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Abstract—The acid properties of zeolite Beta were studied by IR spectroscopy with the use of adsorbed NH;
and CO probe molecules. It was found that the strength of the Bronsted acid sites (BASs) of zeolite Beta was
the same as that of zeolite ZSM-5. Approximately a third of the total amount of BASs participated in the for-
mation of hydrogen bonds at interdomain boundaries; thus, they were inaccessible to molecules larger than
the ammonia molecule. The qualitative and quantitative compositions of acid sites in zeolite Beta can be reg-
ulated by changing the conditions of calcination of the initial zeolite form (temperature and/or gas atmo-
sphere). Calcination under vacuum conditions afforded the highest acidity of the zeolite with respect to all
types of acid sites. Calcination in a flow of air resulted in the lowest acidity of the sample, especially, with
respect to the concentration of strong Lewis acid sites, because of the formation of an alumina phase. Calci-
nation in an atmosphere of helium resulted in a decrease (as compared with a vacuum) in the rate of removal
of the organic template decomposition products of the initial zeolite form from the channel volume. The
resulting ethylene was mainly adsorbed at strong Lewis sites and converted into undesorbed condensation

products.
DOI: 10.1134/S0023158410020229

INTRODUCTION

Zeolite Beta [1] is of considerable interest to both
scientific research and industry. Zeolite Beta was first
synthesized in 1967 [2], and its structure was deter-
mined only in 1988 [3]. Having a three-dimensional
system of channels formed by twelve-membered rings
of size 5.7 x 7.7 A [4] and a framework composition
varied over a wide range [2, 5], zeolite Beta combines
the main advantages of commercially important zeo-
lites such as Y and ZSM-5. Thus, it is believed that
zeolite Beta can be used for the catalytic conversion of
large molecules. Of course, the architecture and com-
position of a zeolite framework are responsible for the
high activity and selectivity and the long lifetime of a
zeolite catalyst chosen for a particular reaction. The
nature, strength, concentration, and localization of
acid sites are also of paramount importance. Usually,
attention has been focused on the effect of the chemi-
cal composition of the framework of zeolite Beta on
catalytic properties [1, 6].

The acidity of zeolite Beta, as well as other zeolites,
was the subject matter of many studies [7, 8]. Acidic
bridging (3608 cm~') and silanol (3740 cm™') OH~
groups [7] and AlI—-OH groups (3780 and 3680 cm™')
[9, 10] occur on the surface of zeolite Beta, and the
ratio between the intensities of IR bands due to these
groups depends on the zeolite composition, prepara-
tion procedure, and subsequent thermal treatment
conditions [11, 12].

The acidity of zeolites was measured by IR spec-
troscopy using the adsorption of probe molecules,
which were strong (ammonia and pyridine) and weak
bases (carbon monoxide, ethylene, and benzene).
Because the frequency v(CO) was found the most sen-
sitive to the strength of acid sites, the IR spectra of
adsorbed CO were commonly used for studying acid
sites [13—16]. From a comparison between shifts in the
bands of OH groups interacting with adsorbed mole-
cules, it was found that the bridging OH groups of zeo-
lites Beta and HZSM-5 were similar in strength, and
the concentration of sites was proportional to the alu-
minum content of zeolite [17—19].

It was found using 2’Al NMR spectroscopy that
almost all of the aluminum atoms in zeolite NH,-Beta
occurred in the tetrahedral positions of the zeolite lat-
tice. Upon the calcination of NH,-Beta, aluminum
atoms can escape from the lattice to different extents
because of zeolite lattice degradation; in this case, the
coordination of aluminum escaped from the frame-
work was octahedral [20].

Note that many studies of the acid properties of
zeolites, in particular, zeolite Beta, made it possible to
perform only a qualitative comparison between acid
properties in individual series. The reason is the
absence of integral absorption coefficients for the
bands of adsorbed probe molecules, which allow one
to determine the concentrations of acid sites of differ-
ent strengths.
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The preparation of a zeolite catalyst consists of a
number of consecutive steps, each of them affects the
nature and/or concentration of active sites. As a rule,
the first step in the preparation of a high-silica zeolite
catalyst is the thermal treatment of zeolite powder
obtained after synthesis in order to anneal the organic
constituent of the initial zeolite form. In this work, we
attempted to determine a relationship between the
conditions of the thermal treatment of the initial form
of zeolite Beta and the nature and distribution of the
resulting acid sites in the zeolite by IR spectroscopy
with the use of probe molecules.

EXPERIMENTAL
Preparation of Zeolite Beta

The following reagents were used to prepare zeolite
Beta: sodium aluminate (49.0% Al,O; and 30.2%
Na,O, analytical grade), silica sol (28 wt % SiO, and
0.4 wt % Na,0), and tetracthylammonium hydroxide
(TEAOH) (30 wt % aqueous solution). The reaction
mixture had the following molar composition: 8.4
TEAOH : 1.05 Na,O : 1 Al,O5 : 30 SiO, : 540 H,O.
Hydrothermal crystallization was performed without
stirring in autoclaves with Teflon liners at 170°C for
three days. After washing with distilled water to a neu-
tral reaction, the air-dry sample had the following
chemical composition in terms of the molar composi-
tion of the zeolite Beta unit cell:

(NEty)saNagza Als;5Sisgss0 2]
. 9.08H,0 - 0.63NEt,OH.

The X-ray diffraction analysis (CukK, radiation) of
the resulting zeolite powder demonstrated that the dif-
fraction pattern was fully consistent with the published
diffraction patterns of zeolite Beta (Fig. 1). Lines due
to foreign crystalline phases were not detected.
According to scanning electron microscopy (SEM)
data, an amorphous phase was absent from the sample,
and the zeolite crystals were round polycrystalline
agglomerates with an average size of about 1 pm.

IR Spectroscopic Studies

IR spectra were measured on a Shimadzu 8300
spectrometer over the range of 400—6000 cm™! (reso-
lution, 4 cm™!; number of scans, 50). The samples for
the IR spectroscopic studies were pressed as thin pel-
lets (8—15 mg/cm?) with no binder and heated at a
chosen temperature in an IR cell in a vacuum or a flow
of helium (2 1/h) for 2 h or in a flow of air (2 1/h) for
1 h followed by vacuum pumping for 1 h at the same
temperature.

CO adsorption. Before the adsorption of CO, the
sample temperature was decreased to 77 K by cooling
with liquid nitrogen. To more accurately determine
Lewis acid sites (LLASs) of different strengths, the
adsorption of carbon monoxide (CO) was performed
with small portions (1.3, 5.3, 9.3, 13.3, and 400 Pa) to
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Fig. 1. X-ray diffraction pattern and SEM image of synthe-
sized zeolite Beta.

the complete saturation of surface sites, and the spec-
tra of adsorbed CO were measured after each particu-
lar portion.

The concentration (C, umol/g) and strength of
LASs (Qco, kJ/mol) were calculated from the intensity
and position of bands due to CO adsorbed at —196°C
[20] using Egs. (1) and (2), respectively:

C (umol/g) = (App)~! _[log(T/To)dv, (D

Oco (kJ/mol) = 10.5 + 0.5(vco — 2143), 2)
where A, is the integral absorption coefficient
(cm/umol); p is the pellet “thickness” (g/cm?); T, and
T are the IR radiation transmission coefficients (%)
before and after CO adsorption, respectively; and v¢q
and 2143 are the frequencies of the stretching vibra-

tions of the C—O bond in the adsorption complex
(LAS) and the CO molecule, respectively.

The concentration of each particular type of LASs
was determined with the use of integral absorption
coefficients (4,) published in [21].

The concentration of Brgnsted acid sites (BASs) in
zeolite channels was determined by two independent
procedures: from the intensity of an band attributed to
the OH~ group with a maximum at 3610 cm™! using
the coefficient Ayop, = 7 cm/umol [22] and from the
intensity of an band attributed to this OH~ group in
the H-complex with the CO molecule (maximum
v(OH—CO) = 3310 cm™!) using the coefficient
Ayon---coy = 57 ecm/umol. The latter coefficient was
specially measured in this work from the dependence
of the specified band intensity on the amount of
adsorbed CO, which was measured by a volumetric
technique [22].

The concentration of BASs on the outer surface of
a zeolite crystal (v(OH) = 3730 cm™') was determined
from the intensity of an band attributed to the OH
group in the H-complex with the CO molecule (max-
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Fig. 2. IR spectra of zeolite Beta calcined in a vacuum at
various temperatures (as specified in the figure).

imum v(OH—CO) = 3430—-3450 c¢cm™') using the
coefficient Ayop...co) = 28 cm/umol. In this case,
Ayon...coy Was obtained in a study of amorphous alu-
minosilicate from the dependence of the specified
band intensity on the amount of adsorbed CO, which
was measured by a volumetric technique [22].

The strength of proton sites was determined from
the shift in the band attributed to structural OH groups
in channels (v(OH) = 3610 cm™') and on the outer
surface of crystallites (v(OH) = 3730 cm™') to the
region of lower frequencies upon the formation of
H-complexes with CO (v(OH—CO) = 3310 and
3430—3450 cm™!, respectively) [22].

NH; adsorption. The total concentration of acid
sites in the samples of zeolite Beta calcined in a vac-
uum at various temperatures was determined from the
adsorption of NH;. Gaseous ammonia (10 ml) was
adsorbed on a sample at room temperature, and an
excess of ammonia was desorbed after 15 min at
100°C. The spectrum of adsorbed ammonia was mea-
sured at room temperature. The total concentration of
BASs was calculated from the intensity of an band
attributed to N—H vibrations in ammonium ions at
1450 cm™" using Ay, = 10 cm/pumol [22].
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Fig. 3. IR spectra of the OH groups of zeolite Beta calcined
in a vacuum at 450°C: (/) initial spectrum, (2) spectrum of
a sample with CO adsorbed at —196°C, and (3) difference
spectrum.

RESULTS AND DISCUSSION

Vacuum calcination. Figure 2 shows the IR spectra
in the region of absorption due to the OH groups of
zeolite Beta calcined in air at various temperatures.
After the calcination of a sample in a vacuum at
200°C, the IR spectrum exhibited a few groups of
bands: at 3740 cm~! due to O—H vibrations in the
SiOH group [23], a broad band at 3300—3500 cm™!
due to hydrogen-bonded acid OH groups [22, 24], and
a band at 2850—3060 cm~! due to C—H stretching
vibrations in the alkyl fragments of the tetracthylam-
monium cation and its thermal degradation products.

At thermal treatment temperatures up to 350°C,
considerable changes did not occur in the IR spectra
of zeolite Beta (Fig. 2). Aband at 3610 cm™! due to the
stretching vibrations of the bridging hydroxyl group

H

|
0]

ESi/ \Alz in zeolite channels and a band at
3730 cm™! due to the stretching vibrations of the
bridging hydroxyl group arranged at the outer surface
of the zeolite Beta crystal [22] appeared in the spec-
trum only after calcination in a vacuum at 400°C. This
was accompanied by a dramatic decrease in the inten-
sities of bands due to C—H stretching vibrations in the
alkyl fragments of the tetracthylammonium cation.

As an example, Fig. 3 shows a change in the spectra
of OH groups in zeolite Beta calcined at 450°C
(Fig. 3, curve 1) upon the low-temperature adsorption
of CO (Fig. 3, curve 2). The difference spectrum
obtained by subtraction of curve / from curve 2 (Fig. 3,
curve 3) indicates that the band at 3730 cm™' shifted
toward the low-frequency region to 3430 cm™',
whereas the band at 3610 cm™!' shifted to 3300—
3310 cm™! because of the formation of the H-com-
plexes of the CO molecule with bridging OH groups.
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Fig. 4. IR spectrum of CO adsorbed at —196°C on the acid
sites of zeolite Beta calcined in a vacuum at 450°C.

The shift of the bands due to OH, which characterizes
the strength of BASs, was 290—300 cm~! for the bridg-
ing OH groups of zeolite Beta (both within channels
and arranged at the outer surface of crystallites). This
value is approximately the same as that in the case of
zeolite ZSM-5 (290—310 cm™!), and it suggests that
the BAS strength of zeolite Beta is close to the
strength of the sites in zeolites from the group of pen-
tasils [10—12].

The spectrum of adsorbed CO exhibited the follow-
ing bands in the frequency range of 2000—2300 cm™!
(Fig. 4): a band at 2143 cm™' due to physically
adsorbed CO, a band at 2175 cm~! with a shoulder at
2160 cm™! due to the vibrations of CO molecules in
complexes with hydroxyl groups, and three bands at
2193, 2207, and 2228—2230 cm™' due to the vibrations
of CO molecules that formed complexes with LASs
(weak, medium, and strong, respectively) [22]. The
position of the low-frequency band at 2193 cm™' is
close to the positions of the bands due to CO vibra-
tions in complexes with LASs on the surface of
v-AlL,O;. The appearance of this band in the spectrum
of CO adsorbed on the surface of zeolite Beta can be
due to the formation of Al,O; phase nuclei in the
course of thermal treatment.

Figure 5a shows the concentrations of BASs in zeo-
lite Beta samples calcined in a vacuum at various tem-
peratures. The concentration of hydrogen-bonded
bridging OH groups, which are characterized by a
band at 3300—3500 cm~' and do not form H-com-
plexes with CO, was not determined because the inte-
gral absorption coefficient is unknown for these bands.

In Fig. 5a, it can be seen that BASs were formed on
the outer surface of zeolite Beta upon calcination
at350°C and in the channels only at 400°C. The con-
centration of BASs reached a maximum value at
450°C; then, the amount of these sites gradually
decreased to 250 umol/g at 625°C.

KINETICS AND CATALYSIS Vol. 51 No. 2 2010

321

C(OH)co, pmol/g

300 F (a) o
250 m ]

()

o3

200 -
150 |
100 |-

300 600

250 -
200 |
150 |-
100 -

600

300

300 (©

e —

500 600
Temperature, °C

300 400

Fig. 5. The temperature dependence of the concentration
of BASs in zeolite Beta samples calcined in (a) a vacuum,
(b) air, and (c) helium: (/) OH groups in channels
(v(OH) = 3610 cm b, (2) OH groups on the outer surface
(v(OH) = 3730 cm™ '), and (3) the total concentration of
BAS:s.

The concentration of LASs (Fig. 6a) dramatically
increased upon calcination at 400°C and continued to
increase as the temperature was further increased; this
was mainly due to an increase in the amount of strong
sites, whereas the concentrations of medium-strength
and weak LASs remained approximately constant.

The highest concentration of acid sites obtained
under vacuum thermal treatment conditions was
550 umol/g. Based on the chemical composition of
the initial form of zeolite Beta, this value should be of
about 1115 pumol/g. It is most likely that sodium
(160 umol/g) from the initial form of zeolite replaced
a proton in the BAS of the zeolite. Consequently, the
expected maximum concentration of acid sites in the
sample is 955 umol/g. Thus, a considerable portion of
acid sites (about 405 umol/g or 42.4% in terms of pos-
sible chemical composition) was not determined with
the use of CO as a probe molecule. It is believed that a
portion of acid sites was blocked and was inaccessible
to CO because of the incomplete removal of organic
products from the zeolite upon heating in a vacuum.
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Fig. 6. The temperature dependence of the concentration of
LAS:s in zeolite Beta samples calcined in (a) a vacuum, (lb)
air, and (c) helium: (1) weak (v(CO) = 2190—-2193 cm™ ),
(2) medium (v(CO) = 2205-2207 cmfl), (3) strong
(V(CO) = 2228-2230 cm_l), and (4) the total concentra-
tion of LASs.

To test this hypothesis, we performed the thermal
treatment of zeolite Beta in a flow of air to facilitate
the combustion of organic products.

Calcination in Flowing Air

Figures 5b and 6b illustrate data on the concentra-
tions of acid sites formed upon the thermal treatment
of zeolite Beta in a flow of air. A comparison between
Figs. 5a and 5b and 6a and 6b exhibited a considerable
difference between the results of the thermal treat-
ments of zeolite Beta in a vacuum and in air. Thus, the
concentration of LASs in the samples calcined in air
was lower at any calcination temperature. The con-
centrations of BASs in the channels of the above sam-
ples were also lower; a maximum value of 240 umol/g
was reached at a temperature of 500°C. The thermal
treatment conditions had almost no effect on the con-
centration of BASs on the outer surface of crystals.
The total concentration of acid sites exhibited a maxi-
mum value of about 320 pumol/g, which is much lower
than that in the case of vacuum thermal treatment.

Thus, in place of the expected increase in the con-
centration of acid sites due to the more complete com-
bustion of the organic component of the initial zeolite
form in air, we obtained an opposite situation. It is
likely that the total acidity of the calcined zeolite
decreased because of a local overheating and zeolite
lattice degradation upon the combustion of the
organic component. This is evident from the forma-
tion of alumina phase nuclei. The IR spectrum exhib-
ited an band at v(CO) = 2193 cm~! and corresponding
bands due to AI-OH groups at 3680 and 3790 cm™',
which are analogous to those observed in samples cal-
cined at 625°C in a vacuum (Fig. 1). In this case, the
concentrations of BASs in the samples calcined at
500°C in air and at 625°C in a vacuum were similar.

The crucial difference between vacuum and air
thermal treatments is in the removal of the organic
component, namely, the tetracthylammonium cation,
from zeolite channels. In the former case (in a vac-
uum), this is an endothermic process of the Hofmann
degradation of the tetracthylammonium cation: ethyl-
ene and ethylamines in a protonated form are formed
followed by the desorption of ethylamines into a gas
phase under dynamic vacuum conditions and the for-
mation of BASs. The possible formation of other tri-
ethylamine thermal conversion products (such as pyr-
rolidine and pyrrole [25]) in the channel space of zeo-
lite Beta does not principally change the situation of
the endothermic removal of organic components. In
the latter case (in air), this is an exothermic process of
the destructive oxidation of both the organic cation
and its cleavage products; this may result in the local
heating and partial degradation of the zeolite crystal.
As a consequence, the probability of an escape of alu-
minum atoms from the zeolite framework increased
(note that the tetraethylammonium cation was local-
ized on the bridging oxygen atom at the framework
aluminum), and the migration and association of
extraframework aluminum cations to oxide phases
were intensified to decrease the concentration of
LASs. In addition, the concentration of BASs also
decreased.

Calcination in Helium

To support the view that the heat of organic com-
ponent decomposition on the surface and in the chan-
nels of zeolite Beta has an effect on the distribution of
acid sites, we performed a series of experiments on the
calcination of zeolite Beta samples at various temper-
atures in flowing helium. Data from this series are
given in Figs. 5c¢ and 6¢. As can be seen in Figs. 5¢
and 6¢, calcination in an inert atmosphere resulted in
the formation of greater amounts of both BASs and
strong LASs, as compared with calcination in an oxi-
dizing atmosphere (Figs. 5b, 6b). The total amount of
acid sites reached a maximum (460 pmol/g) at 500°C,
and it was intermediate between those for vacuum
thermal treatment and treatment in a flow of air.
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Concentrations of acid sites (umol/g) in zeolite Beta calcined in a vacuum, as determined using the adsorption of NH; and CO

Calcination temperature, °C
Acid sites

200 250 300 350 400 450 500 550 625
Localization of N HI ions 0 0 30 445 545 670 595 580 390
LASs on a CO basis 0 25 35 55 170 230 250 290 320
BASs on a CO basis 0 0 0 30 225 310 285 260 230
N HI + LASs 0 25 65 500 715 900 845 870 710
Intercrystallite OH groups* 0 0 30 415 320 360 310 320 160

* Determined from the difference between the concentrations of BASs measured using the adsorption of NH3 and CO.

It is likely that the main difference between heating
conditions in a vacuum and in helium consists in the
diffusion inhibition of the removal of volatile decom-
position products of the organic component (princi-
pally the same as those in the case of a vacuum) from
the zeolite channel volume in the latter case. A
decrease in the rate of removal resulted in an increase
in the concentration of ethylene in the bulk of zeolite;
in turn, ethylene was mainly adsorbed at strong Lewis
sites and converted into undesorbed condensation
products [26]. As a result of this, strong LASs, which
were formed in the course of the thermal degradation
of BASs, were blocked by ethylene condensation
products and became inaccessible to CO molecules.
Thus, unlike the situation of thermal treatment in a
vacuum, where the decrease in BASs was compen-
sated by an increase on the concentration of LASs and
the total concentration of acid sites remained constant
over the temperature range of 500—625°C, the total
amount of acid sites decreased at high temperatures
upon calcination in helium. This effect of temperature
and the nature of a gas atmosphere during calcination
on the distribution of acid site types was supported by
the fact that the calcination of the initial form of zeo-
lite Beta to 700°C in an inert atmosphere resulted in
the incomplete removal of organic matter, small resi-
dues of which were detected by an exo effect of com-
bustion after letting to air at 600°C [27].

Thus, it is most likely that an imbalance between
the concentration of acid sites expected based on the
chemical composition of the test sample and the total
concentration of sites quantitatively determined by
IR spectroscopic techniques with the use of CO as a
probe molecule (channel and surface BASs and LASs)
can be explained by the fact that a portion of BASs was
localized at boundaries between the crystallites of zeo-
lite Beta, and they formed hydrogen bonds. The space
between two contacting crystallites was accessible to
only the ammonia molecule with a kinetic diameter of
2.7 A [28]. To test this hypothesis, we performed the
adsorption of ammonia on zeolite Beta samples,
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which were thermally treated in a vacuum at various
temperatures.

The table indicates that the total amount of acid
sites found by summing BASs determined from the
adsorption of ammonia and LASs was close to the pos-
sible value based on the chemical composition of the
zeolite sample. These data also indicate that the main

amount of NH, was formed after zeolite calcination at
350°C, that is, the same temperature at which almost
all of the BASs were formed at the outer surface of zeo-
lite crystals (see Fig. 5). Consequently, we can hypoth-
esize that surface bridging hydroxyl groups partici-
pated in the formation of hydrogen bonds between
crystallites. It is likely that, before calcination, both
the channels and the external surface of individual
zeolite crystallites were covered with tetracthylammo-
nium ions. On calcination, the degradation of the tet-
racthylammonium ions began from the outer surface
of crystallites. The resulting bridging OH groups of
neighboring crystallites interacted with each other
through the formation of H-bonds. The concentration
of H-bonded OH groups and intercrystallite OH

groups determined as (|[NH,] — [BAS]co) reached a
maximum at 350°C; it somewhat decreased at 400°C
and then remained almost constant to 550°C. Calci-
nation at 625°C resulted in the condensation of the
OH groups of neighboring crystallites and a decrease
in the concentration of intercrystallite OH groups.

The experimental study of the acid—base properties
of zeolite Beta performed by IR spectroscopy using
CO and NH; molecules as probes demonstrated that
the acid properties of the zeolite changed upon ther-
mal treatments under the action of three factors. The
first factor was the local overheating of individual zeo-
lite crystallites in the course of the oxidation of organic
templates or coke formation in channels or on the sur-
face upon calcination in an inert atmosphere or in a
vacuum. The second factor is well known [17—20, 22]:
this is framework degradation under the action of tem-
perature, which resulted in the escape of aluminum
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from the framework. The third factor is the migration
of hydroxo aluminum fragments escaped from the
framework to form oxygen aluminum clusters and alu-
mina phase nuclei. Thus, changing the conditions of
the calcination of the initial form of zeolite Beta (cal-
cination temperature and/or atmosphere), we can
affect these factors and regulate the qualitative and
quantitative composition of acid sites. The quantita-
tive comparison of the concentrations of sites deter-
mined by the adsorption of CO and NH; allowed us to
conclude that the most reliable results were obtained
with the use of CO or Py [22] as probe molecules. The
use of the small strongly basic NH; molecule as a
probe resulted in an overestimation of the total con-
centration of acid sites (see the table). In the calcina-
tion temperature region commonly used for catalyst
preparation (400—550°C), this overestimation was
about 40%.
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