns of the calcined products at different
growth periods is shown in Figure 5. Judging from the low
contrast in the TEM images (Figure 5a, b) and amor-
phous XRD patterns in (Figure 5e), the hollow micro-
spheres with amorphous shell were formed in the first
4 days. Increasing the crystallization time yielded crystal-
line phase for the shell but did not affect the hollow
structure. The shell showed the emergence of the crystal-
line MCM-22 structure after 6 days (Figure 5c, ¢). The
microspheres with the shell consisting of highly crystalline
and intergrown MCM-22 crystals were obtained after
7 days (Figure 5d, e).
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Figure 2. SEM images of (a, b) the sample synthesized in this work and (c) the sample with collapse-fissure; (d) TEM images of the calcined sample; inset,

high-resolution TEM image of the area marked by red the circle.

Figure 3. SEM image of typical flaky MCM-22 zeolite synthesized with
the same synthesis compositions and procedures as MCM-22-HS without
adding carbon black particles.

A clearer description of the formation process is illus-
trated in Figure 6. In a typical synthesis procedure for
MCM-22, the precursor particles reasonably containing
silica and hydrophobic SDA'? evolve into MCM-22
zeolites. When carbon black was added into the precursor
solution, the precursor particles were assembled onto
the external surface of the carbon black grains to form
carbon@precursor particles core—shell structure. Car-
bon black particles are known to exhibit measurable
amounts of polar surface chemical groups COH and
COOH that will definitely interact with polar species also
the alkanes.'® IR spectrum (see the Supporting Informa-
tion, Figure 2) confirmed the presence of the groups. The
strong interactions of hydrogen bond between surface
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Figure 4. N, adsorption and desorption isotherms for obtained
MCM-22-HS.

Table 1. Catalytic Performance of Various Catalysts Being Subjected to
MDA Reaction for a Certain Times (Mo-Based MCM-22 and ZSM-5
Catalysts for 24 and 10 h, Respectively)

benzene benzene
catalyst T*(K)  yield (%)°  vyield (%) ref
Mo/HMCM-22 973 8 6.1 °
Mo/HMCM-22 973 6.8 4.7 this work
Mo/HMCM-22-HS 973 9.3 9.08 this work
Mo/HZSM5-P? 973 8.5 5.4 160
Mo/HZSM5-ST2¢ 973 9.4 7.2 teb

“The thermodynamic equilibrium conversion of CHy4 for CH, reac-
tion to benzene is 11.5% at 973 K. 6CH4 — C¢Hg + 9H,; AH, = —530
kJ/mol. ® The highest yield of benzene and the lowest yield of benzene.
“During the decline curve.  The parent zeolite catalyst used in ref 16b.
¢ The catalyst after dealumination treatment of the parent zeolite catalyst
under the conditions of 823 K, partial pressure of steam of 38 kPa, and
for 6 h.

groups of carbon black particles and the plenty of OH
groups, Si—0O, Al—O bonds, and the NH group in the
precursor particles probably is the driving force of the
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Figure 5. TEM images of calcined products at different growth periods: (a) 2 days; (b) 4 days; (c) 6 days; (d) 7 days; and (e) the wide-angle XRD patterns of

the calcined products at different growth periods (2, 4, 6, and 7 days).

assembly of precursor nanoprecursor particles onto the
carbon black particles. Nevertheless, the rotating condi-
tion was the prerequisite that could ensure the homo-
geneous dispersion of carbon black microspheres in the
synthesis mixture and the necessary contact of the pre-
cursor gels with carbon black microspheres. The precur-
sor particles assembled onto the surface of carbon black
grains then nucleated and crystallized to yield carbon@
polycrystalline MCM-22 core—shell structure with the
elapsed reaction time. By calcination, the HMI structure-
directing agent and carbon core template were removed,
forming hollow MCM-22 structure.

3.3. Catalyst Performance Evaluation. Methane dehy-
droaromatization (MDA) reaction being considered as a
promising route for direct conversion of methane into
high value-added chemicals has attracted increasing
attentions in the past several decades. Although remark-
able progress has been made in this field in terms of
catalyst, many important features and findings discov-
ered,'* MDA remains an important industrial challenge

(14) (a) Xu, Y.; Lin, L. Appl. Catal., A 1999, 188, 53. (b) Xu, Y.; Bao, X.;
Lin, L. J. Catal. 2003, 216, 386.

because of severely thermodynamically limited conver-
sion and intractable carbon deposition resulting in severe
catalysis deactivation. To evaluate the properties of the
MCM-22-HS, the MDA as a model reaction was tested
over Mo/HMCM-22-HS catalyst. Mo content of 6 wt %
was chosen for both Mo/HMCM-22-HS and the tradi-
tional Mo/HMCM-22 catalysts, which was reported to be
the optimized content for Mo/HMCM-22.° Besides, To
compare the catalytic performances of these two cata-
lysts, we prepared both the Mo/HMCM-22 and Mo/
HMCM-22-HS catalysts using the same procedures and
operated the MDA conversion under the same reaction
conditions, such as the same weights of the zeolite sup-
ports and Mo contents for these two kinds of catalysts,
reaction temperature, space velocity. The XRF analysis
of the two catalysts (not shown here) shows that calcined
Mo/HMCM-22-HS catalyst possesses the similarity to
the calcined Mo/HMCM-22 catalyst in terms of Mo
content (6.0 and 5.9 wt %, respectively) and Si/Al ratio.

Figure 7a presents methane conversion and the distri-
bution of products being benzene, naphthalene, carbon
deposition (the very trace of ethane and CO is included
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into carbon deposition) for Mo/HMCM-22-HS together
with the conventional flaky Mo/HMCM-22 prepared
in the present work (Figure 3). Our conventional Mo/
HMCM-22 catalyst presented a comparable catalytic
performance with that of Mo/HMCM-22 reported by
Bao’ which is found the best catalyst for MDA. Astonish-
ingly, the MCM-22-HS catalyst exhibited remarkably
high CH,4 conversion and high yield of benzene increased
by 25—30% relative to that of the conventional Mo/
HMCM-22 catalysts either synthesized in the present
work or reported by Bao. The yield of carbon deposition
was much higher than that of the conventional one,
whereas the Mo/HMCM-22-HS catalyst displayed ex-
ceptional catalyst stability with the benzene yield of 9%
keeping almost constant until the reaction runs for
3000 min. Under the same reaction conditions employed,
formation rates of benzene on these two catalysts were
shown in Figure 7b. Clearly, the formation rate of
benzene on the conventional Mo/HMCM-22 catalyst
started to decline abruptly from 400 min of time-on-
stream, implying the rapid deactivation of catalyst from
400 min. On the contrary, the formation rate of benzene
on the Mo/HMCM-22-HS catalyst was quite constant
after induction period and decline slightly during the

3]

(p“\ Carbon black microsphere in
precursor gels

Zeolite MCM-22
hollow sphere

Carbon@zeolite MCM-22
core-shell structure

Carbon@precursor particles
core-shell structure

Figure 6. Schematic representation of the growth process of the MCM-
22-HS.

a Solid: Mo/HMCM-22-HS
Hollow: conventional Mo/HMCM-22
Triangle: methane conversion
Circle: benzene yield

Pentacle: naphthalene yield
Square: carbon deposition
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whole time-on-stream (3000 min), indicating that the
catalyst activity is quite stable. The comparison of the
catalytic performance of the reported catalysts for MDA
reaction at various moments including the steam deal-
uminated HZSM-5 supported molybdenum, which was
reported to be highly coking resistant (Table 1) further
displays the exceptional benzene yield and catalyst stabi-
lity. To the best of our knowledge, among the reported
catalysts for MDA reaction, the Mo/HMCM-22-HS
catalyst showed the highest benzene yield and catalyst
stability.

NH;-TPD analysis was conducted for the conventional
HMCM-22 zeolite (1), calcined Mo/HMCM-22 catalyst
(2), the HMCM-22-HS zeolite (3), and calcined Mo/
HMCM-22-HS catalyst (4) as shown in the Supporting
Information, Figure 3. Interestingly, the calcined Mo/
HMCM-22-HS showed a much smaller peak area of high
temperature (Peak H) that is assigned to the desorption of
NHj; adspecies adsorbed on exchangeable Bronsted acid
sites”® in comparison with calcined Mo/HMCM-22 cat-
alyst, although HMCM-22-HS zeolite showed a higher
Peak H than HMCM-22 catalyst. In a word, the amount
of Bronsted acid sites of HMCM-22-HS is much more
reduced than that of HMCM-22 zeolite after Mo mod-
ification. It is recognized that the reduction in amount of
Bronsted acid sites is due to the occupation of the MoO
species that exchange with Brensted acid sites to form
Mo—O—Al bond during the impregnation and calcina-
tions.'* Hence, it can be inferred that more exchanged Mo
species that are evolved into MoC, or MoO,.C, species
being the active site of activation of methane were formed
for Mo/HMCM-22-HS catalyst during the impregnation
and calcination course. The more active sites naturally
give rise to high methane conversion and thus high
benzene yield. This deduction can be further supported
by the observed high yield of carbonaceous deposition
one components of which is reactive MoC, or MOOXC},.IS
It can be therefore concluded that the remarkably en-
hanced high conversion is attributed to the formation
of more active sites for methane activation. It is well
demonstrated that the hierarchical pore architecture
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Figure 7. (a) Catalytic performances of Mo/HMCM-22-HS and conventional Mo/HMCM-22 catalysts for MDA reaction; (b) formation rates of benzene

at 973 K on these two catalysts under space velocity of 1500 mL/(g h).
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significantly improve mass transport limitation, resulting
in improved activity for mesoporous zeolite catalyst.'® In
our case, the higher external surface of hierarchical
MCM-22-HS shell probably leads to higher dispersion
of Mo precursor species onto the MCM-22 external sur-
face, which is the initial stage of the exchange of Mo
species with MCM-22.'3 Furthermore, the presence of the
mesopores leads to faster transfer of Mo species into the
MCM-22 channels. All these are favorable for better
migration of Mo species into MCM-22 zeolite channel,
giving rise to more Mo species exchanged with acid sites
of OH groups. Also, the more Bronsted acid sites in
HMCM-22-HS zeolite are probably favorable for the
exchange of MoO, species with them. The exact reason
for the formation of more active sites for methane activa-
tion should be further investigated by using *’Si MAS
NMR, *’Al MAS NMR, '"H MAS NMR, and **> Mo
NMR, etc., techniques.

For the catalysis stability of MDA, it is recognized that
the excess of Brensted acid sites result in catalyst deacti-
vation since Bronsted acid sites are not only responsible
for the formation of aromatics products but also for the
deposition of aromatic-type coke causing catalyst deac-
tivation."> For the calcined Mo/MCM-22-HS catalyst,
the retained Bronsted acid sites was indeed much less than
that of the calcined Mo/HMCM-22 catalyst as shown in
the Supporting Information Figure 3. The highly en-
hanced catalyst lifetime of Mo/MCM-22-HS could be
therefore attributed to the less Bronsted acid sites due to
the occupation of Brensted acid sites by Mo species.'’
Moreover, hollow interior structure probably made the
intercrystalline mesopores among the shell more active
for access of larger product molecules like benzene be-
cause of the larger possibility for the mesopores mouth to
direct open to the interior void, the fast transport of larger
products nevertheless is in favor for improving the cata-
lyst activity and lifetime as reported in literature work.'®

The high benzene yield and long lifetime resulted from
the hollow and hierarchical structure which functionally
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facilitated the formation of more active center probably
through the prompted distribution of the active species
into reaction sites and the promoted diffusion of large
molecule products off the reaction sites. The formation of
more active center simultaneously reduced the number of
sites resulting in catalyst deactivation. Hence, the excel-
lent catalytic performance for Mo/HMCM-22-HS in
MDA reaction elucidates the claimed hollow and hier-
archical structure of MCM-22-HS. These results also
show that the hollow hierarchical microstructure is impor-
tant to high catalytic performance.

4. Conclusions

An unusually hollow hierarchical MCM-22-HS was
successfully fabricated by one-pot hydrothermal syn-
thesis under rotating crystallization conditions using
carbon black microspheres as hard template. The forma-
tion process of MCM-22-HS was involved self-assembly
and hydrothermal crystallization process. The MCM-22-
HS exhibited significantly enhanced benzene yield and
catalyst lifetime in MDA reaction. It is believed that the
exceptional catalyst performance is due to hierarchical
and hollow structure. The mesopores resulting higher
external surface and hollow structure offered an impor-
tant effect on improving the high benzene yield and
catalyst lifetime by generating more catalysis active sites
via promoted catalyst transport onto the reaction sites
and by improving diffusion of larger product through
the zeolite catalyst, respectively. The sites associated
with catalyst deactivation could also be reduced, contri-
buting to improvement of the catalyst lifetime. A facile
and effective method was demonstrated to synthesize
zeolite hollow spheres. This work demonstrated the
potential applications of hollow hierarchical micro-
sphere structure in catalytic engineering. We believe this
work opens a door for application of hollow zeolite
spheres.
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