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Composite materials containing micro- and mesopores are prepared under instantaneous hy-
drothermal treatment of initial solutions generally used for zeolite Beta and precursor solu-
tions for mesoporous Al-MCM-41 material. The resulting composites are compared with
pure, highly crystalline colloidal microporous Beta zeolite and hexagonally ordered
mesostructured samples. The porosity and morphological features of the composite materials
are influenced by the conditions of hydrothermal synthesis of the initial colloidal solutions
used for the preparation of Beta seeds, as well as by the conditions of the synchronized crys-
tallization of the final composites. The embedding of Beta seeds in the mesoporous silica
matrix is possible via immediate heating of mesoporous precursor solutions with Beta seeds
primarily formed. The composite materials contain either microcrystalline Beta nano-
domains with sizes of about 5–10 nm surrounded by mesoporous material or defined Beta
nanocrystals (20–40 nm), and at the same time connected with mesostructured material.
The presence of highly crosslinked silicate framework walls and tetrahedrally coordinated
aluminum in the composite material are confirmed by solid-state 29Si and 27Al MAS NMR
spectroscopy. The concentration of Brønsted acid sites in the micro/mesoporous composites
is increased substantially in comparison with pure mesoporous Al-MCM-41 material proven
by FTIR acetonitrile-d3 adsorption study.
Keywords: Micro/mesoporous composite; Colloidal zeolites; Colloids; Molecular sieves; Acidity;
Al-MCM-41; Solid state MAS NMR spectroscopy.

Microporous molecular sieves are widely used as acid catalysts, especially in
petrochemical industry1. There are many processes, such as alkylations,
acylations, disproportionations and isomerizations2,3, in which these mate-
rials replaced conventional and very often not environment-friendly cata-
lysts such as H3PO4/SiO2 or HCl–AlCl3. The main advantages of micro-
porous zeolitic-type materials are their adjustable acidity, size and shape se-
lectivity, high thermal and chemical stability, and environmental toler-
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ance4–6. Such properties arise from their unique crystalline structure con-
taining regular one-, two- or three-dimensional channel systems of micro-
pores. It is well known that the pore diameter of microporous materials is
in the range of 0.2–1.0 nm, which often limits the use of zeolites for reac-
tions involving larger organic molecules than their pore openings. There-
fore the active sites in porous crystalline zeolites are accessible only for re-
latively small organic compounds with a kinetic diameter smaller than
1.0 nm. In order to benefit fully from the unique sorption and shape-
selectivity effects in the micropores without suffering from diffusional limi-
tations, the diffusional path length in the micropores should be very short.
In zeolite nanocrystals the diffusion paths are a priori shorter, however,
they are difficult to handle in practical applications. Prior to application,
the nanocrystals have to be embedded into a mesoporous matrix often with
irregular pores and low connectivity between zeolite micropores and
macropores of the matrix. Then the molecular transport would be ineffi-
cient. The ideal pore architecture for molecular transport is that one where
short micropores are connected by meso- or macropores going throughout
the whole structure. In order to improve the diffusion of both the reactants
and products, small nanocrystalline colloidal zeolites have been prepared
with large external surfaces due to the nanosized texture of the individual
particles forming the samples7,8.

In contrast to microporous materials, the ordered mesoporous molecular
sieves contain larger pores with diameters in the range of 2–50 nm, which
could overcome the diffusion and pore size constraints of zeolites. How-
ever, the amorphous character of the mesoporous walls entails low hydro-
thermal and chemical stability and also low acidity that is limiting for their
applications in catalysis9,10.

In order to combine the unique properties of zeolites and mesoporous
molecular sieves, micro/mesoporous composite materials have been pre-
pared by several groups11–13. Basically, two methodologies exist for the
preparation of these materials combining crystalline zeolites and meso-
porous molecular sieves14. One approach is to prepare mesoporous molecu-
lar sieves and then to recrystallize the originally amorphous walls into crys-
talline zeolitic walls via introduction of an organic template commonly
used for synthesis of zeolites11. In a similar way the zeolitic template can be
added to the reaction mixture before the mesoporous molecular sieves are
completely self-organized12. The second approach is based on the use of
protozeolitic seeds containing small crystalline domains instead of fully
crystalline zeolitic particles. These seeds are organized into mesoporous
structures using different types of surfactants13,15,16. Recently, improved
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catalytic activity of the composite materials containing protozeolitic species
in comparison with conventional mesoporous Al-MCM-41 material was
demonstrated in cumene cracking and toluene alkylation with propene14. It
was shown, that these properties have arisen from the zeolite-like connec-
tivity of AlO4 and SiO4 tetrahedra constructing the walls of framework-type
mesostructures.

In our previous works we have shown that micro/mesoporous materials
can be prepared via simultaneous reaction of colloidal solutions containing
zeolite Beta seeds and mesoporous precursor solutions under hydrothermal
conditions17,18.

The aim of this paper is to study the formation of micro/mesoporous
composite materials, i.e., the influence of crystallinity of microporous seeds
and the time of immediate hydrothermal treatment on the final particle
size and porosity of the composites. The type and concentration of the acid
sites for the composites in comparison with pure zeolite Beta and meso-
porous Al-MCM-41 materials were investigated based on acetonitrile-d3
adsorption.

EXPERIMENTAL

Nanosized zeolite Beta samples were synthesized from a colloidal precursor solution having
the following chemical composition:

Solution B: 0.35 Na2O : 9 TEAOH : 0.125–0.25 Al2O3 : 25 SiO2 : 295 H2O.
The reactants used in the synthesis were freeze-dried silica sol (Ludox SM 30, 30 wt.% in
H2O, Aldrich), aluminum isopropoxide (98%, Aldrich) and tetraethylammonium hydroxide
(20 wt.% in water, Aldrich). The as-prepared solution was clear prior to the hydrothermal
treatment; the crystallization of pure zeolite Beta was completed within 68 h at 100 °C un-
der static conditions.

The Al-MCM-41 mesoporous material was synthesized from precursor solutions with the
following chemical composition:

Solution M: 0.0089 Al2O3 : 1 SiO2 : 19.4 NH3 : 103 EtOH : 0.28 CTAB : 826 H2O.
First, surfactant (CTAB, hexadecyltrimethylammonim bromide, Aldrich) and aluminum iso-
propoxide were dissolved in the solution containing ethanol, ammonia and water, and then
tetraethyl orthosilicate (TEOS, 98%, Aldrich) was added at once. Freshly prepared solutions
were stirred at room temperature for 24 h resulting in the formation of mesoporous material
Al-MCM-41with hexagonal structure.

The micro/mesoporous composites were synthesized from solutions (BM) containing zeo-
lite Beta seeds (solution B) and a freshly prepared precursor solution for mesoporous materi-
als (solution M).

Two synthetic procedures were used to generate the composite materials: (1) heating of
solution B for 27 h and, immediately after cooling to room temperature, the solution was
mixed with a freshly prepared precursor solution M (Table I, samples BM1a–BM1c). Further
crystallization of these solutions was carried out at 100 °C for (up to) 20 h; (2) preliminary
crystallization of solution B from 27 to 68 h (Table I, samples BM2a–BM2c), subsequent mix-
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ing of solutions B with M, followed by crystal growth of the composite materials at 100 °C
for 40 h.

Prior to further characterization, all products from solutions B, M and BM were purified
by repeated centrifugation at 20 000 rpm for 1 h, redispersed in doubly distilled water in an
ultrasonic bath, and freeze-dried in a Christ Alpha 1-4 vacuum drier overnight in order to
prevent further agglomeration of crystalline nanoparticles. Finally, pure zeolite Beta was cal-
cined at 500 °C for 7 h in air flow, while the Al-MCM-41 and micro/mesoporous composites
were heated at 550 and 470 °C, respectively, in nitrogen for 1 h, and then in air for 6 h in
order to completely remove the organic template (TEAOH) and the surfactant (CTAB).

The four-time repeated ion-exchange of all synthesized materials into the H-form was car-
ried out with 0.5 M ammonium nitrate (100 ml).

The type of the crystalline phase was confirmed by X-ray powder diffraction of the puri-
fied and freeze-dried samples in the θ–θ scan mode (Scintag XDS 2000 cooled Ge detector,
CuKα radiation). The XRD patterns in the angle ranges 1–10° (2θ) and 5–30° (2θ) were re-
corded from the powder samples using the slit settings 0.1–0.2–0.5–0.3 and 0.2–0.3–1.0–0.5,
respectively. The particle size distributions in the precursor solutions and in the crystalline
suspensions were determined by dynamic light scattering (DLS, ALV), while the morphologi-
cal features were studied with a scanning electron microscope (SEM, Philips XL 40) and high
resolution transmission electron microscope (TEM, Jeol 2010, 200 kV). The concentration of
Lewis and Brønsted acid sites was determined using adsorption of acetonitrile-d3 followed by
FTIR spectroscopy using a Nicolet FTIR Protégé 460 spectrometer; additional IR investiga-
tions of all crystalline samples were performed with a FT-IR Bruker Equinox spectrometer.
The porosity of the samples was monitored by nitrogen sorption measurements using a
Quantachrome Corporation NOVA 4200. The 29Si and 27Al MAS NMR experiments were car-
ried out using a Bruker DSX Avance 500 spectrometer. The chemical composition of the
products was determined by inductively coupled plasma atomic emission spectrometry
(ICP-AES) using a Varian Vista ICP-AES spectrometer.

Collect. Czech. Chem. Commun. (Vol. 70) (2005)

1832 Prokešová, Petkov, Čejka, Mintova, Bein:

TABLE I
Conditions for the preparation of micro/mesoporous composites

Material Solution B: τcryst, h Solution BM: τcryst, h

BM1a 27 0

BM1b 27 4

BM1c 27 20

BM2a 27 40

BM2b 30 40

BM2c 68 40



RESULTS AND DISCUSSION

The initial precursor solutions used for synthesis of pure zeolite Beta (solu-
tion B) and for the mesoporous material (solution M) appeared clear, while
after mixing of the two solutions, a visible precipitation took place result-
ing in the formation of milky suspensions. The generation of solid particles
was followed by DLS of undiluted solutions after one-step purification. Fig-
ure 1 shows the particle size distribution curves for the micro/mesoporous
composite materials synthesized via synthetic procedures 1 and 2. As can be
seen, the particle size distribution curves for composite materials are very
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FIG. 1
A: DLS data for micro/mesoporous composites BM1a ( ), BM1b (- - -), BM1c (· · ·); B: DLS
data of micro/mesoporous composites BM2a ( ), BM2b (- - -), BM2c (· · ·)
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narrow; the mean particle size decreases from 135 to 90 nm for the compos-
ite samples going from BM1a to BM1c (Fig. 1A). However, the particle size
distribution in samples prepared via synthetic procedure 2 are broader, and
the mean size of the crystals changes from ~120 nm for BM2a to ~70 nm for
BM2c samples (Fig. 1B). This implies that solution B with completely crys-
talline zeolite Beta particles leads to the formation of composite material
(sample BM2c) with broader particle size distribution. The pure zeolite Beta
nanocrystals have a mean size of about 50 nm and they are smaller than
those of the final micro/mesoporous composite (~70–90 nm). For compari-
son, the mean radius of the pure mesoporous Al-MCM-41 particles is about
290 nm being formed within 10 min under ambient conditions; further
stirring of the reaction mixture does not influence the particle size.

In addition to DLS measurements, the size and the shape of all synthe-
sized materials were determined by SEM. Micro/mesoporous composites ap-
peared as a very homogeneous material; no physically isolated phases with
different size or morphological appearance were detected. Longer hydro-
thermal treatment of the synthesis mixture results in the formation of more
crystalline and well-shaped spheroidal particles. The composite sample
BM2c prepared from a fully crystalline Beta-colloidal suspension containing
well-shaped zeolite Beta shows particles that appear very similar to the pure
Beta nanocrystals (Fig. 2). The pure zeolite Beta sample contains spheroidal-
shaped nanocrystals with well-distinct edges characteristic of crystalline
phases (Fig. 2a), while the micro/mesoporous composite samples are shown
in Figs 2c–2f. On the other hand, the particles of pure mesoporous
Al-MCM-41 material have a broad size distribution and spheroidal or cubic
appearance (Fig. 2b).

The crystalline nature of purified and freeze-dried powder samples was
demonstrated by X-ray powder diffraction (Fig. 3). The X-ray diffraction
pattern of zeolite Beta seeds prepared from solution B at 100 °C for 27 h
shows very weak reflections at 6.1, 7.8 and 22.5° 2θ, which are characteris-
tic of polymorph A of zeolite Beta (Fig. 3a). A longer crystallization time
leads to more crystalline samples with more sharp and intensive XRD re-
flections. The XRD pattern of zeolite Beta hydrothermally treated for 68 h
contains all characteristic Bragg reflections expected for zeolite Beta (Fig.
3c)19. For comparison, the purely mesoporous structure of well-ordered hex-
agonal Al-MCM-41 is shown in Fig. 3f, and the XRD pattern contains all
the Bragg reflections typical of a hexagonal mesoporous material. In con-
trast to the XRD patterns for pure zeolite Beta (Fig. 3c) and mesoporous
Al-MCM-41 (Fig. 3f), the patterns of micro/mesoporous composites
(BM1a–BM1c, BM2a–BM2b) show only one reflection in the small-angle re-
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gion at about 1.5° (2θ) (Fig. 3e) and very weak reflections characteristic of
zeolite Beta at 7.7 and 22.6° (2θ) (Fig. 3d). In the case of sample BM2c,
where a milky solution containing fully crystalline zeolite Beta was used as
one of the precursors, the XRD pattern contains all reflections characteristic
of microporous Beta type material. The intensity of these reflections is ap-
proximately 40% of the reflection intensity for pure zeolite Beta sample.
This is an indication for the presence of large individual Beta particles in
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Fig. 2
SEM micrographs of a pure zeolite Beta, b pure mesoporous Al-MCM-41 material, and micro/
mesoporous composites c BM1a, d BM1c, e BM2a, f BM2c



the sample BM2c. For sample BM1a, which was not hydrothermally treated
after mixing two precursor solutions, the intensity of the reflection at 1.5°
(2θ) was very low in comparison with the other micro/mesoporous compos-
ite samples, i.e., BM1b–BM1c and BM2a–BM2c. The intensity of all reflec-
tions for the calcined samples was higher in comparison with the
as-synthesized ones; moreover, no shifts were observed.
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FIG. 3
XRD patterns of samples extracted from solution B heated for a 27 h, b 30 h, c 68 h; micro/
mesoporous composite BM1c in the ranges of d 5–30° (2θ) and e 1–10° (2θ), and f pure
Al-MCM-41 mesoporous material



In addition, TEM measurements were performed to investigate structural
features of the composite materials. Figure 4 shows representative TEM im-
ages of pure zeolite Beta crystals and composite materials from samples
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FIG. 4
TEM images of pure zeolite Beta crystals at various magnifications, scale bar size given: a 100 µm
and b 20 nm; BM1c composite c 100 nm and d 20 nm; BM2c composite e 100 nm and f 20 nm



BM1c and BM2c after calcination. The pure colloidal Beta particles with size
about 50–70 nm are shown in Figs 4a, 4b. The high-resolution TEM images
of the pure Beta sample reveal that these particles contain crystalline
fringes expected for a BEA-type material, but they are not well aligned
within the individual particles. In addition, one could see that these crys-
tals appear rather ridged and probably this is due to the agglomeration of
sub-colloidal particles during the drying and calcination processes. How-
ever, the different fringes originating from micro- and mesoporous com-
pounds in the composite materials prepared using the first approach are
very difficult to be observed in the TEM images (Figs 4c, 4d). One cannot
distinguish microcrystalline Beta domains with sizes of ca. 5 nm from
mesoporous domains since they are embedded in the mesoporous matrix.
In contrast, sample BM2c shows an increased amount of Beta nanocrystals
(with dimensions of ca. 20–40 nm), which are closely interconnected
through silica matrix with non-ordered mesopores (Figs 4e, 4f). The nano-
sized Beta crystals are separated and, at the same time, connected through
disordered mesostructured matrix giving composite material with well dis-
persed spatially defined Beta nanocrystals. These results are in a good agree-
ment with the diffraction measurements shown in Fig. 3.

Additional evidence of the presence of pentasil-type zeolite in the micro/
mesoporous composite materials is provided by IR spectroscopic data. The
vibrational modes between 550–600 cm–1 detected in all composite samples
(Fig. 5), are due to the presence of five-membered rings as secondary build-
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FIG. 5
IR spectra of micro/mesoporous composites of samples a BM1a, b BM1c, c BM2a, d BM2c



ing units in zeolites20. Although the XRD patterns of the freeze-dried zeolite
Beta samples obtained after short crystallization times (27–30 h) contain
low-intensity Bragg reflections, they give rise to a band at 570 cm–1, which
is the evidence that a short-range organization exists in the aluminosilicate
particles. In the case of fully crystalline zeolite Beta, two distinct bands at
570 and 520 cm–1 were detected17, while in the spectra of micro/meso-
porous composite materials only one vibration band at 570 cm–1 was re-
corded (Fig. 5). The latter vibration band was also not observed in the spec-
tra of pure MCM-41 and MCM-48 samples demonstrating the absence of
5-membered rings, which do not apparently exist in pure mesoporous ma-
terials.

As it was already indicated on the basis of X-ray powder diffraction, the
composite materials possess both micro- and mesoporous features. For com-
parison, the isotherm of a pure zeolite Beta sample exhibiting inter-particle
or the so called textural porosity due to the particle stacking is shown in
Fig. 6a. In contrast, the pure Al-MCM-41 material shows distinct adsorption
and desorption steps indicating uniform mesopores (p/p0 ~ 0.3) and no
inter-particle porosity (Fig. 6b). However, the specific surface area of pure
Al-MCM-41 sample is 1318 m2 g–1 and the calculated pore diameter based
on the Barret–Joyner–Hallenda model is ca. 1.9 nm. In the composite mate-
rials BM1b and BM2a, the presence of two types of mesopores is shown
(Figs 6c, 6d). The data extracted from the sorption measurements, i.e., total
adsorbed amounts of nitrogen, specific surface area and pore diameters cal-
culated from the desorption parts of isotherms for all micro/mesoporous
composite samples are summarized in Table II. For composites prepared via
synthetic procedure 1, longer crystallization times lead to the formation of
samples with higher specific surface areas, i.e. the BET surface areas are
about 689 and 969 m2 g–1 for BM1a and BM1c, respectively. The specific
surface areas of the composite materials are between those of typical pure
mesoporous materials and pure colloidal microporous Beta type zeolite. The
mesopore diameters do not vary significantly in samples obtained for dif-
ferent crystallization times (see Table II). A significant increase in the
adsorbed volume of nitrogen at low relative pressures (p/p0 < 0.12) as well
as in the region characteristic for mesoporous material with regular pore
system (p/p0 = 0.25–0.40) is observed for the BM1 series with increasing
crystallization time (Table II).

The sorption data collected for samples prepared via synthetic procedure 2
differ from those obtained by procedure 1 discussed above (cf. samples
BM2a and BM2b); the pore volume was ca. 20% higher for the BM2-series
samples. However, the use of fully crystalline milky suspension of zeolite
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Beta (sample BM2c) led to the formation of a composite with a lower spe-
cific surface area in comparison with the other samples BM2a and BM2b.

The structure reorganization in the precursor solutions resulting in the
formation of composite materials, and in pure Beta and Al-MCM-41 materi-
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FIG. 6
Nitrogen sorption isotherms of a pure zeolite Beta, b pure mesoporous Al-MCM-41 material,
and micro/mesoporous composites c BM1b and d BM2a



als is followed by NMR (Fig. 7). Zeolite Beta seeds prepared from the precur-
sor solution B by hydrothermal treatment for 27 and 30 h, contain both
tetrahedrally and octahedrally coordinated Al, occurring at 52–55 and
8–10 ppm, respectively (Fig. 7A, curves a, b). After a certain crystallization
time (68 h), the number of Al in octahedral positions decreases and the
highly crystalline zeolite Beta samples contain only tetrahedrally coordi-
nated Al (Fig. 7A, curve c). For comparison, the 27Al NMR spectra for the
three different materials, pure zeolite Beta, pure Al-MCM-41 and composite
BM2a, contain only one peak at 52 ppm characteristic of Al in tehtrahedral
position (Fig. 7B). However, calcination of these samples led to a partial
transformation of the tetrahedrally into octahedrally coordinated alumi-
num (Fig. 7C). On the basis of the intensity of the peak at 8 ppm, it can be
concluded that the microporous zeolite Beta is very stable under the calci-
nation regime in comparison with the pure mesoporous Al-MCM-41 mate-
rial. Furthermore, the amount of the octahedrally coordinated aluminum
in the composite material is lower compared with the pure mesoporous
Al-MCM-41 (Fig. 7C, curves b and c). In addition, solid-state 29Si MAS NMR
spectra are collected for the same purified and non-calcined samples. As can
be seen in Fig. 7D, the spectra of pure zeolite Beta, pure Al-MCM-41 and the
micro/mesoporous composite contain two pronounced peaks between –99
and –109 ppm. In the spectra of zeolite Beta and BM2a composites, the sili-
con signals are observed at –103.7 and –109.9 ppm, and –101.6 and –109.2
ppm, respectively. The intensity of the peak at –109 ppm is higher com-
pared with the lower-frequency peak for both considered samples i.e. Beta
and BM2a (Fig. 7D, curves a and c). The signal at –109.2 ppm arises from
Si(4Si), while the peak at –101.6 ppm from connectivity defects attributed
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TABLE II
Nitrogen sorption data of micro/mesoporous composites

Material
Vads, cm3 g–1

(p/p0 < 0.12)
Vads, cm3 g–1

(p/p0 < 0.99)
∆V, cm3 g–1

(p/p0 = 0.25–0.4)
SBET, m2 g–1 dmesopore, nm

BM1a 157 689 45 670 2.4

BM1b 165 762 74 708 2.6

BM1c 182 969 89 747 2.6

BM2a 218 1146 110 915 2.6

BM2b 226 1209 110 911 2.7

BM2c 199 887 65 760 2.7



to Si-OH species and/or to Si(1Al, 3Si). Obviously, the formation of defects
is related to the partial removal of Al from the zeolite framework, as has
been already detected by 27Al NMR data (Fig. 7C). In contrast to the sam-
ples discussed above, the spectrum of the pure mesoporous Al-MCM-41 ma-
terial contains two peaks at –99.0 and –107.8 ppm, where the former one
has higher intensity (Fig. 7D, curve b). On the basis of these results, it can
be concluded that the framework walls of micro/mesoporous composite
contain highly crosslinked silica species.

As it was shown from electron microscopy and N2 sorption data, the
composite materials possess a high degree of micro- and mesoporosity, and
therefore they could be very interesting for further catalytic applications.
For that reason, the concentration and the type of acid sites present in the
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FIG. 7
A: 27Al MAS NMR spectra of Beta seeds after hydrothermal treatment for a 27 h, b 30 h, c 68 h; B:
27Al MAS NMR spectra of as-prepared a pure zeolite Beta, b pure mesoporous Al-MCM-41, and
c micro/mesoporous composite (BM2a); C: 27Al MAS NMR spectra of calcined samples of a
pure zeolite Beta, b pure Al-MCM-41, and c micro/mesoporous composite (BM2a); D: 29Si MAS
NMR spectra of a pure zeolite Beta, b pure Al-MCM-41, and c micro/mesoporous composite
(BM2a)



materials were studied using FTIR spectroscopy with acetonitrile-d3 as a
probe molecule. It is well known that zeolite Beta contains a large amount
of Lewis sites due to defective three-coordinated Al framework21. The coor-
dination of aluminum in the framework of zeolite Beta strongly depends on
the conditions of template removal as the stability of aluminum in tetra-
hedrally coordinated position is rather low.

Figure 8A shows the OH group region in the FTIR spectra of zeolite Beta,
Al-MCM-41 and composite material BM2a and BM2c after evacuation at
720 K. A band of terminal silanol groups at 3744 cm–1 was found in the
spectra of all samples. The FTIR spectra of zeolite Beta and composite mate-
rial BM2c contain also a typical band characteristic of the bridging OH
groups at ca. 3610–3620 cm–1 (refs22–24). The spectrum of BM2a composite
sample contains only a weak band of this vibration.

Adsorption of acetonitrile-d3 followed by evacuation at 298 K leads to dis-
appearance of the OH band at 3614 cm–1 and to a rise in the bands in the
region of C≡N bond vibrations (Fig. 8B). The band at 2332 cm–1 represents
the interaction of the nitrogen atom of the C≡N group of acetonitrile-d3
with Lewis sites and the bands around 2300 cm–1 were ascribed to the inter-
action of the C≡N group with Brønsted sites25. The weaker bands at lower
wavenumbers (2260–2280 cm–1) are due to the interactions of the nitrogen
atom of the C≡N group with terminal SiOH groups and the acetonitrile-d3
molecule physisorbed on the sample. The bands at 2300 and 2302 cm–1 in-
dicate the presence of Brønsted sites, which are observed in the spectra of
pure zeolite Beta and composite BM2c, while only a weak band in the spec-
trum of the composite sample BM2a is detected (Fig. 8B). This result indi-
cates a higher concentration of Brønsted acid sites in BM2c in comparison
with BM2a, due to the presence of large zeolite Beta domains (this has been
already detected by TEM, see Fig. 4). Figure 8C shows the results obtained
after subtraction of the spectra before and after adsorption of acetonitrile-d3
for pure Beta, Al-MCM-41 and two composites. The negative bands at 3613,
3614 and 3620 cm–1 indicate the presence of Brønsted sites in pure zeolite
Beta and in both composite materials, i.e., BM2c and BM2a. Definitely
there is not such a band in the spectrum of pure Al-MCM-41 sample (Fig. 8C,
curve b).

The concentration of Lewis (LS) and Brønsted acid sites (BS) and the cor-
responding absorption coefficients were determined from the integral in-
tensity of the C≡N vibrations at 2332 and 2300–2302 cm–1 (ref.25). Table III
summarizes the relative concentration of Brønsted sites (Crel,BS + Crel,LS =
100%), and the Si/Al ratios determined from the FTIR analysis. For compari-
son, the Si/Al ratio measured by ICP-AES analysis of all crystalline samples
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FIG. 8
FTIR spectra of a zeolite Beta, b pure mesoporous Al-MCM-41, and micro/mesoporous compos-
ites of c BM2a and d BM2c. A: The spectra are given in the region of 3300–3800 cm–1 (evacu-
ated at 720 K overnight); B: The region of the C≡N group vibrations (2200–2400 cm–1) (sam-
ples are evacuated at 720 K overnight followed by acetonitrile-d3 adsorption for 30 min and
evacuation for 10 min at room temperature); C: The region of OH groups (3400–3800 cm–1) (sub-
traction of spectra collected after and before adsorption of acetonitrile-d3)



is given in Table III. For pure zeolite Beta, the Si/Al ratio calculated from the
FTIR adsorption measurements is in good agreement with the result of the
ICP chemical analysis. For zeolite Beta with the Si/Al ratio ~33, ca. 46% of
all acid sites are of Brønsted type. For pure Al-MCM-41 less than 70% of
aluminum in the mesoporous structure is accessible to probe molecules,
and there are almost no acid sites of the Brønsted type. This finding was al-
ready reported by Dědeček et al.26 showing that a portion of aluminum is
hidden in amorphous walls of mesoporous Al-MCM-41 materials. However,
in the composite samples, the concentration of aluminum detected by ad-
sorption of acetonitrile-d3 was lower in comparison with that determined
by chemical analysis, especially for BM2a. This clearly indicates that not all
aluminum atoms in the composite material are accessible through the po-
rous system. For BM2c, the concentration of Al determined by the FTIR
measurements was much higher than that in BM2a although the concen-
tration of Al in the initial solutions was the same. This is probably due to
the use of precursor solutions containing Beta crystals with size of 50 nm
instead of Beta seed domain (~5–10 nm) used for the preparation of
BM1a–BM1c and BM2a. The relative concentration of Brønsted acid sites is
more than twice higher in the case of sample BM2c compared with BM2a,
and is very similar to that in pure zeolite Beta (see Table III). FTIR spectra of
all materials prepared via synthetic procedure 1 (BM1a–BM1c) are similar to
those collected for BM2a. Further experiments showed that with decreasing
concentration of Al, the relative concentration of Brønsted acid sites in the
structure of micro/mesoporous composite increases.
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TABLE III
FTIR and ICP data of pure zeolite Beta, Al-MCM-41 and micro/mesoporous composites

Material
Si/Al
ICP-AES

Si/Al
FTIR

Crel,BS, %

Beta 33 27 46

Al-MCM-41 49 72 1

BM2a 34 40 15

BM2c 31 28 38



CONCLUSIONS

Two different approaches were used for the preparation of micro/meso-
porous composite materials via immediate hydrothermal treatment of pre-
cursor solutions for pure zeolite Beta and mesoporous Al-MCM-41 type ma-
terial. Spatially defined Beta nanocrystals connected through the disordered
mesostructured matrix were observed in the nano-sized composites ob-
tained by the procedure 2. The long crystallization time for the solutions
containing micro- and mesoporous precursors gives more segregated parti-
cles with sharp edges similar to those in pure Beta zeolite samples. The pres-
ence of highly crosslinked silica framework walls with tetrahedrally coordi-
nated aluminum with enhanced concentration of Brønsted acid sites in the
micro/mesoporous composites in comparison with pure Al-MCM-41 was
demonstrated. The increased concentration of Brønsted acid sites in the
composite was proved by an FTIR acetonitrile-d3 adsorption study.
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