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The microporosity of ordered mesoporous aluminosilicates assemblied from zeolite nanoclusters is investigated
by catalytic reactions with various probing molecules. At first, the samples are treated by bulky basic organic
molecular 5,7-dibrom-8-hydroxy-chinolin. In this case, the acidic sites in mesopores are killed, and the acidic
sites in micropores that are smaller than the molecular diameter of 5,7-dibrom-8-hydroxy-chinolin are still
active. The cracking of 1,3,5-triisopropylbenzene shows that the treated MAS-7 is still catalytically active. In
contrast, the treated MAS-9 and treated Al-SBA-15 are almost inactive. These results show that MAS-7
contains micropores whose size is similar to that of beta. Furthermore, the catalytic cracking of cumene
shows that the treated MAS-7 and treated MAS-9 are catalytically active but that the treated Al-SBA-15 is
inactive. These results show that MAS-9 also contains micropores whose size is similar to that of ZSM-5.
Additionally, the catalytic dehydration of 2-propanol (molecular diameter of 3.4 Å) shows that the treated
MAS-7, treated MAS-9, and treated Al-SBA-15 are catalytically active. These results suggest that Al-SBA15 also contains micropores that are larger than 3.4 Å, in good agreement with earlier reports.

1. Introduction
materials1,2

Since the M41S family of periodic mesoporous
was synthesized successfully by the assembly of cationic
surfactants with inorganic precursors in the early 1990s, a
number of investigations have been made of their structures
and properties.3-7 As a result, it was found that MCM-41
exhibited a hexagonal array of uniform channel mesopores and
high surface area, but it showed poor hydrothermal stability.8
Some successful examples of increasing hydrothermal stability are disordered KIT-1,9 wormlike disordered MSU-X,10,11 and
ordered hexagonal mesoporous SBA-15.12 SBA-15 is usually
prepared under strongly acidic conditions (pH < 1), and under
strongly acidic conditions, it is very difficult to introduce
heteroatoms into the framework of SBA-15. To solve this
problem, much effort has been devoted to the incorporation of
Al, Ti, and V into the framework of SBA-15, including
“postsynthesis” grafting procedures13-15 and “direct synthesis”.16,17 However, although the heteroatoms are introduced into
SBA-15, they do not show as a high catalytic activity as they
do in zeolites.
More recently, the pore structure of SBA-15 has been
carefully investigated.18-24 Davidson et al.18 have reported the
existence of a microporous corona around the mesopores of
silica-based SBA-15 materials characterized by XRD, TEM, and
N2 adsorption; Ryoo and Jaroniec et al.19,20 have reported a
mesopore-micropore network in ordered mesopores of SBA15 silica by TEM imaging of the inverse platinum replica and
nitrogen adsorption. Inagaki et al.21 have reported the control
of the microporosity within the pore walls of ordered mesoporous silca SBA-15 by t-plots of nitrogen adsorption isotherms.
In our case, we have synthesized couples of ordered mesoporous aluminosilicates such as MAS-725 and MAS-926 as* To whom correspondence should be addressed. E-mail: fsxiao@
mail.jlu.edu.cn. Phone: +86-431-8922331-2314. Fax: +86-431-5671974.

sembled from zeolite beta and zeolite ZSM-5 nanoclusters with
tricopolymer surfactants (P123), respectively, and these mesoporous aluminosilicates exhibited high hydrothermal stability
and strong acidity as compared with those of Al-SBA-15. During
the characterization of the pore structure of these mesoporous
aluminosilicates by TEM and adsorption isotherms,27 it was
suggested that these ordered mesoporous aluminosilicates
contain micropores, but it is difficult to characterize the
micropore size in the mesoporous materials.27
However, catalytic reactions are very useful techniques for
distinguishing porous structures because of the shape selectivity
of reactants. In 1960, shape-selective catalysis was first reported
by Weisz and Frilette,28 and then many studies were reported
on molecular shape-selective catalysis.29-31 For example, Derouane29 has reported on molecular shape-selective catalysis by
zeolite ZSM-5. At the same time, the selective poisoning of
acidic centers in a zeolite is also a very effective method for
characterizing its porous structure and properties.32-34
In this paper, we characterize the microporosity in ordered
mesoporous aluminosilicates of Al-SBA-15, MAS-7, and MAS-9
by using catalytic reactions of probing molecules with various
diameters.
2. Materials and Methods
2.1. Materials. MAS-7 and MAS-9 were prepared according
to the following procedure reported by Xiao and co-workers.25,26
The typical synthesis for MAS-7 is as follows: (1) The zeolite
precursors solution with zeolite beta primary structure units were
prepared by adding 0.16 g of NaOH, 0.30 g of NaAlO2, and
4.8 g of fumed silica to 25 mL of a TEAOH aqueous solution
(20%) under stirring (Al2O3/SiO2/Na2O/TEAOH/H2O molar
ratios of 1.0/60/2.5/22/800) and then transferring the mixture
into an autoclave for aging for 4 h at 413 K to get a clear
solution. (2)EO20PO70EO20 (0.8 g, Pluronic P123) was dis-
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Figure 2. (A) Adsorption isotherms for N2 and (B) mesopore size
distribution of Al-SBA-15 without DBHC treatment (b) and with
DBHC treatment (O).

Figure 1. XRD patterns of (A) Al-SBA-15 and (B) MAS-9 without
DBHC treatment (s) and with DBHC treatment (‚‚).

solved in 20 mL of H2O mixed with 5 mL of HCl (10 M/L),
followed by 2.5 mL of precursors solution (containing 8 mmol
of SiO2) obtained in step one. The mixture was stirred at 313
K for 20 h and then transferred into an autoclave for additional
reaction at 373 K for 24 h. (3) The product (MAS-7) prepared
from the aluminosilicate precursors was collected by filtration,
dried in air, and calcined at 823 K for 5 h to remove the
templates. MAS-9 is prepared according to the literature.26
For comparison, the Al-SBA-15 (synthetic temperature at 313
K),16 beta,35 and ZSM-536 samples are prepared according to
the literature.
2.2. Materials Treatment. 5,7-Dibrom-8-hydroxy-chinolin
(0.08 g, DBHC) was dissolved in 160 mL of anhydrous ethanol
in a sealed container, and then 0.2 g of the sample was added
to the solution under stirring. After stirring for 24 h at room
temperature, the mixture was filtered, washed many times with
anhydrous ethanol to remove excess DBHC, and dried for 20 h
in an oven (373-393 K) under vacuum.
2.3. Measurements. X-ray powder diffraction patterns were
performed on a Siemens D5005 instrument with Cu KR
radiation, a scanning speed of 2°/min, and scanning regions at
0.4-10° and 4-80°. The data of the BET surface area and the
pore-size distribution of samples were measured on a Micromeritics ASAP 2010M system at 77 K using N2 as an
adsorbent, and the pore-size distributions for the mesopores and
micropores were estimated by the Barrett-Joyner-Halenda
(BJH) and Horvath-Kawazoe (HK) models, respectively.
2.4. Catalytic Reactions of Probing Molecules. The 2-propanol dehydration reaction was performed at 473 K by pulse

Figure 3. (A) Adsorption isotherms for N2 and (B) mesopore size
distribution of MAS-9 without DBHC treatment (b) and with DBHC
treatment (O).

injections. Cumene and 1,3,5-triisopropylbenzene (TIPB) cracking reactions were performed at 573 K by pulse injections. In
each run, 50 mg of catalyst was used, the pulse injection of the
reactant was 0.4 µL, and nitrogen was used as the carrier gas at
a flow rate of 53.7 mL/min. The reaction products were analyzed
by a Shimadzu GC-8A equipped with a TCD detector.
3. Results and Discussion
3.1. XRD and N2 Adsorption. Figure 1 shows the XRD
patterns of Al-SBA-15 (Si/Al ) 20) and MAS-9 (Si/Al ) 30)
treated and untreated with DBHC molecules. Obviously, AlSBA-15 and MAS-9 treated with DBHC molecules still exhibit
their characteristic peaks assigned to hexagonal symmetry, but
the XRD diffraction intensity is slightly reduced as compared
to that of untreated samples, indicating that the samples treated
with DBHC molecules basically keep their mesostructures.
Figures 2 and 3 show N2 adsorption isotherms and pore
distributions of Al-SBA-15 (Si/Al ) 20) and MAS-9 (Si/Al )
30) treated and untreated with DBHC molecules, and the
parameters for various samples are summarized in Table 1. The
BET surface areas of Al-SBA-15, MAS-7, and MAS-9 without
DBHC treatment are 752, 1183, and 980 m2/g, respectively.
However, after DBHC treatment, Al-SBA-15, MAS-7, and
MAS-9 have surface areas of 580, 1001, and 820 m2/g,
respectively. Correspondingly, the mesopore sizes of Al-SBA15, MAS-7, and MAS-9 are also reduced significantly, as
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TABLE 1: Parameters of N2 Adsorption Isotherms over
Various Samples Treated and Untreated with DBHC
Molecules
surface area
(m2/g)

sample
Al-SBA-15
treated Al-SBA-15
MAS-7
treated MAS-7
MAS-9
treated MAS-9
beta
treated beta
ZSM-5
treated ZSM-5

volume
(cm3/g)

pore size
(Å)

0.69
0.49
1.34
1.12
1.48
1.19
0.19
0.19
0.15
0.15

49
38
82
70
91
76
7.7
7.7
5.5
5.5

752
580
980
820
1183
1001
397
391
362
359

TABLE 2: Molecular Kinetic Diameter of Reactants and
DBHC
reagents

2-propanol

cumene

TIPB

DBHC

kinetic diameter

3.4 Å

5.0 Å

7.4 Å

8.7 Å

TABLE 3: Catalytic Activities of Various Samples without
Treatment of DBHC Molecules
conversion (%)
catalyst (Si/Al)
ZSM-5 (30)
beta (30)
Al-SBA-15 (30)
Al-SBA-15 (20)
MAS-7 (30)
MAS-9 (30)

2-propanol cumene 1,3,5-triisopropylbenzene
dehydration cracking
(TIPB) cracking
100
100
100
100
100
100

90.1
93.4
12.5
33.2
30.4
29.5

4.5
100
92.5
98.4
97.3
95.1

observed in Table 1. These results indicate that the DBHC
molecules really enter into the mesopores of mesoporous
materials. In contrast, ZSM-5 and beta treated and untreated
with DBHC molecules show almost the same surface area and
pore size. These results confirm that DBHC molecules cannot
enter into the micropores of zeolites.
3.2. Catalytic Reactions and Reactant Diameters. Catalytic
reactions of probing molecules include the 2-propanol dehydration and cracking of cumene and TIPB. It is well known that
the 2-propanol dehydration is a typical weak acid-catalyzed
reaction and that molecular cracking is typical strong acidcatalyzed reaction.37
The kinetic diameters of probing molecules in these catalytic
reactions and DBHC are presented in Table 2. Notably, the
molecular diameters of 2-propanol, cumene, TIPB, and DBHC
are 3.4, 5.0, 7.4, and 8.7 Å, respectively.38 If the acidic samples
are treated by basic molecule DBHC, then the acidic sites in
the pores larger than 8.7 Å will be killed and the acidic sites in
the pores smaller than 8.7 Å will still be active. Then we can
test their catalytic activity by using probing molecules smaller
than DBHC to judge what kind of micropores these samples
contain.
3.3. Catalytic Activities of Various Samples without
Treatment by DBHC. Catalytic activities of various samples
without treatment by DBHC are shown in Table 3. In 2-propanol
dehydration, ZSM-5, beta, Al-SBA-15, MAS-7, and MAS-9
show very high activity, having near 100% conversion. These
results indicate that both microporous zeolites and mesoporous
aluminosilicates are good catalysts for 2-propanol dehydration.
In cumene cracking, microporous zeolites of ZSM-5 and beta
exhibit high activity at 90.1 and 93.4%, respectively. In contrast,
the mesoporous aluminosilicates of Al-SBA-15, MAS-7, and
MAS-9 show relatively low conversions of 12.5-30.4%. The
big difference in catalytic acitivities over microporous zeolites

TABLE 4: Catalytic Activities of Various Samples with
Treatment of DBHC Molecules
conversion (%)
catalyst (Si/Al)
ZSM-5 (30)
beta (30)
Al-SBA-15 (30)
Al-SBA-15 (20)
MAS-7 (30)
MAS-9 (30)
a

2-propanol cumene 1,3,5-triisopropylbenzene
dehydration cracking
cracking
100
100
41.1
100
81.1
79.2

a

89.2
92.7

100

a

a

a

a

3.5
3.2

12.5
a

Undetectable.

and mesoporous aluminosilicates may result from their distinguishable acidic strengths. Furthermore, we find that MAS-7
and MAS-9 (conversions of 30.4 and 29.5%, respectively) are
more active than Al-SBA-15 (conversion of 12.5%) under the
same Si/Al ratio, indicating that the acidic strengths of MAS-7
and MAS-9 are much stronger than that of Al-SBA-15.
In TIPB cracking, the samples of beta, Al-SBA-15, MAS-7,
and MAS-9 show high activity, with conversions of 100, 92,
97, and 95%, respectively. However, ZSM-5 shows relatively
low catalytic activity, with a conversion of 4.5%. These results
are assigned to the following reasons (1) The reactant molecule
of TIPB cannot enter the pores of ZSM-5 because the pore size
of ZSM-5 is only about 5.5 Å and the TIPB dimension is near
7.4 Å. (2) The catalytic activity is contributed from the few
acidic sites on the external surface.
3.4. Catalytic Activities of Various Samples Treated by
DBHC. Catalytic activities of various samples treated by DBHC
are presented in Table 4. In the catalytic cracking of the large
molecule TIPB, the treated ZSM-5 is completely inactive, which
is attributed to the fact that the acidic sites of ZSM-5 on the
external surface are poisoned and the probing molecule of TIPB
(7.4 Å) cannot enter its pore (5.5 Å). The treated beta still shows
high activity (conversion near 100%), which is attributed to the
fact that the acidic sites of beta zeolite are mostly located in
the internal surface and DBHC (8.7 Å) cannot enter its pores
(7.7 Å) to kill its acidic sites in the internal surface, but the
probing molecule of TIPB (7.4 Å) can easily enter its pores,
reacting with the acidic sites in the internal surface. However,
the treated Al-SBA-15 (Si/Al ) 20 and 30) samples are inactive,
suggesting that the acidic sites in the pores larger than 8.7 Å
are killed and that there are no micropores with sizes between
7.4 and 8.7 Å. However, the treated MAS-7 still shows a
conversion of 12.5%, suggesting that there are micropores with
sizes between 7.4 and 8.7 Å in the sample of MAS-7 because
the acidic sites in the pores larger than 8.7 Å are killed by the
DBHC molecule and the TIPB molecule cannot touch the acidic
sites in micropores with sizes less than 7.4 Å. Considering that
the pore size of zeolite beta is about at 7.7 Å, we propose that
the micropores with sizes between 7.4 and 8.7 Å are introduced
by zeolite beta nanoclusters used in the synthesis. Additionally,
we find that the treated MAS-9 is also inactive, suggesting that
there are no micropores with sizes between 7.4 and 8.7 Å in
the sample of MAS-9.
In the catalytic cracking of the small molecule cumene, the
treated ZSM-5 shows a high conversion of 89.2%, which is a
little lower than that of untreated ZSM-5 (90.1%) because its
few acidic sites on the external surface are killed by the DBHC
molecule and the internal acidic sites are unaffected. These
results indicate that the acidic sites in the internal surface play
a major role in cumene cracking. The treated beta also shows
high activity (conversion of 92.7%), which is a little lower than
that of untreated beta (93.4%) because its few acidic sites on
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the external surface are killed. Furthermore, we observe that
the treated Al-SBA-15 (Si/Al ) 20 and 30) samples are inactive.
Considering the fact the acidic sites in the pores larger than 8.7
Å are killed by the DBHC molecule, it is suggested that there
are no micropores with sizes between 5.0 and 8.7 Å in AlSBA-15. However, the treated MAS-7 and MAS-9 samples
show conversions of 3.5 and 3.2%, respectively, suggesting that
the two samples contain micropores with sizes between 5.0 and
8.7 Å. Because MAS-9 is inactive for TIPB cracking, we
conclude that the microporous size of MAS-9 should be at 5.07.4 Å, which is consistent with that of the ZSM-5 (5.4 × 5.5
Å) nanoprecursors used for MAS-9.
In the catalytic dehydration of 2-propanol, the treated zeolites
of ZSM-5 and beta still show high activity (conversion of 100%)
because their mostly acidic sites are not killed and probing
molecules of 2-propanol (3.4 Å) easily enter their micropores.
Additionally, the treated mesoporous aluminosilicates of AlSBA-15, MAS-7, and MAS-9 also show high activity (conversion of 41-100%), indicating that these mesoporous aluminosilicates contain micropores in the range of 3.4-8.7 Å. By
considering the fact that the treated Al-SBA-15 is completely
inactive for cumene and TIPB cracking, it is suggested that the
microporous size in Al-SBA-15 is 3.4-5.0 Å, which is in good
agreement with ealier reports.21
By summarizing the catalytic data over the treated samples,
it is very interesting that the microporous size of these
mesoporous aluminosilicates is distinguishable. For example,
Al-SBA-15 contains micropores with sizes of 3.4-5.0 Å;
MAS-9 contains micropores with sizes of 5.0-7.4 Å; and
MAS-7 contains micropores with sizes of 7.4-8.7 Å. Obviously,
the microporous size of mesoporous aluminosilicates could be
controlled by the synthetic conditions.
In previous reports,18-21 it has been reported that SBA-15
contains micropores that arise from the partial occlusion of the
PEO chains in the aluminosilicate matrix, which become
microporous upon calcination. However, it is difficult to
characterize the microporous size in Al-SBA-15. In this paper,
by using the catalytic dehydration of 2-propanol, we have
directly obtained evidence that Al-SBA-15 contains micropores
with sizes of 3.4-5.0 Å.
The preparations of MAS-7 and MAS-9 were assemblied
from zeolite nanoclusters (zeolite structural units) of beta and
ZSM-5, respectively. The existence of zeolite nanoclusters39-41
(zeolite structural units) may be a key factor in the control of
microporous structure. It has been reported that the micropore
size of beta zeolite is about 6.6 × 7.7 Å and that the micropore
size of ZSM-5 zeolite is about 5.4 × 5.5 Å.42 Accordingly,
catalytic data in the cracking of cumene and TIPB show that
MAS-7 and MAS-9 assemblied from beta and ZSM-5 nanoclusters contain micropores with sizes of 7.4-8.7 Å and 5.07.4 Å, respectively. Significantly, the micropore size of mesoporous aluminosilicates assemblied from zeolite nanoclusters
could be controlled by the use of various types of zeolite
nanoclusters. Although our results show distinguishable micropores in MAS-7, MAS-9, and Al-SBA-15, we believe that
in MAS-7 and MAS-9 there are also micropores resulting from
the partial occlusion of the PEO chains to the aluminosilicate
matrix, just like those in Al-SBA-15. More recently, the
HRTEM technique27 showed the direct observation of the
micropores within these mesoporous aluminosilicates, and
nanorange-ordered microporosity is found within the mesopore
walls of MAS-7 and MAS-9. Liu et al.27 proposed that
nanorange-ordered microporosity results from zeolite primary
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structural units, in good agreement with our results, which might
be the key to the high hydrothermal stability of MAS-7 and
MAS-9.
Conclusions
Ordered mesoporous aluminosilicates of Al-SBA-15, MAS7, and MAS-9 are treated by a bulky basic organic molecule
(5,7-dibrom-8-hydroxy-chinolin, DBHC), and the acidic sites
in mesopores are killed. Catalytic reactions including the
cracking of 1,3,5-triisopropylbenzene (TIPB) and cumene and
the dehydration of 2-propanol directly show that the micropore
sizes of Al-SBA-15, MAS-7, and MAS-9 are distinguishable.
The treated Al-SBA-15 is catalytically active for 2-propanol
dehydration but not for the cracking of cumene and TIPB; the
treated MAS-9 is catalytically active for 2-propanol dehydration
and cumene cracking but not for TIPB cracking; the treated
MAS-7 is catalytically active for 2-propanol dehydration and
the cracking of cumene and TIPB. The catalytic data show that
Al-SBA-15 contains micropores with sizes of 3.4-5.0 Å;
MAS-9 contains micropores with sizes of 5.0-7.4 Å; MAS-7
contain micropores with sizes of 7.4-8.7 Å.
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