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Significant improvements in both the hydrothermal
stability and the acidity of mesostructured alumino-
silcates have been reported recently. New assembly
pathways, along with post-synthesis treatment methods,
have made it possible to form structures with thick and
more highly crosslinked framework walls. The resulting
structures are slow to degrade under hydrothermal
conditions in comparison to conventional analogs. Also,
improved methodologies for grafting Al centers into
the walls of pre-assembled frameworks have afforded
aluminosilicate mesostructures with enhanced acidity.
The most promising strategy for improving the
hydrothermal stability and acidity of aluminosilicate
mesostructures, however, is based on the use of proto-
zeolitic nanoclusters. These so-called ‘‘zeolite seeds’’ can
be directly assembled into hexagonal, cubic, wormhole,
and foamlike framework structures under a variety of
assembly conditions. They also can be grafted into the
walls of pre-assembled frameworks to form more stable
acidic derivatives.

1 Introduction

Mesoporous molecular sieves with well-defined pore sizes of
2 to 50 nm have received much attention in the last decade.
Different assembly pathways have been developed for the
synthesis of hexagonal (MCM-41),1–8 cubic (MCM-48),9–11

wormhole (HMS, MSU-X),12–27 lamellar-vesicular (MSU-
G),28,29 2D hexagonal (SBA-15, MSU-H),30–35 and foamlike
(MCF, MSU-F)35–39 mesoporous materials. In particular,
mesostructured aluminosilicate compositions have been the
focus of many recent studies, because these materials have
potential applications in catalysis and adsorption technology,
particularly for use as acid catalysts for bulk hydrocarbon
conversion.
In comparison to microporous zeolites, ordered mesoporous

materials overcome the pore size constraint of zeolites and
allow the more facile diffusion of bulk molecules. These are
properties that are highly desirable for potential applications in
FCC (fluid catalytic cracking) processes and chemical conver-
sions in condensed media. However, the acidity and hydro-
thermal stability of mesostructured aluminosilicates are less
than required for many catalytic applications. The instability
of these structures has been attributed in part to the thinness
and incomplete crosslinking of the pore walls.40

Since hydrothermal stability and acidity are essential for the
application of the mesoporous materials in catalysis, several
approaches have aimed at improving these properties. The
strategies that have been investigated include (i) decreasing

the silianol group content of the framework by silylation of
the surface –OH groups in order to make the surface more
hydrophobic and thereby improve the stability in water,41–43

(ii) thickening the walls of MCM-41 by post-treatment of
primary MCM-41 to improve the hydrothermal stability, and
subsequently grafting Al centers into the framework walls,44–49

(iii) adding salts to synthesis gels to facilitate the condensation
of silanol groups during the formation of the framework,50

thereby improving framework crosslinking, (iv) partially trans-
forming the walls into a pentasil zeolite phase by post-synthesis
treatment of the original mesoporous aluminosilicate with
zeolite structure-directing agents, such as tetrapropylammonium
salts,51,52 (v) generating microporous zeolite–mesostructure
composite mixtures to improve both hydrothermal stability
and acidity,53–55 (vi) using triblock copolymer surfactants to
make thick wall mesoporous structures such as SBA-15,30–35

and (vii) using neutral Gemini amine surfactants to make
thick-walled, vesicle-like lamellar frameworks with improved
hydrothermal stability.28,29

In general, the above approaches certainly improve the
stability in comparison to the originally reported M41S
materials. Nevertheless, the acidity and hydrothermal stability
of mesostructured aluminosilicates remain much lower than
those of crystalline microporous zeolites. In particular, the
steam stability at 800 uC is still poor, thus hindering the
potential commercial application of these materials.
A recent breakthrough in improving both the hydrothermal

stability and acidity of mesoporous aluminosilicates has been
made through the use of nanoclustered zeolite seeds as frame-
work precursors.56–60 These protozeolitic precursors contain
subunits of the zeolite structures that they nucleate. This
approach was first demonstrated using faujasitic zeolite (FAU)
seeds to assemble a steam-stable hexagonal MCM-41 analog.56

Shortly afterwards, additional studies successfully assembled
steam-stable and strongly acidic hexagonal MCM-41 deriva-
tives (denoted MSU-S and MAS-5) by using ZSM-5 (MFI)
and Beta (BEA) zeolite seeds as precursors.56–60 The idea of
using zeolite seeds as precursors to assemble steam-stable and
strongly acidic large pore materials has been extended more
recently to include hexagonal SBA-15 analogs, denoted MSU-
S/H and MAS-7.58,61 Also, strongly acidic mesostructured
cellular foam (MCF) analogs, denoted MSU-S/F, have been
assembled using ZSM-5, Beta, and faujasitic zeolite seeds at
pH v2–6.5.58

This review summarizes the more promising strategies for
improving further the hydrothermal stability and acidity of
mesoporous aluminosilicates. Particular attention is given to
approaches that lead to the assembly of thick-wall silica
structures and post-synthesis techniques for introducing
tetrahedral AlO4 units into the framework to enhance acidity.
In addition, the use of protozeolitic seeds to directly assemble
hydrothermally stable and strongly acidic aluminosilicate
mesostructures is discussed in detail.
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2 Thick-walled mesostructures

2.1 Triblock copolymer templating of SBA-15

In the original synthesis of MCM-41 and related M41S-type
materials, surfactant molecules with small, ionic hydrophilic
head groups and hydrophobic alkyl tails were used to template
ordered arrays of mesoporous silica. If no pore expanding
agents (such as trimethylbenzene) were added, the pore size of
these materials was around 2.0–4.0 nm and the wall thickness
was between 1 and 2 nm. The poor hydrothermal stability of
this mesostructure was quickly recognized and attributed to
the thin, amorphous wall structure. In 1998, Stucky et al.
successfully synthesized a thick-walled 2D hexagonal meso-
porous material (denoted SBA-15) by using a triblock copoly-
mer, polyethylene oxide–polypropylene oxide–polyethylene
oxide (PEO–PPO–PEO), as a structure director under strongly
acidic assembly conditions.30 SBA-15 exhibited a wall thickness
between 3 and 7 nm and large pore sizes of 7–12 nm. The thick
wall of SBA-15 imparted significantly greater hydrothermal
stability in comparison to conventional MCM-41. No struc-
tural degradation of SBA-15 was observed after heating in
boiling water for 24 h.
Soon afterwards, Yue et al.62 synthesized Al-SBA-15 by

direct synthesis and investigated the hydrothermal stability and
acidity of this product. As shown in Fig. 1, Al-SBA-15 showed
better steam stability in comparison to Al-MCM-41. In
addition, as shown by the XRD patterns in Fig. 1, Al-SBA-
15 was stable under both acidic (pH 2) and basic (pH 11) condi-
tions. Finally, Al-SBA-15 showed good activity for cumene
cracking. It should be noted, however, that the temperature
used to test steam stability (550 uC), was lower than the tem-
perature normally used in commercial processes for regenerat-
ing zeolites (ca. 800 uC). We will show later that the steam
stability of Al-SBA-15 is comparatively poor at 800 uC.

2.2 Gemini amine surfactant templating of MSU-G

As the first examples of stable mesoporous lamellar silicas with
a vesicular hierarchical structure, MSU-G silicas were success-
fully synthesized using Gemini amine surfactants.28 In contrast
to MCM-41, which was assembled through an electrostatic
pathway involving a cationic surfactant and an anionic
precursor, MSU-G was prepared via an electrically neutral,
H-bonded pathway. A comparison of the structural stability
of MSU-G thermal (1000 uC) and hydrothermal treatment
(boiling H2O) in comparison to MCM-41, KIT-1, and SBA-3
is provided by the XRD patterns shown in Fig. 2. Table 1
summarizes the textural properties of MSU-G, MCM-41, and

KIT-1 after the same thermal and hydrothermal treatments.
Upon calcination at 1000 uC for 4 h, MSU-G retained 75% of
its initial pore volume and pore size, as well as 90% of its
surface area. Hydrothermal treatment in boiling water for 56 h
had a negligible effect on the framework porosity of MSU-G,
as confirmed by XRD and N2 sorption isotherms. In com-
parison to MSU-G, as well as SBA-15, previously reported
KIT-1, SBA-3, and MCM-41 mesostructured silicas exhibited

Fig. 1 XRD patterns of (a) Al-SBA calcined at 550 uC and the same
sample after (b) calcination at 800 uC, (c) steaming at 550 uC, (d)
exposure to aqueous acid at pH 2, (e) exposure to water, and (f)
exposure to aqueous base at pH 11. Reproduced from ref. 62 by
permission of The Royal Society of Chemistry.

Fig. 2 XRD patterns for MSU-G, SBA-3, MCM-41, and KIT-1 silicas
after (A) calcination at 650 uC, (B) calcination at 1000 uC, and (C)
exposure to boiling water for 56 h. Note that the crystallinity of SBA-3
is completely lost after calcination at 1000 uC and after exposure to
boiling water for 56 h. Reproduced from ref. 28 by permission of
Elsevier.
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comparatively poor hydrothermal stability. The framework
structures were almost completely sacrificed in boiling water
after 56 h.
It is clear that the improved hydrothermal stability of MSU-

G, like SBA-15, is attributable in large part to the thicker
framework walls (2.5 nm) in comparison to MCM-41, KIT-1,
and SBA-3. This same structural feature is expected to
contribute to the stability of aluminum-substituted derivatives.
Another notable feature associated with the higher hydro-
thermal stability ofMSU-G was the higher Q4/Q3 ratio (6.2) for
the framework SiO4 units. Normally, as-synthesized mesopor-
ous silicates have Q4/Q3 ratios less than 2.0 and calcined forms
have ratios less than 3.0. The higher Q4/Q3 value for MSU-G
means that the framework walls are more completely cross-
linked and probably more hydrophobic than other meso-
structured silicates. These features contribute substantially to
the improved hydrothermal stability. In general, as-prepared
silica mesostructures assembled through electrically neutral
assembly pathways are more highly crosslinked than meso-
structures prepared via an electrostatic charge matching
mechanism.
The reactivity of Al-MSU-G as an acid catalyst for flavan

synthesis in an organic solvent has been investigated in
comparison to Al-MCM-41. As shown in Table 2, the yield
provided by Al-MSU-G is substantially higher than that
obtained for Al-MCM-41 or sulfuric acid. It was concluded
that the enhanced reactivity was a result of a comparatively
short pore length and the more facile access of the reagents to
the acidic sites on the framework walls.

3 Post-synthesis treatment methods for improved
stability

3.1 Restructuring of MCM-41

In an effort to increase the wall thickness and crosslinking of
MCM-41, Mokaya employed calcined MCM-41 as the silica
source for the secondary synthesis of the same mesostructure.63

He also prolonged the synthesis time of MCM-41.49 Upon
secondary synthesis, the restructured MCM-41 silica exhibited
improved long-range structural ordering and a marked increase
in hydrothermal stability. Basically, the improved hydrother-
mal stability was attributed to the increased pore wall thickness
by secondary synthesis. Moreover, after post-synthesis grafting

of Al centers onto the framework walls of the secondary silica
MCM-41, both the hydrothermal stability and acidity were
significantly improved.45 As shown in Fig. 3 and 4, the
Al-grafted secondary MCM-41, denoted CAH5 (Si/Al ~ 6.1)
and CAP10 (Si/Al ~ 9.8), exhibited well-resolved higher order
(110), (210), and (200) peaks after boiling in water for 150 h.
There were no significant changes in d spacings. The N2

isotherms of CAH5 and CAP10 were substantially changed,
however. In comparison to the freshly calcined CAH5 and
CAP10, the mesostructures exposed to boiling water for 150 h
showed a broadening of the pore size distribution. Interest-
ingly, hydrothermally treated CAH5 and CAP10 exhibited
even higher cumene cracking activity (Table 3), which is
potentially very important for commercial applications. It
was concluded that the increased acidity of hydrothermally

Table 1 Structural properties of MCM-41, KIT, and MSU-G molecular sieve silicas after thermal and hydrothermal treatments. Reproduced from
ref. 28 by permission of Elsevier

Treatment

Surface area/m2 g21 Pore volume/cm3 g21 HK pore size/Å

MCM-41 KIT-1 MSU-G MCM-41 KIT-1 MSU-G MCM-41 KIT-1 MSU-G

Calcined at 1000 uC 134 (12%) 725 (68%) 370 (90%) 0.07 (8%) 0.35 (36%) 0.31 (74%) — 25 (66%) 24 (75%)
Calcination at 650 uC and
hydrothermal treatment
at 100 uC for 56 h

245 (21%) 477 (45%) 407 (99%) 0.54 (62%) 0.59 (61%) 0.38 (90%) — — 32 (100%)

Table 2 The catalytic activity of Al-substituted (2 mol%) MSU-G and
MCM-41 materials for the alkylation of DTBP with cinnamyl alcohol.a

Reproduced from ref. 28 by permission of Elsevier

Catalyst
Aluminum
source

Conversion
of DTBP (%)

Selectivity
of flavan (%)

Yield of
flavan (%)

Al-MCM-41 Al(NO3)3 50.4 61.9 31.2
Al-MSU-G Al(NO3)3 76.2 64.1 48.8
Al-MSU-G Al(iBuO)3 73.9 63.5 46.9
Al-MSU-G NaAlO2 69.1 65.3 45.1
H2SO4 — 25.5 36.9 9.4
aIn a typical experiment, 250 mg of catalyst or 30 mg of H2SO4 was
added to a solution of DTBP (1.0 mmol) and cinnamyl alcohol
(1.0 mmol) in 50 ml of isooctane solvent at 90 uC.

Fig. 3 X-Ray diffraction patterns of (a) ‘‘wet’’-grafted CAH5 and (b)
‘‘dry’’-grafted CAP10 mesoporous aluminosilicates before and after
various hydrothermal treatments in boiling water. The R values
indicate the time in hours that the sample was exposed to boiling
water.Reproduced from ref. 45 by permission of Wiley-VCH.

Fig. 4 N2 sorption isotherms for (a) ‘‘wet’’-grafted CAH5 and (b)
‘‘dry’’-grafted CAP10 mesoporous aluminosilicates before and after
various hydrothermal treatments in boiling water. Reproduced from
ref. 45 by permission of Wiley-VCH.
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treated CAH5 and CAP10 was due to an increase in the Al/Si
ratio in the framework. The increase in Al/Si ratio of CAH5
and CAP10 was attributed to the dissolution of non-framework
silica during the hydrothermal treatment. Consistent with ele-
mental analysis, an increase in the Al concentration on the
framework walls was observed by XPS analysis. 27Al NMR
also was used to verify the dealumination of the hydrother-
mally treated framework. The amount of extra-framework Al
increased with hydrolysis time.
The restructuring of primary MCM-41 to increase the wall

thickness, followed by grafting with Al13 oligocations, was also
reported to improve framework crosslinking.49 Al-MCM-41
synthesized at 140 uC and a reaction time of 96 h exhibited the
best hydrothermal stability, because these conditions afforded
the thickest pore wall (2.2 nm). As shown in Fig. 5, the
exposure of the resulting reaction product to 3% H2O in N2

at 800 and 900 uC for 4 h did not alter the XRD pattern. As
indicated by the N2 sorption isotherms, the sample steamed at
800 uC still exhibited a relatively sharp mesopore filling step.
Upon steaming at 900 uC, 68% of the initial surface area and
50% of the initial pore volume was retained. Aside from a

thicker pore wall, the framework crosslinking was higher than
for conventional MCM-41, as indicated by 29Si MAS NMR.
The above results showed that the hydrothermal stability of

MCM-41 could be improved by restructuring the parent
MCM-41 and grafting the framework with the Al13 oligoca-
tions of aluminum chlorhydrol. The improved hydrothermal
stability was attributed to the combination of thicker pore
walls and improved framework crosslinking upon Al grafting.
More recently, it has been shown that sodium ions trapped
in the framework walls of pure silica MCM-41 contribute
substantially to the structural instability of the framework
under hydrothermal conditions.64 The sodium centers promote
Si–O–Si bond cleavage that leads to the collapse of the meso-
structure. Thus, the assembly of a silica mesostructure in the
absence of sodium and the subsequent transformation of the
pure silica mesostructure into an aluminosilicate derivative by
grafting reaction with a sodium-free alumination agent should
lead to a more stable product.

3.2 Partial transformation of framework walls into zeolitic
nanocrystals

In comparison to crystalline microporous zeolites, mesoporous
aluminosilicates lack hydrothermal stability and strong acidity
due to their non-crystalline framework walls. Thus, several
efforts to crystallize the walls of mesoporous aluminosilicate
have been reported.
In 1997, van Bekkum et al.65 first used the zeolite structure-

directing agent tetrapropylammonium cation to treat Al-
MCM-41 and Al-HMS mesostructures. The strategy was to
improve the acidity of Al-MCM-41 and Al-HMS by partially
recrystallizing the pore walls into nanosized ZSM-5. As shown
in Table 4, the treated products, denoted PNA-1 and PNA-2,
respectively, exhibited a substantial increase in cumene
cracking activity. IR spectra (Fig. 6) provided evidence for
the formation of ZSM-5 units. In contrast to the parent
Al-MCM-41 and Al-HMS, the PNA samples afforded FTIR
spectra with a distinct vibration at 550–600 cm21, indicative
of the five-membered ring subunit of a pentasil zeolite. The

Table 3 Elemental composition, textural properties, acidity, and catalytic acidity of Al-grafted materials before and after various hydrothermal
treatments. Reproduced from ref. 45 by permission of Wiley-VCH

Sample Si : Al
Surface
area/m2 g21

Pore volume/
cm3 g21 APDa/Å

Wall
thicknessb Acidityc

Cumene
conversiond

CAH5 6.1 : 1 753 0.62 25.8 23.9 0.88 0.98
CAH5-R16 5.1 : 1 834 0.70 24.0 23.4 1.25 1.33
CAH5-R48 4.5 : 1 902 0.70 26.8 22.2 1.38 1.34
CAH5-R150 4.2 : 1 724 0.65 31.0 19.1 1.29 1.32
CAP10 9.8 : 1 850 0.76 30.9 16.9 0.63 0.64
CAP10-R16 8.1 : 1 894 0.81 31.0 16.3 1.18 1.29
CAP10-R48 7.1 : 1 864 0.80 32.5 16.6 1.28 1.32
CAP10-R150 6.5 : 1 810 0.77 33.7 15.5 1.30 1.36
aAPD ~ average pore diameter (determined using BJH analysis of the desorption isotherm). bWall thickness ~ unit cell parameter (ao) 2
APD, where ao was obtained form the XRD data using the formula ao ~ 2d100/d3. cGiven in mmol of H1 per gram of sample. dCumene
cracking rate, in mmol per gram of catalyst per hour, after 20 min on stream. Total conversion equals a rate of 1.52. Under similar conditions,
the conversion rate over ultrastable Y zeolite (CBV 740, Si : Al ~ 21 : 1) and HY zeolite (Si : Al ~ 3.6 : 1) was 1.34 and 0.54, respectively.

Fig. 5 XRD patterns and N2 sorption isotherms for Al-grafted
MCM-41 samples after calcination (top curves) and before and after
hydrothermal treatments at 800 (middle curves) and 900 uC (bottom
curves); the initial mesostructured silica precursors were assembled at
(a) 150 uC, 48 h, (b) 140 uC, 96 h, and (c) 145 uC, 96 h. Reproduced from
ref. 49 by permission of The Royal Society of Chemistry.

Table 4 Cumene conversion at 300 uC over PNAs and related parent
materials. Reproduced from ref. 65 by permission of The Royal Society
of Chemistry

Sample

Cumene conversion (%) at time on stream

10 min 3 h

MCM-41a 14.7 13.6
PNA-1 41.3 37.5
HMSa 24.8 26.8
PNA-2 47.6 42.4
ZSM-5b 95.1 93.7
aMCM-41 and HMS in the H1-form. bH-ZSM-5 with Si/Al ~ 78.
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increase in acidity was attributed to the partial transformation
of the amorphous aluminosilicate wall of MCM-41 and HMS
into an embryonic ZSM-5 phase. No test of the hydrothermal
stability was performed for the PNA samples.
It is unlikely that the framework wall of MCM-41 can be

transformed to a crystalline zeolite phase while still maintain-
ing the hexagonal MCM-41 mesostructure. The unit cell of
ZSM-5 is around 2.5 nm, which is larger than the wall thickness
of MCM-41. Clearly, once a zeolite phase is formed from
MCM-41, it is likely to appear as a separated zeolite phase.
This expectation was confirmed by more recent results from
van Beckkum et al.66 In the best case, the wall of MCM-41 was
transformed into 3 nm ZSM-5 crystallites.
Following-up on van Beckkum’s approach, Kaliaguine and

co-workers51,52 investigated the possibility of transforming
a thicker wall MCF aluminosilicate into a crystalline zeolitic
framework. As shown in Fig. 7, a ZSM-5 phase with 42%
crystallinity was formed after hydrothermal treatment with
tetrapropylammonium hydroxide. The N2 isotherms for this
material (denoted UL-ZSM-5), exhibited a typical type IV
shape and a steep rise at low relative P/Po, indicating the
presence of both micropore and mesopore structures (Fig. 8).
Further evidence for the presence of UL-ZSM-5 was provided
by bright- and dark-field TEM images recorded on the same
area of the sample. As shown in Fig. 9, the bright spots in the
image correspond to ZSM-5 nanocrystals embedded in the
particles of the mesostructure. The average size of the ZSM-5
nanocrystals was around 5 nm. 27Al MAS NMR spectra exhi-
bited a single resonance peak at a chemical shift of 54–58 ppm,
which meant that all of the aluminum was tetrahedrally
coordinated. The acidity of this material was determined by

pyridine adsorption and the results showed that the acidic
strength was much stronger than the parent amorphous
mesoporous material, as expected. No hydrothermal stability
test was reported for this mixed-phase material.
In principle, the strategy of using thicker wall silica meso-

phases as precursors to nanophase microstructures is not
limited to aluminosilicates. This approach has also been used
to partially transform silica mesostructures into embedded
nanoparticles of the microporous titanosilicate TS-1.67

4 Direct assembly and post-synthesis grafting using
protozeolitic nanoclusters (zeolite seeds)

Soon after the discovery of mesoporous MCM-41 silicas, it
was found that the incorporation of aluminum into the frame-
work introduced mildly acidic functionality, as expected. At
the same time, however, the direct incorporation of conven-
tional aluminum precursors (e.g. sodium aluminate, aluminum
alkoxides, Al13 oligomers) into the mesostructure generally
compromised the long-range framework order, as well as the
pore size distribution, particularly at aluminum substitution
levels above ca. 8 mol%. More recently, however, we have
shown that nanoclustered zeolite seeds, which are presumed
to promote zeolite nucleation by adopting AlO4 and SiO4

Fig. 6 FTIR adsorption spectra for (a) MCM-41, (b) PNA-1 prepared
via treatment of MCM-41 with tetrapropylammonium cations, (c)
HMS, and (d) PNA-2 obtained from treatment of HMS with
tetrapropylammonium cations. Reproduced from ref. 65 by permission
of The Royal Society of Chemistry.

Fig. 7 XRD patterns of calcined UL-ZSM-5 reaction products (a)
before crystallization and after crystallization times of (b) 1, (c) 2, and
(d) 5 days. Reproduced from ref. 51 and 52 by permission of Wiley-
VCH.

Fig. 8 N2 sorption isotherms of UL-ZSM-5 after 2 days crystallization
time. Inset: HK micropore and BJH mesopore distributions; dp is
the pore diameter. Reproduced from ref. 51 and 52 by permission of
Wiley-VCH.

Fig. 9 Bright-field (A, left panel) and dark-field (B, right panel) TEM
images of the same area of UL-ZSM-5 after 5 days crystallization time.
Reproduced from ref. 51 and 52 by permission of Wiley-VCH.
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tetrahedra connectivities that contain the secondary struc-
tural subunits of a crystallized zeolite, are ideally suited for
assembling mesoporous aluminosilicates without compromis-
ing the long-range structural order. More importantly, the use
of protozeolitic seeds in the assembly process also greatly
improves hydrothermal stability and acidity.

4.1 Assembly of MSU-S from faujasitic zeolite seeds

The first steam-stable hexagonal mesoporous aluminosilicates
were successfully assembled from faujasitic-type Y zeolite
seeds.56 Nanoclustered zeolite Y seeds were prepared by
reacting sodium hydroxide, sodium aluminate, and sodium
silicate under vigorous stirring at 100 uC overnight. 27Al NMR
of the seed mixture indicated the exclusive presence of
tetrahedral aluminum at a chemical shift of 60–62 ppm
(Fig. 10), which is consistent with the chemical shift of 27Al
in the subunits of zeolite Y. However, XRD patterns of the
seed solution in thin film form showed no Bragg peaks, which
indicated the absence of a well-crystallized zeolite Y phase. The
assembly of a hexagonal mesostructure was achieved by
lowering the pH of the seed solution to a value of about 9.0
and introducing cetyltrimethylammonium bromide (CTAB) as
the structure director. The aluminum loading in the final
mesostructures was controlled by the composition of the
original seed solution (10–35 mol% Al). The steam-stable
mesoporous aluminosilicate (denoted MSU-S) was obtained
by exchanging the as-synthesized structure with NH4NO3 and
then calcining at 540 uC for 7 h. Fig. 11 shows the XRD
patterns of calcined 10%Al-MSU-S before and after exposure
to 20% (v/v) water vapor in N2 at 800 uC for 5 h. Included in
Fig. 11, for comparison, are the corresponding patterns for a
MCM-41 mesostructure prepared according to the grafting
method of Mokaya (denoted CAH5) and a disordered 10%Al-
MCM-41 obtained by the same direct assembly route as MSU-
S, except that the 100 uC aging step leading to the formation
of zeolite Y seeds was eliminated. Clearly, 10%Al-MSU-S
assembled from nanoclustered zeolite Y seeds retained a
well-ordered hexagonal structure upon steam treatment. In
contrast, the conventional 10%Al-MCM-41 and the Al-grafted
CAH5 were almost totally destroyed by steaming. These results
are also supported by N2 sorption isotherms (Fig. 12). The
10%Al-MSU-S retained 90 and 75% of its surface area and
pore volume, respectively. In addition to the high steam

stability, 10%Al-MSU-S was a far more active acid catalyst for
cumene cracking, in comparison to the conventional 10%Al-
MCM-41.
Evidence for the presence of zeolite connectivities in Al-

MSU-S was provided by the observation of a single tetrahedral
aluminum peak at ca. 61 ppm in the 27Al NMR spectrum of
the calcined mesostructure, which was consistent with the
27Al chemical shift of the zeolite Y seeds solution and the
Al environment of crystalline zeolite Y. Normally, a single
27Al NMR peak at a chemical shift near 55 ppm is observed
for conventional Al-MCM-41.68 Also, the dealumination of
tetrahedral aluminum in the framework to extra-framework
octahedral aluminum occurs during the calcination of conven-
tional MCM-41. However, this scenario was not observed for
the calcined Al-MSU-S. Moreover, the chemical shift for the
tetrahedral aluminum sites was much larger in Al-MSU-S
(61 ppm) than for Al-MCM-41 (55 ppm). Lippmaa et al.69

reported that the chemical shift of tetrahedrally coordinated Al

Fig. 10 27Al MAS NMR spectra of zeolite Y, calcined 10%Al-MSU-S,
zeolite Y seeds, and calcined 2%Al-MCM-41.

Fig. 11 XRD patterns of calcined (540 uC, 7 h) mesoporous alumino-
silicate molecular sieves before and after steaming (800 uC, 5 h): (A)
hexagonal 10%Al-MSU-S prepared from zeolite Y seeds; (B) ‘‘ultra-
stable’’ hexagonal 14%Al-MCM-41 prepared by grafting; (C) disordered
10%Al-MCM-41 prepared by direct synthesis from conventional sili-
cate and aluminate precursors. Reproduced from ref. 56 by permission
of The American Chemical Society.

Fig. 12 N2 adsorption/desorption isotherms for calcined (540 uC, 7 h)
mesoporous aluminosilicate molecular sieves before and after steaming
(20 vol% H2O in N2, 800 uC, 5 h): (A) 10%Al-MSU-S prepared
from zeolite Y seeds; (B) ‘‘ultrastable’’ 14%Al-MCM-41 prepared
by grafting; (C) 10%Al-MCM-41 prepared by direct synthesis. The
isotherms are offset by 200 cc g21 for clarity. Reproduced from ref. 56
by permission of The American Chemical Society.
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centers in zeolites depends on the mean Si–O–Al bond angle in
the framework, according to the following linear equation:

d(Al) ~ 0.50h 2 132 (ppm)

where d(Al) is the chemical shift of the Al center, and h is the
mean Si–O–Al bond angle. In general, faujasitic zeolites exhibit
chemical shifts higher than 60 ppm because of lower mean
Si–O–Al bond angles in the framework in comparison to
other zeolites that also contain single and double six-membered
ring subunits. The higher chemical shift of the tetrahedral
aluminum sites, together the stronger acidity of Al-MSU-S for
cumene cracking, implies that zeolite-like connectivities were
retained in the Al-MSU-S material.
It should be noted that the occlusion of carbon in the

Al-MSU-S framework occurred during the removal of the
surfactant upon calcination. It was initially suggested that
the steam stability at 800 uC was, in part, a consequence of the
exceptional acidity of a framework that formed a small amount
of structure-stabilizing carbon (v1 wt%), because removing
the carbon lowered the steam stability of the framework.
Alternatively, and perhaps more likely, the removal of the
embedded carbon induces defects that exposes the framework
to attack by water under steaming conditions.
Aside from the improved steam stability and acidity of Al-

MSU-S, well-ordered hexagonal Al-MSU-S with an Si/Al ratio
as low as 1.6 could be readily assembled from nanoclustered
faujasitic seeds. This composition is difficult, if not impossible,
to obtain from conventional aluminosilicate precursors. A
typical TEM image of such a composition is shown in Fig. 13.

Consequently, nanoclustered zeolite faujasite seeds facilitate
the formation of well-ordered hexagonal MCM-41 analogs
with higher Al loading.

4.2 Assembly of MCM-41 analogs from high-silica ZSM-5 and
Beta zeolite seeds

Following-up on the use of zeolite seeds as precursors for the
assembly of steam-stable structures, several workers have used
pentasil zeolite seeds, especially BEA and MFI-type seeds.57–60

In comparison to faujasitic zeolite seeds, which are nucleated
by sodium ions, pentasil zeolite seeds are nucleated by specific
tetraalkylammonium ions. The structural evolution of nano-
clusters leading to the nucleation of MFI silicalite, as shown in
Fig. 14, has been studied in detail by van Santen70 and Martens
et al.71–73 Presumably, related structures containing subunits
with five-membered rings are encountered before nanoslab
formation in pentasil zeolite seed solutions, and these give
rise to the characteristic IR-active vibrations between 550–
600 cm21.
In further developing the concept of using protozeolitic

nanoclusters for mesostructure assembly, we prepared hydro-
thermally stable and strongly acidic MCM-41 analogs from
zeolite ZSM-5 and Beta seeds, which are nucleated by
tetrapropylammonium and tetraethylammonium cations, res-
pectively. The resulting aluminosilicate mesostructures were
denoted MSU-S(MFI) and MSU-S(BEA); Table 5 lists the tex-
tural properties and cumene cracking activities of MSU-S(MFI)

and MSU-S(BEA). For comparison, we include in the table the
properties for 1.5%Al-MCM-41, which was prepared by the
direct assembly of conventional aluminate and silicate anions.

Fig. 13 TEM image of Al-MSU-S (Si/Al~ 1.60) prepared from zeolite
Y seeds.

Fig. 14 Proposed nanoclusters70–73 leading to the nucleation of pentasil
nanoslabs.72,73 Reproduced by permission of The American Chemical
Society.

Table 5 Textural properties and cumene cracking conversions for aluminosilicate molecular sieves. Reproduced from ref. 57 by permission ofWiley-
VCH.

Sample
Unit cell
dimension aa/Å

Surface
area/m2 g21

Pore
volume/cm3 g21

Pore
diameter/Å

Cumene
conversiona (%)

1.5%Al-MSU-S(MFI)

Calcined 45.3 1231 1.06 36.8 32.3
Steamed 600 uC, 5 h 44.5 1192 0.93 34.7 —
Steamed 800 uC, 5 h 36.6 849 0.44 24.3 —
1.5%Al-MSU-S(BEA)

Calcined 47.3 1124 1.06 39.1 31.5
Steamed 600 uC, 5 h 46.7 1065 0.94 38.0 —
Steamed 800 uC, 5 h 37.0 885 0.46 26.4 —
1.5%Al-MCM-41b

Calcined 46.4 1013 1.08 38.7 11.7
Steamed 600 uC, 5 h 35.2 639 0.39 20.1 —
Steamed 800 uC, 5 h — 55 — — —
aReaction conditions: 6 mm i.d. fixed bed quartz reactor; 200 mg catalyst; cumene flow rate 4.1 mmol min21; N2 carrier gas 20 cm3 min21; con-
versions reported after 60 min on-stream at 300 uC. b1.5%Al-MCM-41 was prepared by the direct assembly of conventional aluminosilicate
anions formed from sodium aluminate, fumed SiO2, and TMAOH.
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For this latter sample the aluminum and silica sources were the
same as those used to prepare MSU-S(MFI) and MSU-S(BEA),
except that tetramethylammonium hydroxide was used in place
of structure-directing tetrapropylammonium or tetraethyl-
ammonium hydroxide.
It is clear that both MSU-S aluminosilicate mesostructures

undergo little or no degradation after exposure to steam at
600 uC; at least 95% of the surface area and 87% of the pore
volume are retained, with no pore contraction. In contrast,
1.5%Al-MCM-41 retained only 63% of the surface area and
36% of the pore volume and experienced an 11 Å pore
contraction under equivalent hydrothermal conditions. Upon
steaming at 800 uC, the MSU-S analogs still retained long-
range hexagonal order and substantial mesoporosity, whereas
the mesoporosity of Al-MCM-41 was totally destroyed. More-
over, MSU-S(MFI) and MSU-S(BEA) were far more active acid
catalysts than Al-MCM-41 for cumene conversion. These
results, together with the improved steam stability, suggest that
MSU-S(MFI) and MSU-S(BEA) may be suitable catalysts for the
processing of high molecular weight petroleum fractions which
can not be adequately refined over microporous zeolite.
We proposed that the hydrothermal stability and catalytic

activity of MSU-S(MFI) and MSU-S(BEA) arise form the pre-
sence of zeolitic subunits of AlO4 and SiO4 tetrahedra in
the framework walls of the mesostructures. Evidence for the
retention of a protozeolitic connectivity of tetrahedra was
provided by IR spectroscopy (Fig. 15). A band characteristic of
five-membered ring subunits is apparent in the FTIR spectra of
MSU-S(MFI) and MSU-S(BEA), at 550–600 cm21, but not for
conventional Al-MCM-41. Moreover, in accord with the high
hydrothermal stability, the 29Si MAS NMR spectra indicated
that the framework walls of 2%Al-MSU-S were essentially fully
condensed in comparison to 2%Al-MCM-41. As shown in
Fig. 16, only one line at 2114 ppm (Q4) was found in the
spectrum of 2%Al-MSU-S, whereas two well-resolved lines at
2114 (Q4) and 2104 (Q3) ppm were observed in the spectrum
for 2%Al-MCM-41. The high Q4 intensity for 2%Al-MSU-S
signifies the presence of highly crosslinked framework walls.
Zhang et al.59,60 have also reported a hydrothermally stable

MCM-41 analog (denoted MAS-5) which was assembled from

zeolite Beta seeds. Fig. 17 illustrates the XRD patterns of
MAS-5 after different hydrothermal treatments. Apparently,
MAS-5 still retained well-ordered hexagonal arrays after
boiling in water for 300 h or steaming at 800 uC for 2 h. The
MAS-5 material also exhibited stronger acidity than conven-
tional Al-MCM-41 for 1,3,5-triisopropylbenzene cracking. In
addition, MAS-5 showed higher catalytic activity than Beta
zeolite for the alkylation of 2-butene with isobutene (Fig. 18).
The acidity of MAS-5 was reported to be very similar to Beta
zeolite, as judged by temperature programmed desorption of
ammonia (see Fig. 19). The higher catalytic activity for the
alkylation was attributed to the easier diffusion of products in
the mesoporous channels of MAS-5 than in microporous Beta
zeolite. Five-membered ring vibrations also were observed in
MAS-5 by IR, which indicated the incorporation of Beta
zeolite subunits in the framework.
It should be pointed out that no zeolite phases were observed

for MSU-S(MFI), MSU-S(BEA), and MAS-5. These materials
should be distinguished from microporous/mesoporous com-
posites. The acidity and hydrothermal stability are attributed
to the incorporation of pentasil zeolite subunits into the
framework walls of the resultant mesostructures.

4.3 Assembly and grafting of mesostructured cellular foams
(MCF) and SBA-15 analogs using zeolite seeds

Unlike MCM-41 mesostructures, which are assembled under
basic pH conditions compatible with zeolite seeds, hexagonal
SBA-15 and mesostructured cellular foams (MCF) are
substantially larger pore (7–35 nm) mesostructures that are
normally assembled under strongly acidic conditions. How-
ever, sodium silicate can be used as a silica source in place of
TEOS to prepare analogous MSU-H and MSU-F mesostruc-
tures at a much less acidic pH (ca. 5–7).74 The latter analogs
assembled under mildly acidic conditions are not substantially
different in structure from the SBA-15 and MCF mesostruc-
tures made from TEOS at pH v 2.
In an effort to assemble larger pore SBA-15 and MCF

analogs with improved hydrothermal stability and acidity, we
have examined the possibility of using nanoclustered faujasite,
ZSM-5, and Beta seeds as precursors under mildly acidic pH
conditions. The resulting large-pore hexagonal and foam-like
MSU-S materials exhibited exceptional hydrothermal stability
in boiling water and under steaming conditions.58 Foam-like
MSU-S/FFAU, MSU-S/FMFI, and MSU-S/FBEA, as illustrated
in Fig. 20 and Table 6, are much more stable than Al-MCF.

Fig. 15 IR spectra of calcined mesostructures: (A) 1.5%Al-MSU-S(MFI)

assembled from zeolite ZSM-5 seeds; (B) 1.5%Al-MSU-S(BEA)

assembled from zeolite Beta seeds; (C) 1.5%Al-MCM-41 formed
from conventional aluminosilicate precursors. Reproduced from ref. 57
by permission of Wiley-VCH.

Fig. 16 Comparison of 29Si MAS NMR spectra for calcined 2%Al-
MSU-SBEA prepared from zeolite Beta seeds and for calcined 2%Al-
MCM-41.
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The MSU-S/FBEA foam, assembled from Beta seeds, exhibited
the highest hydrothermal stability. Little structural degrada-
tion was observed for MSU-S/FBEA after boiling in water for
250 h and steaming at 800 uC for 2 h.
Evidence for the retention of foam structures was provided

by the TEM images shown in Fig. 21. Consistent with the
structural features of MCF reported by Stucky’s group,36–39

the MSU-S/F foams are comprised of large spherical cells
interconnected by narrow windows defined by aluminosilicate
struts. The struts are 4–6 nm in thickness, which is larger than
the anticipated size of nanoclustered zeolite seeds.
Although MSU-S/F foam structures were assembled at a

pH of 2.5–6, the calcined samples still retained w80% of the
aluminum in the tetrahedral positions in the framework walls
(Fig. 22), indicating the retention of an acidic framework. In
contrast, calcined forms of Al-MCF have essentially all of the
aluminum centers in octahedrally coordinated sites, indicating
framework walls with poor acidity.

Fig. 17 XRD patterns of (A) as-synthesized MAS-5, (B) MAS-5 calcined at 550 uC for 4 h, (C) calcined MAS-5 after treatment with 100% water
vapor at 600 uC for 4 h, and (D) calcined MAS-5 after treatment with 100% water vapor at 800 uC for 2 h. Reproduced from ref. 59 and 60 by
permission of Wiley-VCH.

Fig. 18 Catalytic conversion (wt%) versus reaction time of 2-butene in
the alkylation of isobutane with butene over aluminosilicate catalysts:
(A) MAS-5; (B) H-Beta; (C) MCM-41; (D) H-ZSM-5. Reaction
temperature 25 uC; isobutane : butane ratio 12 : 1; 1-butene : 2-butene
ratio 8 : 1; WHSV (weight hourly space velocity) ~ 9 h21. Reproduced
from ref. 59 and 60 by permission of Wiley-VCH.

Fig. 19 NH3-TPD curves for (A) MAS-5, (B) MCM-41, (C) H-Beta,
and (D) H-ZSM-5. X is the amount of desorbed NH3. Reproduced
from ref. 59 and 60 by permission of Wiley-VCH.

Fig. 20 N2 isotherms for mesostructured aluminosilicate foams before
and after exposure to 20% steam in nitrogen at 800 uC for 2 h: (A)
MSU-S/FFAU; (B)MSU-S/FMFI; (C)MSU-S/FBEA; (D) Al-MCF. Each
isotherm is offset by 500 cm3 g21. Reproduced from ref. 58 by
permission of The American Chemical Society.
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Table 7 reports the properties of large pore hexagonal MSU-
S/HFAU, MSU-S/HMFI, and MSU-S/HBEA assembled from
faujasitic, MFI, and BEA zeolite seeds, respectively, at a pH of
ca. 5–7. As shown in Table 7, after exposure to steam at 800 uC
for 2 h, MSU-S/HFAU retained w65% of its initial surface area
and pore volume. MSU-S/HMFI and MSU-S/HBEA are even
more stable to steam, retaining w80% of their initial surface
areas and pore volumes, with little pore contraction. In
contrast, Al-SBA-15 retained only 35% of its initial surface
area and pore volume, with substantial pore contraction. In
addition to the improved hydrothermal stability, the large pore
hexagonal and foam-like MSU-S materials all exhibited higher
cumene cracking activities than the corresponding Al-MCF
and Al-SBA-15 analogs (Tables 6 and 7).
Most recently, Han et al.61 reported that a hydrothermally

stable SBA-15 analog (denoted MAS-9) can be assembled from
ZSM-5 seeds. As shown in Table 8, MAS-9 exhibited better
hydrothermal stability in boiling water and stronger acidity for
hydrocarbon conversion.
In more recent work, an interesting extension of the use of

zeolite seeds to prepare hydrothermally stable and strongly
acidic mesostructures as grafting sources was reported by
Kaliaguine et al.75 A clear ZSM-5 seed solution was used to
graft the seeds onto the framework walls of a primary Al-SBA-
15 at 130 uC for 24 h. The resultant SBA-15 analog (denoted
ZCMeosAS) exhibited much improved hydrothermal stability.
As illustrated in Table 9, even after steaming at 800 uC for 24 h,
ZC MesoAs still retained its structural integrity. The increase
in Brønsted acid sites in ZC MesoAs in comparison to the
parent Al-SBA-15 was provided by FTIR (Fig. 23). The order
of acidic strength was H-ZSM-5 w ZC MesoAS w parent
Al-SBA-15.
The increased hydrothermal stability and acidity of ZC

MesoAS were attributed to the coating of nanosized ZSM-5
seeds on the walls of the parent SBA-15. Evidence for
nanosized zeolite seeds coated on the framework walls was
provided by IR spectra, which exhibited a vibration band at
550–600 cm21. As stated above, this band arises from the five-
membered ring of vibrations of pentasil zeolite building
subunits. Also, a higher Q4/Q3 ratio was observed in ZC
MesoAS in comparison to the parent SBA-15, which reflected
the transformation of the hydrophilic surface of the parent
SBA-5 into a more hydrophobic one upon seed grafting. This
successful use of zeolite seeds as a grafting reagent to generate

Table 6 Textural properties of calcined mesostructured aluminosilicate
foams (Si/Al ~ 50) before and after hydrothermal stability tests.
Reproduced from ref. 58 by permission of The American Chemical
Society

Sample
Window
size/Å

Cell
size/Å

Surface
area/
m2 g21

Pore
vol./
cc g21

Cumene
conv. (%)

MSU-S/FFAU

Before steaming 132 208 570 1.79 33
After steaming 126 204 462 1.46
Boiling H2O 118 196 273 0.78
MSU-S/FMFI

Before steaming 102 201 888 1.95 35
After steaming 95 195 748 1.68
Boiling H2O 90 187 463 0.96
MSU-S/FBEA

Before steaming 128 220 861 2.18 36
After steaming 124 215 737 1.86
Boiling H2O 117 210 647 1.87
MCF
Before steaming 110 228 715 1.79 v2
After steaming 105 220 147 0.44
Boiling H2O — — 103 —

Fig. 21 TEM images of (A) MSU-S/FFAU, (B) MSU-S/FMFI, and (C)
MSU-S/FBEA.

Fig. 22 27Al MAS NMR spectra of (A) MSU-S/FFAU, (B) MSU-S/
FMFI, (C) MSU-S/FBEA, and (D) Al-MCF.

Table 7 Textural properties of calcined large pore hexagonal mesostructured aluminosilicates (Si/Al ~ 50) before and after hydrothermal stability
tests. Reproduced from ref. 58 by permission of The American Chemical Society

Sample
Surface area/
m2 g21 d Spacing/Å

Unit cell
sizea/Å Pore size/Å

Pore volume/
cm3 g21

Cumene conv.
(%)

MSU-S/HMFI

Before steaming 886 102 118 77 0.93 37
After steaming 701 95 110 69 0.78
MSU-S/HBEA

Before steaming 849 101 117 76 0.90 34
After steaming 687 96 111 70 0.77
MSU-S/HFAU

Before steaming 653 110 127 90 0.85 32
After steaming 421 95 110 80 0.57
SBA-15
Before steaming 823 101 117 77 0.89 2
After steaming 305 86 96 60 0.31
aUnit cell size was calculate from the relationship a ~ 2d100/d3.
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steam-stable and strongly acidic mesostructures goes beyond
the previous routes using pure aluminum salts as grafting
agents.

5 Summary and outlook

A decade has passed since the exciting discovery of MCM-41
by Mobil scientists. To overcome the drawbacks of mesopor-
ous aluminosilicates in comparison to microporous crystalline
zeolite, much effort has been made in the synthesis of these
materials to improve their hydrothermal stability and acidity.
Through the creative use of new surfactants and novel reaction
conditions, thicker wall mesoporous silica mesostructures,
such as hexagonal SBA-15 and lamellar MSU-G, have been
assembled. The post-synthesis grafting of aluminum salts
onto the thicker wall mesostructures, along with the partial
conversion of the framework walls into nanosized zeolite
phases, have lead to compositions with acidities and hydro-
thermal stabilities that go far beyond those of the original
M41S materials. The most significant improvement in both
the acidity and the hydrothermal stability of aluminosilicate
mesostructures, however, comes through the use of nanoclus-
tered zeolite seeds as precursors for direct assembly and as
post-assembly grafting reagents. These materials are potential
catalysts for large molecule conversions, especially the process-
ing of petroleum distillates that are too large to crack with
conventional zeolite catalysts. Also, the use of protozeolitic
nanoclusters for the preparation of improved mesostructures
is not limited to aluminosilicates. Metal-substituted seed com-
positions, such as those used to nucleate zeolite-like TS-1,
Ga-MFI, and AlPO, among other microporous molecular sieve
structures, may be advantageous precursors for the preparation
of stable mesostructures.76 Finally, there is probably little risk
in predicting that a mesostructured aluminosilicate with fully
crystalline walls will be developed in the future. Recently, an
ordered mesoporous organosilica hybrid material with crystal-
like framework walls was successfully synthesized by Inagaki
et al.77 This successful example, along with recent examples of
molecular order in surfactant-templated lamellar silicates,78

should encourage researchers to pursue the ultimate goal
of designing aluminosilicate mesostructures with atomically
ordered walls.
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Table 8 Properties and cracking activites for cumene and 1,3,5-triisopropylbenzene of various samples before and after treatment in boiling water
for 120 h.a Reproduced from ref. 61 by permission of The American Chemical Society

Sample d100/Å
Pore
size/Å

Wall
thickness/Å

Micropore vol./
cm3 g21

Surface area/
m2 g21

Cumene
conversion (%)

1,3,5-Triisopropylbenzene
conversion (%)

MAS-9
Before treatment 116 80 54 0.16 967 41.5 92.4
After treatment 121 96 43 0.08 680 12.7 34.6
SBA-15
Before treatment 95 76 34 0.05 910 Inactive Inactive
After treatment 0 98 Inactive Inactive
Al-SBA-15b

Before treatment 924 7.8 36.5
After treatment 85 v2.0 v5.0
Al-SBA-15c

Before treatment 1025 25.5 52.4
After treatment 167 v2.0 v5.0
HZSM-5 94.4 1.7
aThe Si/Al ratio in all samples is 40, except for SBA-15 (pure silica). The MAS-9 sample and the SAB-15 sample were prepared under the same
conditions. Pore size distributions and pore volume were determined from N2 adsorption isotherms at 77 K. The wall thickness was calculated
as ao 2 pore size (ao ~ 2d100/d3). bAl-SBA-15 prepared by the grafting method. cAl-SBA-15 prepared according to the method reported in
ref 68.

Table 9 Physicochemical properties of the parent mesoporous alumino-
silicates (PMesoAS) and ZSM-5-coated mesoporous aluminosilicates
(ZCMesoAS) samples before and after hydrothermal treatments.
Reproduced from ref. 75 by permission of Wiley-VCH

Material
Treatment
time/h

SBET/
m2 g21

Mesopore
volume/
cm3 g21

BJH pore
diameter/Å

Boiling water at 100 uC
PMesoAS-0-Wa 0 1080 1.56 70
PMesoAS-48-W 48 415 1.72 120
ZCMesoAS-0-W 0 495 0.78 52
ZCMesoAS-48-W 48 475 0.85 55
ZCMesoAS-120 W 20 485 1.35 58

Steaming in 20% water in N2 at 800 uC
ZCMesoAS-24-S 24 445 0.70 53
aFor the designation PMesoAS-x-W or S, x is the treatment time in
hours; W denotes boiling water and S denotes steam treatment.

Fig. 23 FTIR spectra of adsorbed pyridine in the 1350–1600 cm21

range after pyridine was adsorbed and then desorbed at 150 uC: (a)
parent MesoAS in H-form; (b) ZSM-5-coated MesoAS; (c) H-ZSM-5.
Reproduced from ref. 75 by permission of Wiley-VCH.
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