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Abstract

Hierarchical zeolite, novel zeolite with additional mesopore
system besides the common micropore system, has advantages of
zeolite ( high thermal, hydrothermal stability and ordered
microposity) and ordered mesoporous materials (large mesopore
structure) simultaneity. The novel structure features make it
highly desirable in catalysis and adsorption, especially in bulk
molecule processes such as heavy oil catalytic cracking and fine
chemical synthesis. A lot of exploring research works on the
synthesis, characterization and catalytic performance of
hierarchical zeolite have been carried out in the past decades.
However, a systematic and deep investigation is highly needed to
bring hierarchical zeolite into practical applications since there are
a lot of unsolved fundamental and technical questions in the
synthesis and application of hierarchical zeolite such as
crystallization and mesopore formation mechanism, control of
mesopore structure and cost effective synthesis of hierarchical
zeolite,

In this book, in order to overcome above metioned questions
in hierarchical zeolite synthesis, a systematic research work on
this topic was carried out. Hierarchical zeolite synthesis methods
based on hard and soft secondary template as well as without
secondary template were successfully developed, crystallization
process in these synthesis methods were carefully analyzed to
understand the crystallization and mesopore formation mechanism
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of hierarchical zeolite, catalytic performance of typical materials
was also investigated. The major contributions of this work are as
following :

1. Hierarchical zeolite synthesized with carbon nanomaterial
as template: the primary understanding of zeolite crystallization
and mesopore formation mechanism

Nanocasting method with carbon nanomaterial as hard
template is the most discussed method in literatures, hence this
method was used as the starting point in the present work.
Various carbon materials with different structure properties
(carbon aerogel, carbon black and ordered mesoporous carbon
material CMK-1 and CMK-3) were used as secondary template for
hierarchical zeolite synthesis. The final product and materials
obtained with different crystallization time were carefully
characterized to understand the influence of carbon template
structure on zeolite crystallization.

The results indicate that the structure of carbon materials has
large influence on zeolite crystallization and the structure of
zeolite product can be controlled by varying structure of carbon
template. Zeolite can only be synthesized when the pore size of
carbon template was large enough to allow the nucleation of
zeolite, when CMK-1 was used as secondary template, only
ordered mesoporous amorphous silica was obtained. Zeolite with
intracrystalline mesopore system can be synthesized with ambient
drying carbon aerogel as template without any control on
crystallization conditions. The structure of so called mesoporous
zeolite single crystal successfully cast the nanostructure of carbon
aerogel template. By changing the structure of carbon aerogel
through controlling the catalyst concentration during synthesis,
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Abstract

zeolites with tunable intracrystalline nanoporsity over larger range
(10 nm-100 nm) were successfully synthesized. Hierarchical
ZSM-5, TS-1 and BETA zeolite can also be synthesized. With
carbon material as template, mesoporous aggregate of zeolite
nanocrystals is often formed as product or intermediate phase for
mesoporous zeolite single crystal synthesis, determining on the
structure of carbon template, the structure of zeolite nanocrystals
has no obvious relationship with carbon template.

Based on above experimental results, it can be summarized
that the general effect of carbon material during zeolite synthesis
was to affect the crystallization kinetics such as nucleation rate,
crystal growth rate and the ratio of them, and not always act as
pore former for hierarchical zeolite synthesis. A secondary
template such as carbon template is not strictly needed in the
synthesis of mesoporous aggregate of zeolite nanocrystals. These
findings are the guideline of the following research work.

2. Application and further refine of zeolite crystallization and
mesopore formation mechanism: synthesis of ordered mesoporous
zeolite and secondary template free synthesis of hierarchical
zeolite

Synthesis of ordered mesoporous zeolite was an objective of
scientists in this area for long time, but is still one of the most
challenge projects in porous materials synthesis area. Two
challenges, the competitive formation of zeolite and mesoporous
materials as well as the stabilization and assemble of zeolite
nanocrystals with size can be accommodated in the wall of ordered
mesoporous materials, must be solved.

Two methods, recrystallization of SBA-15 filled with in-situ
formed CMK-5 and zeolite synthesis with mixture of common
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cationic surfactant and its silylated analogue as secondary
template, have been tried in this part. The confine degree of
zeolite synthesis was carefully adjusted by controlling the carbon
thickness of CMK-5 and the molar ratio between common cationic
surfactant and its silylated analogue. Ordered mesoporous zeolite
was successfully synthesized in both methods under certain
conditions. As-synthesized ordered mesoporous zeolites with both
two methods have very high thermal and hydrothermal stability,
which are stable after treatment in steam at 850 °C for 4 h or
refluxing in boiling water for 120 h. Carefully monitor of the
crystallization process of ordered mesoporous zeolite indicated
that the formation process of ordered mesoporous zeolite in the
two synthesis methods was very similar, which is, the formation
and dissolving of initial amorphous mesopore phase, zeolite
nucleation and the formation of ordered mesoporous zeolite. In
both synthesis routes, the confine effect of secondary template on
zeolite growth is needed and should be controlled in a certain
degreé, Ordered mesoporous zeolite can only be synthesized when
a good match between zeolite growth kinetic and ordered
mesopore structure formation is reached. This is the first time
that a real ordered mesoporous zeolite was synthesized and
reported. Inspired by the discovery that secondary template was
possibly not strictly needed for the hierarchical zeolite synthesis in
the first part, synthesis of hierarchical zeolite without secondary
template was also tried in this part. We first proved that
mesoporous zeolite aggregate actually show better performance in
bulky molecular containing reaction, for instance, catalytic
oxidative desulfurization. Hierarchical TS-1 synthesized with
CMK-3 as template show improved catalytic performance for
& e



Abstract

thiophene removing compared with common TS-1 and was able to
catalytic oxidation remove of large sulfur containing molecular
such as DBT. Then mesoporous aggregate of ZSM-12
nanocrystals and ZSM-5 nanocrystals with single crystal like
morphology were successfully synthesized without secondary
template through in-situ assemble of zeolite nanocrystals under
supersaturated solution and the existence of nucleation promoter,
respectively. This synthesis route allow the synthesis cost of
hierarchical zeolite lower down to a level similar or even cheaper
than common zeolite thus possibly overcome the major hindrance
of large scale application of hierarchical zeolite.

It was found that hierarchical zeolite generally crystallized
through a nanoparticles based aggregation formation mechanism
after carefully comparing the formation process of mesoporous
zeolite in different routes. Hierarchical zeolite was generally
kinetically favored product at the given condition and secondary
template is not a prerequisite for hierarchical zeolite synthesis. A
general crystallization map of hierarchical zeolite was given in
chapter 6. This result can be used as guideline for the future
hierarchical zeolite synthesis.

3. Catalytic application of hierarchical zeolite: selective
methylation of 2-methylnaphthalene with methanol

Hierarchical zeolite has been found to show better catalytic
performance in diffusion limited reactions such as large molecular
cracking. In this part, selective methylation of 2-
methylnaphthalene with methanol was selected as model reaction
to demonstrate that hierarchical zeolite can retain its
shape-selectivity together with improved diffusion properties.

In this reaction, selective formation of 2,6-DMN other than
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2,7-DMN and the contradiction between 2,6-DMN selectivity and
2-MN conversion are the two main difficulties. Density functional
theory was first used in this part to correct a general consideration
that 2, 6-DMN is the smallest isomer in all DMN isomers and
disclose the root of difficulty in the improvement of ratio between
2,6-DMN and 2,7-DMN: though 2,6-DMN is intrinsic chemical
reactivity more favored product than 2, 7-DMN, it is slightly
bulkier than 2,7-DMN. We thus point out that only synergistic
effect of proper zeolite pore size and weak acid can result in high
2, 6-DMN selectivity. Zr modified ZSM-5 with good catalytic
performance was developed according to above principles.
Ordered mesoporous ZSM-5, after modified with Zr, was
used as catalyst for this reaction. Ordered mesoporous ZSM-5
(OMZ-1) based catalyst show better catalytic performance on this
reaction than ZSM-5 based -catalyst concerning on 2-MN
conversion, 2, 6-DMN/2, 7-DMN ratio and catalyst stability.
Highest 2,6-DMN yield (18%) up to date was obtained over Zr/
ordered mesoporous ZSM-5 (OMZ-1) as catalyst, which is much
higher than ZSM-5 based catalyst (5%). This result proved that
hierarchical zeolite can combine efficient mass transfer together
with shape-selectivity, thus have potential to apply in other

shape-selective catalytic reactions.
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