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Introduction and objectives

Because the mass transport of reactants and products is hindered in the micropores of
zeolite catalysts, the conversion rate can be governed by the rate of diffusion. In fact, the
diffusion rate limitation implies that only a fraction of the catalyst is involved in the reaction.
The effectiveness of the catalyst can be enhanced either by accelerating the diffusion rate in
the pores (e.g. by increasing the pore size) or by shortening the diffusional path in the
micropores.

Zeolites are applied in numerous large-scale petrochemical processes (fluid catalytic
cracking, hydrocracking, hydroisomerization, hydrodewaxing, alkylation, esterification, etc.)
as heterogeneous catalysts, so apparently minor improvement of the catalytic process, such as
application of a slightly more effective catalyst, can result in high ecological and economical
benefit.

At the beginning of 1990’s silica materials with ordered mesopores having pore
diameter of 1.5-50 nm were discovered (e.g. MCM-41, SBA-15). The diffusion of molecules
in these mesopores is faster than in the micropores of zeolites. However, incorporation of
aluminum into the amorphous structure of the mesoporous silica materials results in the
formation of weaker acid centers than the acid centers of zeolites. Sometimes the thermal and
hydrothermal stability of the mesoporous silicates is also insufficient. Actually, the
mesoporous silicates could not fulfill the expectations as regards their better catalytic
properties in petrochemical reactions.

In order to develop more effective catalysts, synthesis, characterization, and
investigation of catalytic behavior of zeolites with hierarchical pore system became a focal
research topic in zeolite chemistry in the last decade. The hierarchical porous materials are
expected to integrate the advantageous catalytic properties of zeolites (high thermal and
hydrothermal stability, strong Lewis and Brensted acid centers) with the favorable diffusional
characteristics of meso and macropores. A possible approach of the problem is to synthesize
microporous zeolite containing meso/macropores running across the zeolite crystallites. My
work focused on the latter research topic.

Part of my research concerned the preparation of catalyst with micro and mesopores
consisting of layered MCM-22 type zeolite and MCM-41 type mesoporous silica. Another
aspect of my work was to obtain bifunctional zeolite catalyst with high selectivity to

hydroizomerization taking advantage of the hierarchical pore structure.



A novel, two-step preparation method was developed applying first a delamination
step on an MCM-22 precursor under alkaline condition, which step was followed by the
hydrothermal synthesis of the MCM-41 component. The changes of the chemical and phase
composition, structure, morphology, and textural properties of the MCM-22 zeolite were
studied. Also, the effect of crystallite size of the MCM-22 precursor on the above changes and
properties were examined.

Only few studies relate to the structural changes occurring during the formation of
hierarchical pore system in zeolites, especially to the changes in the local environment of the
framework aluminum. It is important to know how and in what extent the tetrahedral
coordination of the aluminum atoms changes in the delaminated layers of MCM-22 during the
applied treatments.

The activity in the disproportionation of toluene can inform us about the number of
MCM-22 supercages, which cages were substantiated as active locations of the reaction. The
conversion of a larger molecule, such as, 1,24-trimethylbenzene (1,2,4-TMB) provides
information about the acid centers accessible on the outer surface of the catalysts, including
the cup-shape pores on the surface of the MCM-22 crystallites.

Ni/H-form bifunctional catalysts were prepared and investigated in the
hydroconversion of n-heptane, in order to learn about the influence of Ni concentration and
the presence of mesopores on the catalytic activity and product selectivity.

The physico-chemical and catalytic properties of micro/mesoporous samples were
compared with those of the parent MCM-22 zeolite, the delaminated MCM-22, and the
aluminum-containing mesoporous MCM-41 silica.

Relationships were established between the pore structure and the other properties,
such as, acidities, catalytic activity and selectivity.

The layer-structured MCM-22, first synthesized in 1990, was chosen as subject of my
study because of the significant research interest in this zeolite. Relations between the specific
channel system (channels with ten-membered ring openings, supercages with ten-membered
ring entrances, surface cups with twelve-membered ring openings) and the catalytic properties
were already thoroughly examined. The possibilities to prepare new types of aluminosilicates
from the layered MCM-22 precursor also attracted much interest. The industrial application of
MCM-22 is also significant. It is used as catalyst in the production of ethyl-benzene and
cumene, the two major products made from benzene.

Preparation and catalytic application of a hierarchical material containing delaminated

precursor of MCM-22 zeolite was published first by our research group in 2007.



Synthesis and experimental methods

Two different MCM-22 precursor materials were used. One of them consisted of small
crystallites. It was prepared by hydrothermal synthesis in a stirred reactor (145 °C, 10 days)
from water glass and aluminum sulphate using hexamethylene imine as structure directing
template. The other precursor contained large crystallites and was made in a non-stirred
(static) reactor among the same synthesis conditions the one above. In the first step of making
catalyst, having hierarchical pore structure the individual layers of the template-containing
MCM-22 precursor were separated, and in the next step an MCM-41 type mesoporous silica
was synthesized in the presence of the delaminated product under hydrothermal conditions. In
order to delaminate the precursor was refluxed in alkaline media with
cetyltrymethylammonium bromide (CTMABT) at 80 °C. The swelled solid was washed with
distilled water and treated in ultrasonic bath. Then, after addition of water glass and CTMABr
to the delaminated solid, the mixture was hydrothermally treated (100 °C, 3 days). For
comparison, zeolite MCM-22 and delaminated MCM-22 (dI-MCM-22) were also prepared by
the heat treatment of the precursor and the deleminated precursor, respectively, at 540 °C.
Besides the zeolites an aluminum-containing mesoporous MCM-41 sample was also
prepared.

Structural changes were followed by X-ray powder diffraction (XRD). Chemical composition
of the samples was determined by atomic absorption spectrophotometry (AAS).
Morphological changes were studied by scanning electron microscopy (SEM). The specific
surface area, pore size distribution, and the pore volume of the template-free catalysts were
determined from the isotherms of nitrogen physisorption. The chemical environment of
aluminum atoms were investigated by *’Al-MAS-NMR spectroscopy.

The number, type and strength of acid centers (Bronsted, Lewis) was determined either by
temperature-programmed ammonia desorption, using the NH, -forms of the zeolites (NH3-
TPD). Fourier transform infrared spectroscopy (FT-IR) was also applied to examine the
adsorption of pyridine on the H-form of the zeolites. In order to get information about the acid
centers, out of the micropores the FT-IR was applied to study the adsorption of a molecule
with kinetic diameter larger than the micropore size, such as, 2,4-dimethylquinoline.
Conversion of toluene and 1,2,4-TMB on H-form of zeolites were studied using a flow-
through microreactor at atmospheric pressure, different space times, and 300 °C.

Hydroconversion of n-heptane was investigated on Ni/H-form bifunctional catalysts in the



temperature range of 210-280 °C at 5 bar total pressure. Products were analyzed by on-line

gas chromatography.

Theses

1.

It was found that a composite material (dI-MCM-22/MCM-41) with hierarchical pore
system can be obtained applying a two-step preparation method. In the first step the
layered-structure MCM-22 precursor material was delaminated by treatment with
tetrapropylammonium hydroxide and cetyltrimethylammonium bromide (CTMABT). In
the second synthesis step mesoporous MCM-41 silica was synthesized by hydrothermal
method in the presence of the delaminated MCM-22, additional silica source, and
CTMABT.

It was pointed out that upon delamination most of the individual zeolitic layers of the
MCM-22 precursor material remains intact and only a small fraction becomes amorphous
during the swelling procedure. It was also found that the structure of our delaminated and
calcined sample resembles rather to the MCM-56 type material, disordered in direction c,
than to the ITQ-2, having a ’house-of-cards’ structure. The MCM-56 structure was
evidenced by XRD results. The XRD pattern showed that the long-range order in the
crystallographic ¢ direction decreased. The intensity of reflections, having Miller indices
of (hk0) hardly changed, whereas the (101) and (102) lines were broadened and decreased
in intensity. The decreased specific surface area and micropore volume relative to those of
the parent MCM-22 also support the structural assignment of the delaminated and
calcined product to MCM-56.

It was shown that the delaminated zeolite MCM-22 contains a smaller number of
supercages than the zeolite MCM-22. This conclusion was supported by the decreased
rate of toluene disproportionation, known to proceed on the acid centers in the supercages
of MCM-22. It was also shown, that partial desilication occurs as a result of treatment in
alkaline media.

The extent of delamination strongly depends on the crystal size of the zeolite MCM-22
precursor. Due to fewer bonds between the individual layers of smaller crystals (~0.5 x
0.5 x 0.1 um) the delamination was more effective. It was also found that the presence of
very small crystals, like those obtained by delamination, hinder the formation mesoporous

MCM-41 in the synthesis mixture of the second preparation step.

. It was found that a fraction of the framework aluminum in the delaminated MCM-22 and

the composite material is three-coordinated. During alkaline delamination and in the



10.

11.

following hydrothermal treatment the tetrahedral coordination of the framework
aluminum atoms become damaged, resulting in decreased Bronsted acidity.

It was shown that the trigonally coordinated framework Al atoms become tetrahedrally
coordinated upon liquid-phase NH;" ion exchange by taking up NH4 ion into their
coordination sphere. Thus, the Bronsted acidity of these samples is overestimated by
temperature-programmed NH; desorption measurements (NH3;-TPD). However, the
Bronsted acidity of the H-form catalysts determined by FT-IR spectroscopic
investigations of adsorbed basic molecules, such as pyridine and 2,4-dimethyl-quinoline,
correlates well with the catalytic properties of the samples.

It was shown that in the disproportionation of 1,2,4-trimethylbenzene the composite
catalyst was more active than the parent or the delaminated zeolite. It indicates that the
presence of mesopores favors the transformation of larger molecules.

It was evidenced that the Ni/Brensted acid site ratio in bifunctional catalysts significantly
influences the hydroconversion of n-heptane in the range of 0.5-1.0. With increasing
nickel content the activity and the rate of isomer formation is increasing, whereas the
formation rate of cracking products becomes suppressed.

We pointed out that the heptane isomer selectivity of the composite catalyst
(dI-MCM-22/MCM-41) relative to that of the zeolite MCM-22 is higher due to its lower
diffusion resistance. The monobranched heptane isomers can leave the active catalyst
particles through the mesopores before getting cracked.

It was found that Ni/AI-MCM-41 is not active in the hydroconversion of n-heptane. It
becomes active at higher temperatures than the zeolite-containing catalysts, over 300 °C,
and are active mainly in hydrogenolysis. It was proved that strong Brensted acid centers
like those in the micropores of zeolites can not be obtained by incorporating aluminum
into mesoporous silica.

Our salient conclusion is that intersecting the zeolite channels by mesopores result in

partially damaged zeolite active sites.

Application of results

The aim of my research work, focusing on the reduction of diffusion limitation in catalyst

zeolite MCM-22, was primarily to gain knowledge about an interesting scientific topic.

However, applying our new, two-step preparation method, utilizing relatively cheap templates

(e.g. Pluronic type copolymer), more effective catalysts can be developed for the

petrochemical industry.
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