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Abstract 
 

Zeolites are a type of microporous crystalline materials that have been widely used in industrial 

applications including separation, adsorption, and catalysis. However, great limitations on 

diffusion through these materials can arise due to the small pores present in mircoporous 

frameworks, and this can impact catalytic reactions in particular. The synthesis of hierarchical 

zeolites has solved the diffusion problem. In this thesis, various hierarchically porous materials 

have been synthesized and tested as catalysts. 

 

In the first part of this thesis, a titanium-containing hierarchically porous silicate material has 

been constructed from double-four-ring (D4R) units as building blocks.  

 

In the second part of this thesis, hierarchical MWW zeolites were synthesized by swelling and 

pillaring of a lamellar MWW zeolitic precursor (MCM-22) using D4R building units. The 

synthesis procedure has been carefully studied by various characterization methods, such as 

PXRD, TEM, N2 adsorption–desorption etc. 

 

In the last part of this thesis, MFI zeolites with controllable hierarchical pore systems have been 

prepared. Firstly, hierarchical ZSM-5 and TS-1 with open pores were generated using a 

temperature programmed dissolution–recrystallization post-synthesis treatment and tested as 

catalysts for benzyl alcohol self-etherification and cyclohexanone ammoximation. Secondly, 

single-crystalline hierarchical shell-like ZSM-5 has been synthesized via a dissolution–

recrystallization post-treatment of mesoporous ZSM-5. The post-treatment increased the 

catalytic activity of the ZSM-5 zeolite for the aldol condensation of bulky substrates. 

 

 

Keywords  

Zeolites, Porous material, Hierarchical, Synthesis, Catalysis, MFI zeolite, MWW zeolite, ZSM-

5, TS-1. 
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1.Introduction 
 

1.1 Zeolites 
 

Zeolites are a class of inorganic materials with micropore systems. The first examples were 

natural aluminosilicates discovered in 17561. Nowadays, zeolites have been widely used in 

various aspects in industry, such as adsorption, separation, catalysis etc. Ordered micropores 

(0.3–1 nm in diameter) and cavities can be found in zeolite crystals. Zeolites widely used in 

industry are mainly silicates, aluminosilicates, titanosilicates, aluminophosphates, etc. 

Currently, over 230 types of zeolite frameworks have been discovered. The zeolite framework 

is mainly built up of rigid tetrahedra, which contain a T (Si, Al, Ti, etc.) atom bonded to four 

oxygen atoms, as their basic elements. For instance, the bond length Si–O in the tetrahedra is 

around 1.6 nm and the mean bond angle of O–Si–O is around 109.5°.  Millions of frameworks 

have been predicted by assembling such primary building blocks in theory. The typical MFI 

framework of ZSM-5 zeolite (Figure 1-1) has a monoclinic unit cell and forms in the space 

group P21/n. There is a three-dimensional pore system within the MFI framework. The straight 

channels (5.3 ´ 5.6 nm) are along the b-axis and zigzag channels (5.1 ´ 5.5 nm) can be found 

along the a and c axes.  The unique ordered microporous channels and cavities of zeolites define 

their particular properties. One of the well-known abilities of zeolites is the selective adsorption 

or separation of molecules or ions of various sizes, which causes them to also be known as 

molecular sieves.  

 
 

Figure 1-1. MFI zeolite Framework (ZSM-5) along the a axis (a) and the b axis (b). 
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1.2 Synthesis of zeolites 
 

The first artificial zeolites can be traced back to the 1940s. The zeolite with the KFI structure 

was synthesized in the laboratory by Barrer et al2. In the late of 1950s, low-silica zeolites 

(Zeolite A3 and Zeolite X4) were synthesized under lower-temperature (100 °C) hydrothermal 

conditions. Later, various companies started to manufacture zeolites (such as Zeolite A, Zeolite 

X, etc.) and applied them in industrial chemical processes. Although decades have passed since 

the first synthesis of zeolites in the laboratory, the synthesis mechanism is still not clear. 

Various zeolite synthesis mechanisms have been purposed and studied5-24, and the one 

mentioned below is a typical liquid-phase-transformation mechanism8, 25-26.  

 

Based upon experimental observations, the synthesis procedure can be described as occurring 

in steps, as shown in Scheme 1-1: (a) The transformation of amorphous aluminum and silicate 

precursors into a sol-gel or clear solution. Typically, the aluminum source and the silicate 

source are dissolved in water together with a SDA under alkaline or acidic conditions. (b) The 

obtained sol-gel mixture is transferred to an autoclave, which is heated up to a crystallization 

temperature. During the important short induction period that follows, pre-ordered subunits are 

formed. (c) Then, nucleation follows. Small crystals of zeolite having long-range order can be 

found during the nucleation process. (d) Finally, crystal growth occurs, and generates the final 

zeolite crystals. 

 

 
 

Scheme 1-1. The mechanism of zeolite synthesis 
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1.3 Applications of zeolites.  
 

Zeolites can be used in a large range of applications in industry, such as ion exchange27-28, 

adsorption29-31, catalysis32-34, etc. Nowadays, zeolites are most widely used as detergents to 

soften “hard” water by removing Ca2+ and Mg2+ cations. The second-largest application of 

zeolites is in the field of catalysis, where they are well known as shape-selectivity catalysts. In 

particular, FCC35-42 (fluid catalytic cracking) and HC43-50 (hydro-cracking) are leading catalysis 

applications of zeolites in oil refining.  

 

Fluid catalytic cracking, which was developed to replace thermal cracking in 1940s, is 

extremely important for oil refining. Heavy oil can be converted into light products, which can 

be further distilled into gasoline or diesel. FAU42 is the most successful catalyst that has been 

used in the FCC process to date. Typically, FAU zeolites are mixed with catalyst binders or 

other solid acid catalysts. For instance, FAU zeolites and Beta zeolites can be used as catalysts 

combing with the metal sulfides such as Ni, Co, etc41. Isomerization reactions are another field 

where zeolites have been widely applied as catalysts. Because these reactions are acid-catalyzed, 

zeolites with acid sites are excellent catalysts for the isomerization of paraffins or olefins. 

Typically, Pt-loaded zeolites MOR51, MFI52, Beta52, etc. catalyze isomerization reactions. 

Hydrocracking is a highly flexible process for converting low-value petroleum feedstocks into 

high-value transportation products and petrochemical feedstocks. The catalyst used in the 

industrial process normally contains acid catalysts, such as zeolites, and a metal sulfide with 

Ni, Mo, Co, etc48-50. Olefin or aromatic saturation, desulfurization, denitrogenation, and chain-

breaking reactions are involved in the hydrocracking process. Typically, zeolite Beta53, MFI54, 

MWW55, AEL56, and FAU56-57 can catalyze hydrocracking. MTO (methanol-to-olefin) is 

another catalytic reaction in which zeolites show a bright future. Normally, the reaction 

converts methanol into olefins, such as ethylene and propylene. The commonly used catalysts 

are MFI zeolites58 or SAPO-3459, with the latter giving better catalytic performance, especially 

high selectivity to light olefins. Nowadays, MTO has turned out to be an attractive process in 

China, as they are seeking to convert their coal resources to olefin products. 
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1.4 Zeolites with hierarchical pore systems. 
 

Hierarchical zeolites have drawn great attention for their improved catalytic activities in 

reactions involving bulky molecules. Microporous frameworks can impose severe transport 

limitations that restrict the catalytic performance of conventional microporous zeolites. In these 

systems, severe diffusion resistance restricts catalysis to a thin layer close to the outer surface 

of the material, leaving the bulk of the zeolite catalyst unused. In order to improve the usage of 

catalytic volume in the zeolites, various approaches have been developed to alleviate 

intracrystalline limitations on mass transport. An effective approach is to prepare hierarchical 

zeolitic materials60-64. Additional pore systems, such as meso- or macropores, can be introduced 

into the zeolite crystals to facilitate the diffusion of both reactants and products. Various 

methods to create hierarchical pore systems within zeolites exist. Post-synthesis treatments65-

67, such as leaching with acid or base and steaming, have been widely investigated. This 

leaching destroys a small fraction of the zeolite framework, generating meso- or macropores. 

Secondary templates can also be used as pore-opening agents. Soft templates68-73 (silylated 

polyethyleneimine, polyethylene glycol, and cationic polymers) and hard templates74-77 (carbon 

black, carbon nanotubes, carbon aerogels, mesoporous carbon and CaCO3) have been used for 

this purpose. 

 

1.5 Synthesis of hierarchical zeolites 
 

The post-synthesis treatment strategy is mainly based on the selective removal of specific 

constituents from a zeolite framework. The microporous system in the zeolite can be preserved 

at the same time as meso- or macropores are formed in the crystals. Demetallation78-84 is a 

common method used to prepare hierarchical zeolites. Steaming81 or acid treatment85 can 

dealuminate zeolites with high Al content in order to induce mesoporosity.  The steaming 

thermal post-synthesis treatment is a well-known method for the preparation of hierarchical 

zeolite Y86-87. After a series of repeated steaming thermal treatments followed by an acid 

treatment, a fraction of framework Al can be extracted and thus mesopores can be created within 

microporous zeolite crystal. Similar results can be obtained for the zeolites mordenite88 and 

ZSM-587. Framework Al can also be removed using aqueous solutions of hexafluorosilicate89 

and SiCl490. It has to be pointed out that dealumination definitely alters the acidity of a zeolite, 
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as framework Al atoms are the main acidic sites active in catalysis. After dealumination, the 

total number of acid sites decreases due to the removal of framework Al, but acid strength 

increases. Desilication91-95 is another method for pore formation, and is based on the extraction 

of silica species from the zeolite frameworks. Typically, desilication of high-silica zeolites can 

be carried out in alkaline solution, as Si atoms connected to Al atoms are difficult to remove. 

Mesopores form preferentially in silica-rich regions. Various hierarchical zeolites can be 

prepared using this method91, 93-96; however, the basic conditions need to be well-controlled, as 

strongly basic conditions can destroy the whole zeolitic framework. To obtain mesopores while 

preserving the micropores, a mildly basic post-synthesis treatment is required. Dissolution–

recrystallization97 is another strategy to prepare hollow MFI zeolites. The calcined MFI zeolites 

are treated using TPAOH solution under hydrothermal conditions. During this process, shown 

in Scheme 1-2, the TPA cations are adsorbed on the external surface of the zeolite crystals and 

protect them from dissolution at the external surface, while dissolution in the center of the 

zeolite crystal creates voids. Finally, the dissolved species are recrystallized on the external 

surface with the aid of adsorbed TPA cations, forming a hollow structure. Figure 1-2 shows 

TEM images of ZSM-5 before and after the dissolution–recrystallization process, which will 

be further discussed in Chapter 5. 

 

 
Scheme 1-2. The dissolution–recrystallization process. 
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Figure 1-2. TEM images of ZSM-5 before (a) and after (b) dissolution–recrystallization. 

 

Hard templating is another widely used strategy to prepare hierarchical zeolites. Various hard 

templates that can be used in the synthesis of hierarchical zeolites have been discovered, and 

these include nanoporous materials, nanobeads and nanofibers. When mesoporous materials, 

such as mesoporous carbon (three-dimensionally ordered mesoporous carbon beads98, CMK-n 

mesoporous carbon99) are used as templates, the crystallization needs to be controlled within 

the voids of the hard templates. As a result, the mesopores can be generated by removing the 

hard template, for example via thermal calcination. Carbon nanoparticles74 and nanofibers100 

are also widely used as hard templates. Compared with the demetallation method, the hard-

templating method involves no destruction of crystalline zeolite framework, and can therefore 

yield materials with high relative crystallinity. Furthermore, ordered and uniform mesopores 

can be generated using tailored hard templates. 

 

Soft templating is a synthesis strategy that uses surfactants or as-formed micelles as secondary 

templates to create hierarchical porosity in zeolite crystals. Hierarchical zeolitic porous 

materials with ordered mesopores can be constructed using micelles as soft templates. Ordered 

mesoporous molecular sieves (OMMS) , such as M41S101, SBA-15102, etc., have been 

synthesized using micelle templates. A liquid-crystal templating mechanism was first proposed 

to describe the mechanism of OMMS synthesis, and the surfactant–silicate cooperation theory 

was built up later. Alternatively, surfactants present as supramolecular assemblies can be used 

together with the conventional SDAs in the synthesis of hierarchical zeolites with both meso- 

and micropores. In a typical synthesis of hierarchical ZSM-5 zeolites103, CTAB molecules are 

added as templates to generate mesopores. Polyethylene glycol (PEG) is another kind of water-
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soluble polymer with adjustable molecular weight and physical properties that can be used as a 

pore-opening agent. Recently, Shi et al.104 synthesized mesoporous ZSM-5 using PEG as a 

secondary template in a steam-assisted crystallization process. Figure 1-3 shows the SEM 

images of conventional ZSM-5 and the hierarchical ZSM-5 synthesized using PEG5000 as the 

soft –template; these will be further discussed in Chapter 5. Organosilane surfactants are 

another type of soft templates used in the synthesis of hierarchical zeolites. Nowadays, different 

organosilane molecules have been applied in the synthesis of hierarchical zeolites. Choi et al.105-

106 used TPHAC (3-(trimethoxysilyl)propyl hexadecyldimethylammonium chloride) as soft 

templates in the preparation of MFI zeolites. The strong interaction between TPHAC 

surfactants and silicate species enabled the production of zeolites that contained more 

mesopores of uniform size than zeolites synthesized using CTAB as the soft template. 

 

 

 
Figure 1-3. SEM images of the conventional ZSM-5 and the hierarchical ZSM-5 synthesized 

using PEG5000 as the soft template. 

 

1.6 Catalytic applications of hierarchical zeolites 
 

Until now, a large number of hierarchical zeolites have been proposed and developed. The 

existence of a hierarchical pore system within the crystals of a zeolite enhances mass transport. 

Hierarchical zeolites have shown better catalytic performance than microporous zeolites in 

various reactions. Alkylation is a typical and important reaction that is performed in industry 

using zeolites as catalysts. However, the existence of diffusion resistance in the case of 

microporous zeolites limits the reaction. Hierarchical zeolites have shown better activity and 

selectivity. Mesoporous ZSM-5 zeolites prepared with carbon-bead templates were used in the 

alkylation of benzene with ethylene107-108. Mesoporous ZSM-5 showed not only higher activity 
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compared with microporous ZSM-5, but also higher selectivity towards ethylbenzene. The 

mesoporous mordenite108 prepared by desilication showed better catalytic activity in the liquid-

phase alkylation of benzene with ethylene, as shown in Scheme 1-3.  

 

 
Scheme 1-3. Alkylation of benzene with ethylene 

 

Furthermore, the mesoporous mordenite catalyst showed a longer lifetime than the conventional 

one. This higher performance can be ascribed to the enhanced mass diffusion108, especially 

considering the severe diffusion resistance in liquid phase. Methanol-to-hydrocarbons (MTH) 

can convert a feedstock from biomass into hydrocarbons. MTH is a complex reaction system 

that involves alkylation, cracking, and isomerization reactions catalyzed by strong acid sites. 

Mesoporous zeolite catalysts have longer lifetimes in this system, probably due to slower 

coking in the mesopores. Lietz et al.109 have tested mesoporous ZSM-5, obtained via 

desilication, in the conversion of methanol to gasoline. Despite a tiny increase of activity at the 

beginning of the reaction, the selectivity towards gasoline improved around 1.7-fold due to the 

presence of mesopores. The catalytic performance of mesoporous ZSM-5 has also been 

investigated in butene aromatization110. The lifetime of catalyst was dramatically improved on 

the mesoporous ZSM-5 obtained by desilication. Hierarchical zeolites also show better catalytic 

activities for different types of acid-catalyzed condensation reactions, such as aldol 

condensations involving bulky substrates111-113. A hierarchical ZSM-5 zeolite113 gave increased 

product yield (51%, cf. 9% for the microporous zeolite) due to the presence of mesopores that 

can enhance mass diffusion for the condensation of resorcinol and ethylacetoacetate into 7-

hydroxy-4-methylcoumarin.  
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Scheme 1-4. Aldol condensations of cyclohexanone with methanol, ethylene glycol and 

pentaerythritol. 

 

1.7 Aim of this work 
 

This thesis describes my research on the synthesis, characterization and catalytic applications 

of hierarchical inorganic porous materials (mainly zeolites). The aim of related studies is to 

improve the catalytic performance of zeolites in reactions involving bulky molecules, and also 

to provide some possibilities to synthesize new types of hierarchical zeolites.  

 

In Chapter 3, in order to alleviate intracrystalline diffusion resistance in the conventional 

microporous TS-1 zeolite, hierarchical porosity was generated in a novel titanium-containing 

material (denoted as POSSTi). The hierarchical POSSTi was synthesized using double-four 

rings (D4R) as building units (Paper I). 

 

In Chapter 4, hierarchical MWW zeolites were prepared using a swelling and pillaring strategy 

and used to catalyze reactions of bulky molecules. D4R building units were used as pillars to 

increase the d-spacing in the hierarchical MWW zeolites (Paper II).  

 

In Chapter 5, in order to apply MFI zeolites to reactions of bulky molecules, hierarchical 

porosity with controllable pore size were introduced into the zeolite using a dissolution–

recrystallization approach. The material was tested as a catalyst for esterification, 

cyclohexanone ammoximation and aldol condensation (Paper III and IV). To understand the 
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formation of hierarchical porosity and guide the further synthesis of similar materials, the 

synthesis mechanisms were carefully investigated using electron microscopy. 
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2. Characterization methods 
 

This chapter describes the various characterization methods used in this thesis. A brief 

introduction to each characterization technique is given. 

 

2.1 Powder X-ray diffraction 
 
Powder X-ray diffraction is a common analytical technique used to identify crystalline phases 

as well as to unveil unit cell dimensions and structural information, and uses X-rays as a light 

source. The interaction of the incident rays with the sample produces constructive interference 

(and a diffracted ray) when conditions satisfy Bragg's Law. Those diffracted X-rays will be 

counted and could further provide information for the structure analysis. 

 
Figure 2-1 shows the powder X-ray diffraction patterns of the MFI zeolites discussed in Chapter 

5.  All samples exhibit the characteristic peaks of an MFI framework without any other 

impurities. 

 

 
Figure 2-1. Powder X-ray diffraction patterns for ZSM-5 (a) and TS-1 (b) produced in this 

work. (Figure reprinted with permission from Paper III114) 

 
 
2.2 X-ray adsorption spectroscopy (XAS) 
 
X-ray adsorption spectroscopy is a widely applied technique to characterize the local geometry 

and structure of materials. XAS spectra are usually collected at synchrotron radiation facilities. 

The photon energy is finely tuned during data collection. The XAS spectra can be divided into 
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two regions: X-ray Absorption Near-Edge Structure (XANES) and Extended X-ray Absorption 

Fine Structure (EXAFS).  

 
Figure 2-2 shows the XANES spectra of various Ti-containing samples described in Chapter 3 

(Paper I). The pre-edge appears in the spectra and can provide information about the 

coordination state of titanium species within the materials. The sharp pre-edge peak at 4967 eV 

can be seen for all the samples except anatase TiO2, and is due to the 1s–3pd electronic 

transition involving tetrahedrally coordinated Ti (IV) atoms. 

 
Figure 2-3 shows the k-weighted FT of the EXAFS spectra of samples discussed in Chapter 3 

(Paper I). The Ti–O distances in the first coordination shell can give clues to the coordination 

states of Ti, similar to the case with XANES spectra. The shorter first-shell distance of TS-1 

and POSSTi-3 suggests that the materials contain tetrahedrally coordinated titanium species. 

 

 
Figure 2-2. XANES spectra of POSSTi-3, TS-1 and anatase. (Reprinted from Paper I) 
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Figure 2-3. Fourier transforms of the k3-weighted k-edge EXAFS spectra of POSSTi-3, TS-1 

and anatase. (Reprinted from Paper I) 

 
2.3 Electron microscopy 
 
2.3.1 Scanning electron microscopy (SEM) 

 
Scanning electron microscopy can produce images of an object’s surface by scanning a focused 

electron beam over the sample. The electrons can interact with atoms in the sample, producing 

various signals that contain information about the surface topography and composition of the 

sample. The morphology of an object can be observed under SEM at the same time. Figure 2-

4 shows scanning electron microscope images of samples described in Chapter 5 (Paper IV). 

Mesopores can be observed on the external surface of the ZSM-5 zeolite crystals. 
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Figure 2-4. SEM images of meso-ZSM-5 synthesized using different amounts of PEG5000: 

meso-ZSM-5A (a,b), meso-ZSM-5B (c,d) and meso-ZSM-5 (e,f). (Reprinted from Paper IV) 

 
2.3.2 Transmission electron microscopy 

 
Transmission electron microscopy (TEM) can form images of a sample using an electron beam 

that has been transmitted through the sample. Normally, a thin specimen (less than 100 nm) is 

desired. High resolution (50 pm) can be achieved with transmission electron microscopy. 

Figure 2-5 shows the transmission electron microscopy images of samples from in Chapter 5 

(Paper IV). Mesopores as well as a clear hollow structure can be observed in the TEM images 

of those three samples. 
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Figure 2-5. TEM images of HS-ZSM-5A (a,d), HS-ZSM-5B (d,e) and HS-ZSM-5(c,f). 

(Reprinted from Paper IV) 

 
2.3.3 Electron tomography 

 
Electron tomography is an extension of the transmission electron microscopy technique in 

which a 3D tomogram of the object is constructed. Numerous projection images of the object 

are recorded by tilting the specimen, and these images are processed to reconstruct the object 

in a 3D space. For our work, the distribution of mesopores throughout a zeolite crystal can be 

easily discovered with electron tomography. 

 

 
 

Figure 2-6. TEM images of HS-ZSM-5Na at tilting angles of –30° (a), 0° (b) and 30° (c), and 

electron tomography slices of HS-ZSM-5Na (d,e,f). Figure reprinted with permission from 

Paper IV 
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Figure 2-6 shows TEM images of a sample from Chapter 5 tilted at different angles, as well as 

three electron tomography slices of the sample. The slices of the electron tomogram clearly 

show the homogeneous distribution of meso- and macropores within the crystalline shell.  

 
2.4 Fourier transform infrared (FT-IR) spectroscopy 
 
Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain a spectrum of the 

absorption or emission of infrared light by a solid, liquid or gas. When IR radiation is passed 

through a sample, some radiation is absorbed by the sample and some passes through (is 

transmitted). The resulting signal at the detector is a spectrum representing a molecular 

‘fingerprint’ of the sample. The usefulness of infrared spectroscopy arises because different 

chemical structures (molecules) produce different spectral fingerprints. In Chapter 4, we used 

FT-IR spectra to characterize the silanol groups in the zeolites. 

 

 
 

Figure 2-7. IR spectra of (a) Al-MCM-22, (b) Swollen-WP and (c) Pillared-1. (Reprinted 

from Paper II) 

 

Figure 2-7 shows FT-IR spectra of Al-MCM-22, Pillared-1 and Swollen-WP. All the samples 

were calcined at 550 °C and the IR spectra were recorded at 300 °C in order to eliminate the 

influence of adsorbed water molecules. The intensity of the band at 3746 cm–1 was dramatically 

greater when no intercalation process with D4R is applied. However, the band at 3746 cm–1 

was less intense in the spectrum of Pillared-1 than in that of swollen-WP, which proved the 
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intercalation as well as the connection of double-four-ring building units with the silanol groups 

on the individual layers. 

 
 
2.5 Nitrogen adsorption–desorption. 
 
Gas adsorption is a widely used technique to determine the surface area and pore size 

distribution of solid materials. In general, adsorption is defined as the enrichment of molecules, 

atoms or ions in the vicinity of an interface. To determine the surface area of materials, the 

Brunauer–Emmett–Teller (BET) method is widely used nowadays despite the weakness of its 

theoretical foundation. As the BET method was developed for non-porous materials, the result 

of a BET test on a micro- or mesoporous material can be interpreted as an effective surface area. 

For the measurement of pore size distribution for mesoporosity, the popular choices are the 

Barrett–Joyner–Halenda (BJH) method and density functional theory. Figure 2-8 shows the N2 

adsorption–desorption isotherm of meso-ZSM-5C (Chapter 5, Paper IV), and its pore size 

distribution as calculated from the isotherm using BJH method is shown in Figure 2-9. 

 

 
Figure 2-8. Nitrogen adsorption–desorption isotherm of meso-ZSM-5C. (Reprinted from 

Paper IV) 
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Figure 2-9. Pore size distribution of Meso-ZSM-5A, Meso-ZSM-5B, and Meso-ZSM-5C. 

(Reprinted from Paper IV) 

 
 
 
2.6 Thermogravimetric analysis (TGA) 
 
Thermogravimetric analysis is a common method of thermal analysis in which the mass of a 

sample is measured over time as the temperature changes. This measurement provides 

information about physical phenomena, such as absorption and desorption; as well as chemical 

phenomena including chemical adsorptions and thermal decomposition. 

 

 

Figure 2-10. TGA curves of (a) Pillared-1-AE, (b) Pillared-1-BE and (c) MCM-22-S-32. 

(Reprinted from Paper II) 
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Figure 2-10 shows TGA curves of samples discussed in Chapter 4 (Paper II). The mass loss 

between 200 °C and 400 °C is due to the combustion of CTAB molecules. Thermogravimetric 

analysis provided insights into the pillaring process developed in Chapter 4. 

 
 
2.7 UV–vis spectroscopy 
 
Ultraviolet–visible spectroscopy (UV–Vis) refers to absorption spectroscopy or reflectance 

spectroscopy in the ultraviolet–visible spectral region. UV–Vis spectra of titanium-containing 

materials can give direct information about the coordination states of titanium species. Figure 

2-11 shows the UV–Vis spectra of various samples described in Chapter 3 (Paper I). The 

absorption bands at 200–230, 260–290, and 330 nm evince the presence of isolated framework 

Ti (tetrahedrally coordinated), octahedrally coordinated Ti species, and anatase TiO2 particles, 

respectively. The major absorption band at 210 nm indicates that both TS-1 and POSSTi-3 

contain mostly tetrahedrally coordinated titanium species. 

 

 

Figure 2-11. UV–vis spectra of anatase, POSSTi, HMS-Ti and TS-1 (Reprinted from Paper I) 
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3. 0D approach: Titanium-containing hierarchically porous 

material synthesized using D4R building units 
 

One typical strategy for the synthesis of novel inorganic porous materials is to use molecular 

building blocks to rationally design the targeted material115-116.  In this chapter, we used D4R 

(double four-ring) as building units to design and synthesize hierarchically porous silicate 

materials. Considering the relatively small size of D4R units relative to the zeolite crystals in 

space, we would like to classify this synthesis route as a 0D approach. A poly-condensation 

reaction under acidic conditions was used to connect the individual D4R units. As a result, a 

hierarchically porous material was prepared via the random and rapid condensation of D4R 

units. The porosity of the as-prepared hierarchical material was carefully studied using nitrogen 

adsorption–desorption. The morphology was studied using SEM. 

 

In order to produce an as-synthesized material that would be suitable as a solid catalyst, titanium 

species were added during the synthesis of the hierarchical material using D4R as building units. 

Different amounts of titanium species were added in order to investigate how this would affect 

the local structure around titanium within the final products. The existence of the hierarchical 

pore system is expected to enhance diffusion during catalysis and thus produce better catalytic 

activity toward relatively large substrate molecules.  

 

3.1 Synthesis of Double-four-ring units 
 

D4R silicates (Si8O208-) were prepared using the method described in a previous report117; 

choline molecules were used as templates.  

 

The hydrated D4R silicate building units [(Me4N)8Si8O20·65H2O] can be synthesized by mixing 

TEOS with choline hydroxide. The solid-state 29Si MAS NMR spectrum of the as-synthesized 

D4R powders is shown in Figure 3-1. A single signal at –96.3 ppm is observed and can be 

assigned to Si Q3 units118. This confirmed the presence of isolated D4R units in the products, 

which were collected by filtering. Considering the negative effect of water119 on the structure 

of D4R units, some water was removed from the product by drying at 80 °C under vacuum for 

2 h. 
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Figure 3-1. Solid-state 29Si MAS NMR spectra of double-four-ring units. (Reprinted from 

Paper I) 

 

 

 
Figure 3-2. TGA curves of double four-ring sample dried at 80 °C for 2 h. (Reprinted from 

Paper I)  

 

Figure 3-2 shows the TG analysis result of the D4R sample formed after vacuum drying. The 

intense weight loss below 200 °C can be attributed to the loss of water that had been adsorbed 

in the sample. The mass loss shown between 200 and 500 °C can be ascribed to the combustion 

of choline molecules. The D4R sample showed good crystallinity according to the powder X-

ray diffraction pattern (Figure 3-3). 

 



 37 

 
Figure 3-3. Powder X-ray diffraction pattern of the double-four-ring sample dried under 

vacuum at 80 °C for 2 h. (Reprinted from Paper I) 

 

For the synthesis of POSSTi, D4R silicates were mixed with methanol, and titanium 

isopropoxide was added into the obtained solution dropwise. The molar composition of the 

obtained clear solution was D4R:Ti(iso-pro)4:HCl:H2O = 1:x:1:2, where x = 2, 0.5, or 0.125. 

The solution was stirred for half an hour before hydrochloric acid (37 wt%, Sigma–Aldrich) 

was added. Then, the obtained white gel was hydrothermally treated in an autoclave at 80 °C 

for one day. The product was washed with ethanol and dried, and finally calcined at 450 °C for 

four hours in air. The final products are designated as POSSTi-1, POSSTi-2 and POSSTi-3, in 

order of decreasing titanium content. In addition, the uncalcined product is denoted POSSTi-x-

BC, where x = 1, 2, or 3. TS-1 and titanium-doped MCM-41 (denoted as HMS-Ti) were 

synthesized using literature methods 120-121. 

 

3.2 Textural properties of POSSTi samples 
 

Figure 3-4 shows the nitrogen adsorption–desorption isotherms of the as-synthesized products 

and of conventional TS-1 and HMS-Ti. Both TS-1 and HMS-Ti were synthesized with a Si/Ti 

ratio of 50. Brunauer–Emmett–Teller (BET) specific surface areas, external and micropore 

surface areas and micropore volumes are summarized in Table 3-1.  
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Figure 3-4. Nitrogen adsorption–desorption isotherms of POSSTi-3 before and after 

calcination, as well as of TS-1 and HMS-Ti. (Reprinted from Paper I) 

 

Table 3-1. Textural properties of related samples. (From Paper I) 

Material BET (m2/g) 
External surface 

area (m2/g) 

Micropore surface 

area (m2/g) 

Micropore 

volume (cm3/g) 

POSSTi-3a 507 313 200 0.101 

POSSTi-3-BCb 405 284 121 0.061 

TS-1 371 107 264 0.135 

HMS-Ti 858 857 1 0 

a. Calcined POSSTi-3 

b. Uncalcined POSSTi-3 

 

The micropore surface area of POSSTi-3 is about 200 m2/g (Table 3-1). Unlike the case for the 

TS-1 zeolite, mesopores were observed for POSSTi-3; these could have been generated during 

the acid treatment and calcination. The condensation of D4R units was performed under acidic 

conditions to form the Si–O–Si linkages. At the same time, the polycondensation of D4R units 

induced by the acid treatment can also generate structural distortion because of the rapid and 

random reaction of silanol groups. Hence, the as-synthesized material exhibited both micro- 

and mesopores.   

 

SEM images of the as-synthesized POSSTi samples (Figure 3-5) show particles around 50–100 

nm in diameter. All three samples were amorphous as indicated by their powder X-ray 

diffraction patterns (Figure 3-6).  
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Figure 3-5. Scanning electron microscopy images of POSSTi-1 (a), POSSTi-2 (b), and 

POSSTi-3 (c) after calcination. (Reprinted from Paper I) 

 

 
Figure 3-6. Powder X-ray diffraction patterns of POSSTi samples. (Reprinted from Paper I) 

 

3.3 XPS and UV–vis measurements 
 

The coordination environment of the Ti species in the as-synthesized samples was investigated 

using both UV–vis and XPS. Figure 3-7 shows the UV–vis spectra of all three samples, and 

spectra of anatase, TS-1 and HMS-Ti for comparison. Based upon recent findings118, 122 

regarding the adsorption spectra of different Ti species, pseudo-octahedrally coordinated Ti 

species can be found in both POSSTi-1 and POSSTi-2, as indicated by the presence of shoulder 

bands at 280 nm in their UV–vis spectra. 
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Figure 3-7. UV-vis spectra of anatase, POSSTi, HMS-Ti and TS-1. (Reprinted from Paper I) 

 

Figures 3-8a and 3-8b show the XPS spectra of POSSTi samples in the regions associated with 

O 1s and Ti 2p3/2 binding energies, respectively. Similar titanium species can be observed for 

the three POSSTi samples. The aggregated Ti species found in POSSTi-1 give rise to a Ti–O–

Ti peak in the O 1s region of the spectrum (Figure 3-8a). In the Ti 2p3/2 region of the spectrum, 

POSSTi-1 exhibited a second peak at higher binding energy (468 eV) (Figure 3-8b), which 

indicates the presence of aggregated, octahedrally coordinated Ti species123.  

 

 
Figure 3-8. (a) O 1s and (b) Ti 2p photolines for POSSTi samples. (Reprinted from Paper I) 

 

 

3.4 XANES and EXAFS characterization 
 
The coordination states of Ti species within POSSTi-3, TS-1 and anatase were further 

characterized using XANES spectroscopy (Figure 3-9). Unlike anatase, both TS-1 and POSSTi-
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3 contained tetrahedrally coordinated Ti (IV) species124-125, as evinced by the sharp pre-edge 

peak at 4967 eV in their XANES spectra. 

 

 
Figure 3-9. XANES spectra of POSSTi-3, TS-1 and anatase samples. (Reprinted from Paper 

I) 

 

 
Figure 3-10. Fourier transforms of the k3-weighted k-edge EXAFS spectra of POSSTi-3, TS-1 

and anatase. (Reprinted from Paper I) 

 

The Fourier transforms of the EXAFS spectra of POSSTi-3, TS-1, and anatase are shown in 

Figure 3-10. Both POSSTi-3 and TS-1 displayed shorter first-shell Ti–O distances (1.817 and 

1.838 Å respectively) than anatase, because both samples contained tetrahedrally coordinated 

Ti species. 
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EXAFS can also be used to unveil detailed geometrical information about Ti(IV) species. A 

best fit of the EXAFS data for POSSTi-3 and its associated FT is shown in Figure 3-11, and the 

fitting results for TS-1, anatase and POSSTi-3 are shown in Table 3-2. The best fit results for 

TS-1 and anatase can be found in Paper I. 

 

 
Figure 3-11. Best EXAFS fit (left) and associated FT (right) for POSSTi-3. (Reprinted from 

Paper I) 

 

Table 3-2 Refined EXAFS parameters for POSSTi-3, TS-1 and Anatase sample. (From Paper 

I) 

Sample Distance/Å Coordination 

number 

Ti–O–Si(Ti) 

angle/° 

Debye–Waller 

factor 

POSSTi-3 (Ti–O) 1.817 4  0.006 

 (Ti–Si) 3.196 2 139 0.007 

 (Ti–Si) 3.453 2 180 0.003 

     

TS-1 (Ti–O) 1.838 4  0.011 

 (Ti–Si) 3.138 4 132 0.004 

Anatase (Ti–O) 1.931 6  0.002 

 (Ti–Ti) 3.019 6 102 0.007 

 

Although both POSSTi-3 and TS-1 contain tetrahedrally coordinated titanium species (Table 

3-2), their local geometries are quite different. The first-shell Ti–O distances for POSSTi-3 and 

TS-1 are 1.817 and 1.838 Å, respectively.  
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Table 3-2 clearly indicates that anatase is composed of octahedrally coordinated Ti species, 

which possess longer first-shell distances. In addition, the bond angles in POSSTi-3 suggest 

dramatic local structure distortion is present. Figure 3-14 shows models of the local structures 

of Ti in POSSTi-3 and TS-1 based upon the geometry information in Table 3-2. We believe 

that the distortion of local structure in POSSTi-3 is mainly due to the rapid and random 

condensation reaction. 

 
Figure 3-12. Local geometries of Ti species POSSTi-3 (left) and TS-1 (right). (Reprinted 

from Paper I) 
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4. 2D approach: synthesis, swelling and pillaring of Al-

MCM-22 (MWW) precursor 
 

 

The preparation of novel inorganic porous materials from lamellar zeolitic precursors has 

proven a successful synthesis strategy. In this chapter, we present a synthesis route in which 

MWW zeolitic layers are swelled and pillared to prepare a novel hierarchical porous zeolite. 

Zeolite MCM-22126 is an example of a lamellar zeolites that has been widely used in industrial 

applications. The 2-dimensional lamellar MCM-22(P) zeolitic precursors used in this work 

were prepared using a reported method127. Then, a swelling post-treatment with CTAB was 

used to extend the interlamellar distance. Swelling treatments are normally performed in 

solutions containing high concentrations of surfactants and hydroxide at elevated 

temperatures128-129. Finally, the swollen sample was pillared using the D4R units prepared in 

Chapter 3 in order to stabilize the expanded lamellar precursors. The synthesis procedure was 

investigated using characterization methods including PXRD and TEM. As the individual 

layers of the MWW framework can be viewed as 2D surfaces compared to the 3D zeolite 

framework, we classify this synthesis route as a 2D approach. 

 

4.1 Synthesis of Al-MCM-22. 
 

In paper II, Al-MCM-22(P) was synthesized using the method described by Maheshwari et al128, 

130. Typically, aluminium isopropoxide and sodium hydroxide were mixed with distilled water. 

Then, the SDA hexamethyleneimine (HMI) was added. Lastly, fumed silica was added to the 

solution. The molar composition of the resulting mixture is Si:Al:HMI:H2O = 1:0.02:0.4:50. 

After aging for 24 h at room temperature under stirring, the obtained clear solution was 

transferred into a Teflon-lined steel autoclave and allowed to crystallize at 135 °C for 7 d. The 

resulting white product was collected by centrifugation, dried, and calcined to obtain Al-MCM-

22 zeolite. The product before calcination is denoted Al-MCM-22(P). 

 

Figure 4-1 shows the powder X-ray diffraction patterns of Al-MCM-22(P) and calcined Al-

MCM-22. No impurities were observed in either powder XRD pattern. After calcination, the 
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2D framework of Al-MCM-22(P) was transformed into the 3D framework Al-MCM-22, as is 

indicated by the overlapping of the 002 and 100 reflections. 

 

 
Figure 4-1. Powder X-ray diffraction patterns of Al-MCM-22(P) (a) and calcined Al-MCM-

22 (b). (Reprinted from Paper II) 

 

4.2 Swelling of Al-MCM-22(P) 
 

The swelling process was performed using CTAB in a highly alkaline environment. Typically, 

aqueous TPAOH (40% wt.) was added to an aqueous solution of CTAB (x% wt., x = 32, 24, 

16, or 8) under stirring. Then, the aqueous slurry of Al-MCM-22(P) (20% wt.) was added to 

the mixture. The mixture was stirred for 24 h at room temperature, after which the product was 

collected by 10 cycles of centrifugation and water washing. Different amounts of CTAB were 

used to investigate its effect on the swelling process. The swollen samples can be denoted as 

MCM-22-S-x, where x is the concentration (in % wt.) of the CTAB solution used. 
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Figure 4-2. Powder X-ray diffraction patterns of swollen Al-MCM-22(P): (a) MCM-22-S-32, 

(b) MCM-22-S-24, (c) MCM-22-S-16, and (d) MCM-22-S-8. (Reprinted from Paper II) 

 

Figure 4-2 shows powder X-ray diffraction patterns of the swollen samples of Al-MCM-22(P).  

The swelling is demonstrated by a shift of the 001 peak to lower angle. The largest interlamellar 

distance was observed for MCM-22-S-32, whose 001 peak appears at 2.01°, representing an 

interlamellar distance of 44 Å. The 101, 102 peaks of MCM-22-S-32 were broadened due to 

disorder along the c-axis.  

 

4.3 Pillaring of Al-MCM-22 using D4R units. 

 
As the largest interlamellar distance was found in MCM-22-S-32, this material was selected for 

the pillaring treatment with D4R units, which was performed according to the following 

procedure. Typically, as-prepared D4R building units (y g) were dissolved in 10 mL methanol. 

Then, 2 g of the swollen MCM-22-S-32 was added and the mixture was stirred for 24 h at 60 °C. 

The products was filtered and dried at 80 °C overnight. Ion exchange was performed on the 

collected samples using 1 M NH4NO3. The ion-exchanged samples were finally calcined at 

550 °C for 10 h to obtain the pillared samples, which are denoted Pillared-1 and Pillared-2 for 

y = 4 and 2 g respectively. 
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Figure 4-3. Powder X-ray diffraction patterns of (a) Pillared-1, (b) Pillared-2, (c) Swollen-WP 

and (d) calcined MCM-22. (Reprinted from Paper II) 

 

 

Figure 4-3 shows the powder X-ray diffraction patterns of the pillared samples. Diffraction 

patters of the calcined swollen sample without pillaring and of calcined MCM-22 are provided 

for comparison. The 002 reflection of Pillared-2 appears at 5.7°, representing an interlamellar 

distance of 15.5 Å. When more D4R was used in the pillaring process, as in the case of Pillared-

1, the 002 reflection shifted to an even lower angle. The diffraction pattern of Swollen-WP, 

which was prepared without any pillaring treatment but by directly performing ion exchange 

and calcination on the swollen MCM-22-S-32, showed no obvious change in d-spacing 

compared to that material. 

 

The N2 adsorption isotherms of calcined and pillared Al-MCM-22 samples are shown in Figure 

4-4. The textural properties of the samples were calculated from these isotherms and are 

compiled in Table 4-1. The calcined Al-MCM-22 exhibited a typical type I isotherm due to its 

microporous nature. In comparison, mesoporosity can be found in both Pillared-1 and Pillared-

2, as evinced by the presence of H4-type hysteresis loops in their sorption isotherms. Higher 

mesopore areas , compared with microporous calcined Al-MCM-22, were found for both 

Pillared-1 (260 m2/g) and Pillared-2 (98 m2/g), due to the successful pillaring process. The 

lower microporous area in the Pillared samples compared to Al-MCM-22 indicates that some 

micropores in the 3D framework were destroyed in order to build up mesopores between 

individual layers. Swollen-WP, prepared without any pillaring treatment but with ion exchange 
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and calcination to remove the CTAB molecules, displayed some mesoporous character, 

probably due to the great distortion, which is indicated in its powder X-ray diffraction pattern. 

 

 
Figure 4-4. N2 adsorption–desorption isotherms of MCM-22 calcined (a), Swollen-WP (b), 

Pillared-2 (c) and Pillared-1 (d). (Reprinted from Paper II) 

 

Table 4-1. Textural properties of Al-MCM-22, Pillared-1, Pillared-2, Swollen-WP 

Material BET (m2/g) 
Mesopore surface 

area (m2/g) 

Micropore surface 

area (m2/g) 

Micropore 

volume (cm3/g) 

Al-MCM-22  587 56 531 0.215 

Pillared-2 424 98 326 0.139 

Pillared-1 383 123 260 0.116 

Swollen-WP 452 153 298 0.136 

 

 

Crystal morphologies of the Al-MCM-22, Pillared-1 and Pillared-2 are shown in the SEM 

images (Figure 4-5a,b,c). Mesopores are visible in the images of Pillared-1 and Pillared-2, but 

not in the images of microporous Al-MCM-22. All three samples show a similar plate-like 

morphology. 
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Figure 4-5. SEM image of Al-MCM-22 (a), Pillared-1 (b) and Pillared-2 (c). (Reprinted from 

Paper II) 

 

4.4 Synthesis mechanism 
 

To illustrate the intercalation mechanism using D4R as pillars, PXRD patterns were recorded 

for the products of step in our synthesis procedure. The swollen sample of MCM-22-S-32 shows 

an increased 001 d-spacing (41.6 Å) compared to the microporous calcined Al-MCM-22 sample, 

as a result of the successful insertion of CTAB molecules between individual zeolite layers. 

The related d-spacing further increased following pillaring of the swollen sample, which is 

indicated by the shifting of 002 reflection to a lower angle. Then, after an ion exchange, the d-

spacing decreased due to the removal of CTAB. Finally, calcination removed the remaining 

organic molecules, and the 002 peak to even a lower angle, as is shown in the PXRD pattern 

(Figure 4-6). 
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Figure 4-6. Powder X-ray diffraction patterns of MCM-22-S-32 (a), Pillared-1-BE (before ion 

exchange) (b), Pillared-1-AE (after ion exchange) (c), Pillared-1 (d). (Reprinted from Paper 

II) 

 

 
Figure 4-7. TG curves of Pillared-1-AE (a), Pillared-1-BE (b) and MCM-22-S-32 (c). 

(Reprinted from Paper II) 

 

Figure 4-7 shows the TGA curves of samples formed in different steps in the intercalation 

process. All three samples lost mass between 200 and 400 °C owing to the combustion of CTAB 

molecules. The sample Pillared-1-BE lost less mass within this temperature range than MCM-

22-S-32 did; this can be explained by the fact that the incorporation of inorganic D4R units in 

the structure decreased the weight percentage of the sample that was composed of organic 



 
52 

CTAB molecules. Pillared-1-AE showed the smallest weight loss between 200 and 400 °C, as 

ion exchange removed the CTAB molecules before calcination. 

 

 
Figure 4-8. IR spectra of Al-MCM-22 (a), Swollen-WP (b) and Pillared-1 (c). (Reprinted 

from Paper II) 

 

The FT-IR spectra of Al-MCM-22, Pillared-1 and Swollen-WP are shown in Figure 4-8. All 

the samples were calcined at 550 °C and the IR spectra were recorded at 300 °C in order to 

eliminate adsorbed water molecules. The sharp band at 3746 cm–1 can be assigned to the 

terminal silanol groups on the external surface of the zeolite. The other two bands at 3725 and 

3609 cm–1 correspond to the perturbed silanol group and Brønsted acidic sites, respectively. 

For Swollen-WP, which underwent no pillaring treatment, a more intense band for terminal 

silanol groups is observed; this is mainly due to the fact that the structure distortion can expose 

more silanol groups, as discussed before. In contrast, the same band at 3746 cm–1 for Pillared-

1 was not as intense as Swollen-WP, as the D4R units could react with the free silanol groups 

that were created during the swelling process. 
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5. 3D approach: Post-treatment synthesis of hierarchical 

MFI zeolites 
 

5.1 Hierarchical MFI zeolites synthesized by regulating the kinetics of 

dissolution-recrystallization 

 
The preparation of hollow zeolites is an efficient way to increase their catalytically active 

volume, as it can circumvent the problem of intracrystalline diffusion resistance. A class of 

hollow MFI zeolites have been synthesized by a post-synthesis dissolution–recrystallization 

treatment using TPAOH solution. A typical hollow MFI zeolite is hollow TS-197, which has 

been applied in the industrial production of cyclohexanone oxime (SINOPEC). During the 

dissolution–recrystallization process used in the synthesis of hollow TS-1 zeolite, the core of a 

TS-1 particle is dissolved under alkaline conditions and recrystallized on the outer surface with 

the aid of an adsorbed SDA. The shortened diffusion path that results from the reduced 

thickness of the microporous wall can improve the effectiveness of TS-1 as a catalyst. However, 

the hollow voids inside the zeolite can only be accessed via micropores131. The introduction of 

additional meso- or macropores in the crystalline shell should further enhance mass transport 

within the zeolite crystals and benefit their catalytic activity.  

 

In section 5.1, we present a temperature-programmed dissolution–recrystallization treatment to 

introduce an additional open pore system into the hollow MFI zeolite crystals. The calcined 

MFI zeolites were first treated with the aqueous TPAOH at a lower temperature, before the 

mixture was heated to conduct a second treatment. As a result, hollow MFI zeolites with open 

pores were prepared. The synthesis mechanism was revealed. Furthermore, this method of 

preparing a hierarchical zeolite is based on the post-synthesis modification of a 3D framework 

MFI zeolite, and as a result, we classify the synthesis route here as a 3D approach. The catalytic 

properties of as-prepared zeolites were studied; ZSM-5 was tested in the self-etherification of 

benzyl alcohol, and TS-1 in cyclohexanone ammoximation.  

 

5.1.1 Synthesis of Hierarchical MFI zeolites with open pores 
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Both ZSM-5 and TS-1 were synthesized using the reported clear-solution methods 132-133. For 

ZSM-5, the molar ratio of the corresponding precursor compounds was 1 SiO2:0.01 Al2O3:0.3 

TPAOH:50 H2O, and for TS-1, the composition of the synthesis mixture was 1 SiO2:0.02 

TiO2:0.3 TPAOH:50 H2O.  

 

The post-synthesis treatments of ZSM-5 and TS-1 zeolites with aqueous TPAOH were similar. 

Typically, 2 g calcined zeolite was added to 20 mL aqueous TPAOH (0.3 M) solution, and the 

obtained mixture was transferred to an autoclave. The mixture was first held at one temperature 

for a fixed time, then heated to another temperature and held for another fixed duration. The 

details of post-synthesis treatments of the samples in this work were summarized in Table 5-1. 

 

Table 5-1. Details of treatment of the samples in this chapter. (From Paper III) 

 

 

ZSM-5-H and TS-1-H were prepared using single-step treatments as indicated in Table 5-1. 

SEM and TEM images of these materials (Figure 5-1) show a confined hollow structure. To 

introduce additional pores (meso- or macropores on the external surface), a temperature-

programmed dissolution–recrystallization treatment was applied. ZSM-5-120(2h)-160(24h) 

and TS-1-120(2h)-175(24h) were prepared using this strategy.  Open macro- and mesopores on 

the external surface of these crystals can be clearly observed in their SEM images.  For 

Sample ID 
Step1 Step2 

Temp. (T1[°C]) Time (t1[h]) Temp. (T2[°C]) Time (t2[h]) 

ZSM-5-C NA NA NA NA 

ZSM-5-H 160 24 NA NA 

ZSM-5-90(2h) 90 2 NA NA 

ZSM-5-120(2h) 120 2 NA NA 

ZSM-5-120(12h) 120 12 NA NA 

ZSM-5-90(2h)-160(24h) 90 2 160 24 

ZSM-5-120(2h)-160(24h) 120 2 160 24 

ZSM-5-120(12h)-160(24h) 120 12 160 24 

TS-1-C NA NA NA NA 

TS-1-H 175 24 NA NA 

TS-1-120(2h)-175(24h) 120 2 175 24 
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comparison, Figure 5-2 shows the SEM images of ZSM-5-C and TS-1-C, which lack mesopores 

on their external surfaces. 

 
 

Figure 5-1. SEM and TEM images of ZSM-5-H, TS-1-H, ZSM-5-120(2h)-160(24h) and TS-

1-120(2h)-175(24h). (Figure reprinted with permission from Paper III114) 
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Figure 5-2. SEM images of ZSM-5-C and TS-1-C (Figure reprinted with permission from 

Paper III114) 

 

Figure 5-3 shows three slices of the tomogram of TS-1-120(2h)-175(24h). Despite the presence 

of open mesopores on the external surface, there are still well-distributed mesopores within the 

zeolite crystals. Figure 5-4 shows the powder X-ray diffraction patterns of all samples 

mentioned in this work; all exhibited good crystallinity of the MFI framework. 

 

 
 

Figure 5-3. Electron tomography slices of TS-1-120(2h)-175(24h) at three different depths. 

(Figure reprinted with permission from Paper III114) 



 57 

 
Figure 5-4. Powder X-ray diffraction patterns for samples of ZSM-5 (a) and TS-1 (b) in this 

work. (Figure reprinted with permission from Paper III114) 

 

5.1.2 Textural properties of Hierarchical ZSM-5 and TS-1 

 

Figure 5-5 shows the N2 adsorption–desorption isotherms of the samples after treatment. Type 

H2 hysteresis loops, containing steep closures at around P/P0 = 0.45, are visible in the isotherms 

of ZSM-5-H and TS-1-H, suggesting that no open pores were present in the crystalline shells 

of these materials. Type I isotherms were only observed for the conventional ZSM-5-C and TS-

1-C (shown in Figure 5-6), indicating their microporous nature. The isotherms of ZSM-5-

120(2h)-160(24h) and TS-1-120(2h)-175(24h) both exhibited smaller hysteresis loops, which 

suggests that their inner voids may have been connected to the outer surface by macro- or 

mesopores. This is consistent with the results we observed in the SEM images (above). The 

textural properties of these samples, calculated from the nitrogen adsorption–desorption 

isotherms, are shown in Table 5-2. The microporous volumes were similar before and after the 

post-synthesis treatments. ZSM-5-120(2h)-160(24h) had a smaller pore volume that the 

corresponding hollow ZSM-5-H, which can be ascribed to the formation of macropores on the 

external surface of crystals that made the hollow voids much more accessible. 
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Figure 5-5. Nitrogen adsorption–desorption isotherms of ZSM-5-H, TS-1-H, ZSM-5-120(2h)-

160(24h) and TS-1-120(2h)-175(24h). (Figure reprinted with permission from Paper III114) 

 

 
Figure 5-6. Nitrogen adsorption–desorption isotherms of ZSM-5-C and TS-1-C. Figure 

reprinted with permission from Paper III114 

 

Table 5-2. Textural properties of the zeolites synthesized in this work. (From Paper III) 

 

Sample ID. 
Smicro 

[m2/g] 

Sext 

[m2/g] 

SBET 

[m2/g] 

Vmicro 

[cm3/g] 

Vpore 

[cm3/g] 

Si/Al or 

Si/Ti 

ratio 

Brønsted 

acid 

concentration 

[mmol/g] 

ZSM-5-C 278 107 385 0.13 0.27 55a 0.18 

ZSM-5-H 252 135 387 0.13 0.63 54a 0.19 

TS-1-C 266 88 354 0.13 0.28 53b / 
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TS-1-H 291 153 444 0.12 0.54 51b / 

ZSM-5-120(2h)-

160(24h) 
223 173 396 0.11 0.45 55a 0.19 

TS-1-120(2h)-

160(24h) 
265 151 416 0.12 0.50 52b / 

a. Si/Al ratio and b. Si/Ti ratio are determined by ICP 

 

5.1.3 Synthesis Mechanism 

 

Several samples were synthesized by changing the temperature and duration of the post-

synthesis treatments in order to discover the formation mechanism of the open pores. Figures 

5-7 and 5-8 show the morphology and pore structure for those samples.  

 

 
Figure 5-7. SEM images of ZSM-5-90(2h) (a), ZSM-5-120(2h) (b), ZSM-5-120(12h) (c), 

ZSM-5-90(2h)-160(24h) (d), ZSM-5-120(12h)-160(24h) (e). (Figure reprinted with 

permission from Paper III114) 
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Figure 5-8. TEM images of ZSM-5-90(2h) (a), ZSM-5-120(2h) (b), ZSM-5-120(12h) (c). 

(Figure reprinted with permission from Paper III114) 

 

As ZSM-5-C was treated in TPAOH solution at a lower temperature and for a shorter time, its 

external surface remained intact and it contained relatively small voids (ZSM-5-90(2h), Figures 

5-7a, 5-8a). When both the temperature and the duration of the basic treatment increased, the 

crystalline wall became much thinner, and in the case of one sample, ZSM-5-120(12h) (Figures 

5-7c and 5-8c), macropores even formed in the external surface. Upon extended treatment 

(compare for example ZSM-5-90(2h), ZSM-5-120(12h), and ZSM-5-90(2h)-160(24h) (Figure 

5-7d)), the crystals remained intact without the formation of open pores; however, a huge 

amount of debris from the ZSM-5 crystal was observed in the case of ZSM-5-120(12h)-160(24h) 

(Figure 5-7e). This occurred because the crystalline wall was still too thick due to the first step 

of treatment being too mild (ZSM-5-90(2h)); here, the discrepancy between the rates of 

dissolution and recrystallization prevent the hollow structure from breaking to form open 

macropores when the temperature is increased. When the first treatment step was too fierce, the 

hollow structure could be destroyed due to the extremely thin crystalline wall (ZSM-5-

120(12h)). Therefore, the low temperature step is crucial to the preparation of the hierarchical 

MFI zeolite reported here. 

 

5.1.4 Catalytic properties of Hierarchical ZSM-5 and TS-1. 

 

The extra-framework species have been carefully characterized using 27Al solid-state NMR 

spectroscopy (Figure 5-9a) for ZSM-5 and UV–vis spectroscopy (Figure 5-9b) for TS-1. No 

obvious extra-framework species were found for any of the hierarchical ZSM-5 or TS-1 zeolites. 

As in Figure 5-9a, the characteristic peak of extra-framework Al species at around 0 ppm can 
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be hardly seen, and in Figure 5-9b, all three samples show only a major adsorption band at 

210nm, which can be attributed to tetrahedrally coordinated titanium species. In addition, there 

were no significant variations in the Si/Al or Si/Ti ratios of the materials before and after 

treatment (Table 5-2). Furthermore, the Brønsted acid concentration was measured by NH3-

TPD, and was not altered during the treatment, suggesting that recrystallization occurred during 

the treatment. 

 
 

Figure 5-9. 27Al solid-state NMR spectra (a) and UV–vis spectra (b) of samples synthesized in 

this work. (Figure reprinted with permission from Paper III114) 

 

ZSM-5-120(2h)-160(24h), conventional ZSM-5-C, and hollow ZSM-5-H were compared as 

catalysts for the self-etherification of benzyl alcohol in the liquid phase. The experimental 

details of reaction can be found in Paper III. 
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Scheme 5-1.  Reaction schemes of benzyl alcohol self-etherification and cyclohexanone 

ammoximation. Figure reprinted with permission from Paper III114 

 

Figure 5-10a shows the results from the catalytic self-etherification of benzyl alcohol. DTBP 

(2,6-di-tert-butylpyridine) molecules were added during the reaction to deactivate the acid sites 

on the external surface of zeolites. ZSM-5-120(2h)-160(24h) showed higher activity than the 

other two samples, and all three catalysts gave selectivity close to 100%. It has to be mentioned 

that this reaction can only take place in the micropores, because DTBP (2,6-di-tert-

butylpyridine) molecules can adsorb on the external acid sites. The superior catalytic activity 

of ZSM-5-120(2h)-160(24h) is probably due to the presence of macropores, which enabled 

more rapid diffusion during the reaction by offering shorter diffusion paths.  

 

 
Figure 5-10. Catalytic performances of ZSM-5 and TS-1 zeolite. (Reprinted from Paper III) 

 

The ammoximation of cyclohexanone was used to test the catalytic properties of hierarchical 

TS-1 synthesized using the same synthesis strategy. The hierarchical TS-1 shows superior 
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catalytic activity compared to the conventional and the hollow TS-1, and this is attributed to 

the presence of mesopores on its external surface, as shown in Figure 5-10b.  

 

5.2 Hierarchical shell-like ZSM-5 with tunable porosity synthesized using a 

dissolution–recrystallization approach 
 

In the above part of this chapter, a new temperature-controlled dissolution–recrystallization 

approach to synthesize hollow MFI zeolites with open pores was discussed. Here, a novel 

synthesis strategy to prepare hollow shell-like ZSM-5 zeolite with mesopores will be presented 

and discussed. Here, PEG was used as a soft template to synthesize mesoporous ZSM-5 using 

a steam-assisted crystallization process. Then a post-synthesis treatment using TPAOH solution 

was applied to the as-prepared mesoporous ZSM-5 to create hierarchical porous shell-like 

ZSM-5. Recently, Shi et al. synthesized mesoporous ZSM-5 using PEG as a secondary template 

using a steam-assisted crystallization process104.  However, we found that the mesopores 

produced by that method tended to occur close to the external particle surface. Furthermore, 

dispersed isolated mesopores inside a zeolite crystal can only lead to a rather modest diffusion 

improvement134. To further enhance the intra-crystalline diffusion, a dissolution–

recrystallization treatment was applied to create a shell-like structure with mesopores. Similar 

to the method in section 5.1, the synthesis route presented here is based on the post-synthesis 

treatment of 3D framework MFI zeolite, and we therefore classify this synthesis route as a 3D 

approach. The shell-like mesoporous ZSM-5 was tested as a catalyst for the acetalizations of 

cyclohexanone with methanol, ethylene glycol and pentaerythritol, separately. 

 

5.2.1 Synthesis of mesoporous shell-like ZSM-5 

 
Figure 5-11 shows the typical morphologies of normal ZSM-5 and hollow ZSM-5, which were 

synthesized using the route described in section 5.1.1. There are no mesopores on the outer 

surface of either sample. A hollow structure was formed after a typical TPAOH solution post-

synthesis treatment, as is shown in Figure 5-11c. The mechanism of the formation of hollow 

structure during dissolution–recrystallization has already been discussed (above). 
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Figure 5-11. SEM images of normal ZSM-5(a), hollow ZSM-5(b) and the TEM images of 

hollow ZSM-5(c). (Reprinted from Paper IV) 

 

The development of a hollow structure can improve the catalytic activity of ZSM-5 by offering 

shorter diffusion paths97. However, bulky molecules can still encounter severe diffusion 

resistance in even hollow ZSM-563. In order to further enhance mass transport within hollow 

ZSM-5 crystals by creating mesopores on the crystalline shell, we subjected meso-ZSM-5 

samples, which were synthesized by steam-assisted crystallization, to a recrystallization 

treatment, generating highly mesoporous shell-like ZSM-5 crystals.  

 

Mesoporous ZSM-5 was prepared by steam-assisted crystallization (SAC) using poly (ethylene 

glycol) methyl ether (average Mn 5,000; hereafter PEG5000) as a dual template. 

Tetrapropylammonium hydroxide was diluted in deionized water. Then, aluminum 

isopropoxide and TEOS were added under stirring. Different amounts of PEG5000 were added 

slowly under vigorous stirring before the mixture was transferred to water bath at 60 °C. Stirring 

was continued and the dry gel that was formed after the free water was completely removed 

was subsequently aged for 24 h. The molar ratio of the precursor compounds was 1 SiO2:0.01 

Al2O3:0.3 TPAOH:50 H2O:x PEG5000. Finally, the dry gel was placed into a small Teflon 

container which was located inside a larger autoclave. A small amount water was added in the 

bottom of the large autoclave. Then, the autoclave was sealed and the crystallization of the dry 

gel was carried out at 160 °C for 24 h. Afterwards, the product was washed at least three times 

with ethanol, then dried at 80 °C overnight. The final white powder was obtained after 

calcination at 550 °C for 12 h to remove TPA ions and PEG5000 molecules. The molar ratios 
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of TEOS/PEG5000 used in the synthesis were 60, 120, 240, and the mesoporous ZSM-5 

products are denoted meso-ZSM-5A, meso-ZSM-5B, and meso-ZSM-5C, respectively. 

 

Mesopores are visible in the SEM images of the meso-ZSM-5 materials (Figure 5-12a). The 

distribution of mesopores inside the zeolite crystals is revealed in the TEM image shown in 

Figure 5-12c. A thin section of meso-ZSM-5A, which was prepared by ultramicrotome, is 

shown in the TEM image. Mesopores were preferentially generated in the outer region of the 

crystal. To further increase the mesoporosity of meso-ZSM-5A, a dissolution–recrystallization 

treatment was applied. In a typical treatment, 1 g of calcined meso-ZSM-5A, meso-ZSM-5B or 

meso-ZSM-5C was added to 10 mL of 0.3 mol/L TPAOH(aq), and the mixture was heated to 

160 °C for 24 h. After that, the product was separated using centrifugation and washed at least 

three times with ethanol. Finally, after calcination, white powders were collected. The samples 

are denoted HS-ZSM-5A, HS-ZSM-5B and HS-ZSM-5C, respectively. 

 

Electron microscope images of HS-ZSM-5A are shown in Figures 5-12b and 5-12d. A highly 

mesoporous shell-like morphology was present. Mesoporosity is visible in the hollow 

crystalline shell of ZSM-5 zeolite (Figure 5-12d). The SEM image in Figure 5-12b shows that 

mesopores also existed on the external surface of zeolite. The electron diffraction pattern in the 

inset of Figure 5-12d shows discrete diffraction spots, which prove that the highly mesoporous 

particle is a single crystal.  
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Figure 5-12. SEM and TEM images of meso-ZSM-5A (a,c) and HS-ZSM-5A (b,d). 

(Reprinted from Paper IV) 
 

 
Figure 5-13. Powder X-ray diffraction (a) and N2 adsorption–desorption isotherms (b) of 

normal ZSM-5, hollow ZSM-5, meso-ZSM-5 and HS-ZSM-5. (Reprinted from Paper IV) 

 

The powder X-ray diffraction of the samples mentioned above are shown in Figure 5-13a. All 

samples show good crystallinity without impurities. The nitrogen gas adsorption results are 

shown in Figure 5-13b. Normal ZSM-5 exhibits a type I isotherm, indicating the presence of 

mainly micropores. A type IV isotherm with an H2 hysteresis loop is found for Hollow ZSM-

5. As discussed in section 5.1.2, the hollow structure is confined and there are no mesopores in 

the crystalline shell. The isotherm of meso-ZSM-5A exhibits an intense uptake of N2 at relative 

pressures above 0.9, indicating the presence of a great amount of mesopores and macropores 

formed from the combustion of PEG5000 molecules. HS-ZSM-5A shows an isotherm similar 
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to that of Hollow ZSM-5, suggesting that it retained a shell-like structure, as observed in the 

TEM image. The textural properties are shown in Table 5-3. 

 

Table 5-3. Textural properties of ZSM-5 Zeolite synthesized in this work. (Reprinted from 

Paper IV) 

Sample ID 
SBET 

[m2/g] 

Smicro[a] 

[m2/g] 

Smeso[b] 

[m2/g] 

Vmicro[b] 

[cm3/g] 

Vtotal[c] 

[cm3/g] 

Si/Al 

ratio[d] 
Yield[e] 

Normal-ZSM-5 385 278 107 0.14 0.27 55 / 

Hollow-ZSM-5 387 252 135 0.13 0.63 54 0.84 

Meso-ZSM-5A 469 289 180 0.13 0.46 55 / 

Meso-ZSM-5B 413 277 136 0.13 0.32 59 / 

Meso-ZSM-5C 351 290 61 0.12 0.24 58 / 

HS-ZSM-5-A 496 281 215 0.12 0.54 58 0.80 

HS-ZSM-5B 450 291 159 0.13 0.47 52 0.83 

HS-ZSM-5C 368 287 81 0.12 0.30 55 0.83 

HS-ZSM-5Na 433 288 145 0.13 0.58 54 0.81 

[a] Smicro = SBET – Smeso. [b] determined using the t-plot method. [c] 

determined from a single point at P/P0=0.99. [d] determined using ICP [e] 

the yield was calculated from the ratio between the mass of product before 

and after the post-synthesis treatment. 

 

 

5.2.2 Roles of mesopores in the dissolution–recrystallization process 

 

Mesoporous ZSM-5 samples with controlled mesoporosity were synthesized by altering the 

molar ratio of TEOS/PEG5000 as was described above. The nitrogen adsorption–desorption 

isotherms of meso-ZSM-5B and meso-ZSM-5C are shown in Figures 5-15 and 5-16, and the 

pore size distributions calculated from the isotherms of the three meso-ZSM-5 samples are 

shown in Figure 5-17. The morphologies of mesoporous ZSM-5 samples are shown in Figure 

5-18. Meso-ZSM-5A exhibits the highest mesoporosity according to both the SEM images and 

the nitrogen adsorption results. 
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Figure 5-14. Powder X-ray diffraction patterns of some zeolites synthesized in this work. 

(Reprinted from Paper IV) 

 

 
Figure 5-15. Nitrogen adsorption and desorption isotherms of meso-ZSM-5B. (Reprinted 

from Paper IV) 
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Figure 5-16. Nitrogen adsorption and desorption isotherms of meso-ZSM-5C. (Reprinted 

from Paper IV) 

 

 
Figure 5-17. Pore size distribution of Meso-ZSM-5A, Meso-ZSM-5B, and Meso-ZSM-5C. 

(Reprinted from Paper IV) 
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Figure 5-18. SEM images of meso-ZSM-5 synthesized using different amounts of PEG5000: 

meso-ZSM-5A(a,b), meso-ZSM-5B(c,d) and meso-ZSM-5(e,f). (Reprinted from Paper IV) 

 

The TEM images of the post-synthesis treated samples (HS-ZSM-5A, B, C) are shown in Figure 

5-19, and SEM images of HS-ZSM-5A, B, C are shown in Figures 5-20, 21, and 22, respectively. 

Pore size distributions for HS-ZSM-5A, B, C are shown in Figure 5-23. The highest 

mesoporosity can be found in HS-ZSM-5A, as indicated by both nitrogen adsorption and 

electron microscopy.  
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Figure 5-19. TEM images of HS-ZSM-5A (a,d), HS-ZSM-5B (d,e) and HS-ZSM-5(c,f). 

(Reprinted from Paper IV) 

 

 
Figure 5-20. SEM images of HS-ZSM-5A under low (a) and high magnification (b). 

(Reprinted from Paper IV) 

 

 
Figure 5-21. SEM images of HS-ZSM-5B under low (a) and high magnification (b). 

(Reprinted from Paper IV) 
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Figure 5-22. SEM images of HS-ZSM-5C under low (a) and high magnification (b). 

(Reprinted from Paper IV) 

 

 
Figure 5-23. Pore size distributions of HS-ZSM-5A, HS-ZSM-5B, HS-ZSM-5C. (Reprinted 

from Paper IV) 

 

The mechanism of the synthesis of meso-shell-like ZSM-5(HS-ZSM-5) is depicted in Scheme 

5-2. As discussed in section 5.1.3, the dissolution–recrystallization treatment causes dissolution 

inside the crystal while recrystallization happens on the external surface. As a result, mesopores 

on the outer surface can partially be healed after the post-synthesis treatment if there was not 

much mesoporosity before the treatment. A hollow shell-like structure can be generated due to 

dissolution inside the crystal. In the case of HS-ZSM-5A, mesopores were well preserved in 

the treatment, probably because meso-ZSM-5A had the highest mesoporosity before the post-

synthesis treatment as a result of the large amount of PEG5000 added during its synthesis. 
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Scheme 5-2. Mechanism of synthesis mesoporous shell-like ZSM-5 (HS-ZSM-5). (Reprinted 

from Paper IV) 

 

5.2.3 Tuning the hierarchical porosity of shell-like ZSM-5 

 

To further control mesoporosity in the shell of hollow ZSM-5, sodium cations were added to 

the solution during the post-synthesis treatment. Thus meso-ZSM-5A was subjected to a 

TPAOH/NaOH (0.3 mol/L OH– and 0.05 mol/L Na+) solution according to the treatment 

protocol described above. The resulting sample is denoted HS-ZSM-5Na. The sodium cations 

compete with the TPA cations to adsorb on the surface of ZSM-5, as depicted in Scheme 5-3. 

After sodium cations are added, both these and the TPA cations adsorb on the external surface 

of meso-ZSM-5. In regions where sodium cations are adsorbed, dissolution will occur. At the 

same time, recrystallization will take place on the external surface where TPA cations were 

adsorbed. As a result, the mesopores that were formed before the treatment can be expanded. 

As mentioned above, only hydroxide ions and sodium cations can diffuse through the 

micropores into the meso-ZSM-5 crystal, causing dissolution inside the ZSM-5 crystal and 

creating a shell structure. 
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Scheme 5-3. Mechansim of mesoporosity control in the shell-like ZSM-5. (Reprinted from 

Paper IV) 

 
SEM and TEM images of the samples after post-synthetic treatment in the presence of sodium 

cations, denoted HS-ZSM-5Na, are shown in Figure 5-24. Macro- and mesopores can be easily 

observed in the SEM images, which show the external surface of ZSM-5 crystal. HS-ZSM-5Na 

has a hollow shell structure, as shown in Figure 5-24c. The electron tomography of HS-ZSM-

5Na can be found in the Paper IV, and shows that the macro- and mesopores are distributed 

homogenously throughout the crystalline shell. 

 

 
Figure 5-24. SEM and TEM images of hierarchical HS-ZSM-5Na (a,b,c) and nitrogen sorption 

isotherm and pore size distribution of HS-ZSM-5Na (d). (Reprinted from Paper IV) 

 

5.2.4 Catalytic evaluation. 
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The hierarchical zeolites were tested as catalysts for the acetalization of cyclohexanone with 

methanol (reaction 1), ethylene glycol (reaction 2) and pentaerythritol (reaction 3), as shown in 

Scheme 5-4. All of the catalyst samples were synthesized with the same Si/Al ratio (50), and 

ICP analysis (Table 5-3) indicated that they had similar final Si/Al ratios.   

 

 
Scheme 5-4. Acetalization of cyclohexanone with methanol, ethylene glycol and 

pentaerythritol. (Reprinted from Paper IV) 

 

 

 

 
Figure 5-25. Catalytic performance of ZSM-5 in the acetalization of cyclohexanone with 

methanol(a)/ ethylene glycol(b)/pentaerythritol(c). (Reprinted from Paper IV) 
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The catalytic results of reactions 1 and 2 are shown in Figures 5-25a and b. In reaction 1, all 

samples showed a similar catalytic conversion, except for the conventional microporous ZSM-

5. Reaction 1 involved the smallest substrates, which made it less dependent on the presence of 

hierarchical pore systems. HS-ZSM-5A gave 74% conversion in reaction 2; this was higher 

than the conversions achieved with other three catalysts. The presence of hollow structures in 

HS-ZSM-5A can produce much shorter diffusion lengths than those in meso-ZSM-5A; 

furthermore, the mesopores in the shell of hollow structures can provide higher external surface 

for the reaction compared with the Hollow ZSM-5-H. The catalytic results of reaction 3 are 

shown in Figure 5-25c. HS-ZSM-5A shows the highest conversion, which was close to 43% 

after 4 h. The reactions involving bulky molecules tend to happen on the external surface instead 

of in micropores, which make HS-ZSM-5A, with the highest external surface area, the most 

efficient catalyst. 
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6. Conclusions 
 
The thesis focused on the synthesis of inorganic hierarchical porous materials, mainly zeolites. 

Various novel synthesis methods were established based on multi-dimensional approaches.  

 

A hierarchically porous, titanium-containing material has been synthesized via a 0D synthesis 

strategy by incorporating D4R building unit. The local structure of incorporated titanium 

species was revealed using EXAFS. Titanium was mainly present in tetrahedrally coordinated 

form, and distortion in the local structure of titanium was observed by the fitting of EXAFS 

spectra. We expect the material synthesized in our work to catalyze reactions involving bulky 

small molecules. 

 

The 2D hierarchical MWW zeolite Al-MCM-22 was synthesized using a swelling and pillaring 

process, with double-four-ring units as pillars. The mesopore size distribution could be 

controlled by adjusting the amount of D4R used as pillars. The synthesis mechanism was 

studied using various characterization methods. The swelling process greatly affected the 

pillaring result. The hierarchically porous MWW zeolite may have potential as a catalyst for 

reactions involving bulky molecules. 

 

3D hierarchical MFI zeolites with two different pore morphologies were synthesized. One of 

the synthesis strategies was to simply regulate the kinetics of dissolution and recrystallization 

to synthesize hierarchical MFI zeolites with open pores. For ZSM-5, a nanobox-like 

morphology was obtained; for TS-1, mesopores were created on the external surface of crystal 

while small voids were distributed homogeneously throughout the crystal. Both of these 

materials were superior catalysts for the selected reactions because the enhanced diffusion 

through them made the catalytically active sites more accessible. Temperature-programmed 

dissolution–recrystallization was an effective and simple method to synthesize hierarchical MFI 

zeolite with open pores. The other synthesis strategy applied here was to apply a 

recrystallization strategy on mesoporous ZSM-5 prepared by the SAC method in order to create 

single-crystalline shell-like ZSM-5 with hierarchical pore systems. The pore size could be 

controlled using sodium cations during recrystallization. The initial presence of mesopores was 

key to generating the mesoporous shell after recrystallization. Upon adding sodium cations, an 

adsorption competition between sodium and TPA cations resulted in wider meso- and 
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macropores. The hierarchical shell-like ZSM-5 was a better catalyst in various reactions that 

benefitted from improved mass transfer. 
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7. Future perspectives 
 

This thesis highlighted the synthesis, properties and applications of hierarchically porous 

inorganic materials. However, there are still many aspects that need further exploration. A few 

of them are summarized below. 

 

7.1 Catalytic activities of POSSTi and Pillared MCM-22 zeolites 
 
Although the hierarchically porous Ti-containing POSSTi sample and the pillared MCM-22 

zeolites were synthesized in Chapter 3 and Chapter 4, their catalytic activities in reactions with 

larger molecules are still unknown. These materials need to be tested as catalysts to understand 

how their hierarchical porosity affects their catalytic performances. 

 

7.2 Thermal stability  
 
The thermal stability of a catalyst is extremely important. In the thesis, we have tested the 

hierarchical ZSM-5 and TS-1 zeolites in various reactions, and both show improved activities 

toward reactions involving bulky molecules. To further apply the hierarchical zeolites in other 

applications, such as biomass conversions, their thermal stability needs to be investigated, 

especially in the presence of water.  

 

7.3 Lifetime of hierarchical ZSM-5 and TS-1 zeolites 
 
The hierarchical ZSM-5 and TS-1 zeolites prepared in this thesis showed higher catalytic 

activities in various reactions because they permitted enhanced intracrystalline diffusion. 

However, their lifetimes in these reactions have not been studied yet. The presence of a 

hierarchical pore system could help to prolong the lifetime of catalyst, considering that 

deactivation in these systems occurs via a coking mechanism. In the future, we would like to 

test the lifetime of these catalysts in different reactions to further understand the effects of their 

hierarchical porosity. 
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Sammanfattning 
 

Zeoliter är en klass av mikroporösa kristallina material som används i en rad industriella 

tillämpningar, såsom separation, adsorption och katalys. Dessa material har dock begränsningar 

vad det gäller diffussionen genom dess små mikroporer. Detta påverkar dess egenskaper, i 

synnerhet vid katalys. Zeoliter med hierarkiska porsystem kan lösa dessa diffusionensproblem. 

I denna avhandling har ett antal olika hierarkiskt porösa material syntetiserats och utvärderats 

som katalysatorer. 

 

Den första delen av denna avhandling beskriver syntesen av ett poröst kiselmaterial 

innehållande titan. Detta material har syntetiserats med en dubbel-4-ring (D4R) som byggenhet. 

 

I den andra delen av avhandlingen syntetiserades zeoliter av typ MWW genom att svälla de 

lamellära lagren av det zeolitiska materialet MCM-22 och stödja upp dem med hjälp av D4R 

byggenheter. Syntesen har studerats noggrant genom ett antal karakteriseringsmetoder såsom 

PXRD, TEM, N2 adsorption-desorption etc. 

 

I den sista delen beskrivs hur zeoliter av typen MFI har tillverkats med kontrollerade hierarkiska 

porsystem. I ett första steg har hierarkiskt porösa ZSM-5 och TS-1 material med öppna porer 

genererats genom en temperaturprogrammerad upplösning-återkristalliserings-behandling. 

Materialet har sedan testats som katalysator för både själv-esterifiering av bensylalkohol och 

ammoximation av cyklohexan. Sedan har enkristaller av hierarkiskt porös ZSM-5 med en skal-

liknande morfologi syntetiserats genom en upplösning-återkristalliserings-behandling av 

mesoporös ZSM-5. Denna behandling ökade den katalytiska aktiviteten för materialet för aldol 

kondensation av skrymmande substrat. 

 

 

Nyckelord: 

Zeoliter, Porösa material, Hierarkisk, Syntes, Katalys, MFI zeolit, MWW zeolit, ZSM-5, TS-1 
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