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Abstract 

Zeolites are crystalline aluminosilicates with diverse structures and uniform 
porosities. They are widely used as catalysts, adsorbents and ion-exchangers 
in industry. Direct or post modifications optimize the performance of zeo-
lites for different applications. In this thesis, IZM-2 and TON-type zeolites 
were synthesized, modified and studied. In addition, FAU-type zeolite and 
silicoaluminophosphate (SAPO) molecular sieves were applied as templates 
for the preparation of microporous carbons. 

In the first part of this thesis, the IZM-2 zeolite with an unknown struc-
ture was synthesized. We focused on increasing the secondary porosity and 
the varied framework compositions upon post modifications. 

The structure determination of this IZM-2 zeolite was hindered by the 
small size of crystals. In the second part of this thesis, the synthesis composi-
tion was directly modified in order to increase the crystal sizes. IZM-2 crys-
tals were enlarged by excluding the aluminium atoms from the framework. 
The micropores of the obtained pure-silica polymorphs were activated by 
ion-exchanging alkali-metal ions with protons.  

Typically, TON-type zeolites that are synthesized at hydrothermal condi-
tions under stirring have needle-shaped crystals. In the third part of this the-
sis, snowflake-shaped aggregates were produced by using static hydrother-
mal conditions for the synthesis of TON-type zeolites. The effects of synthe-
sis parameters on the growth and morphology of crystals were discussed in 
detail.  

In the last part of this thesis, microporous carbons with a structural regu-
larity were prepared by chemical vapour deposition (CVD) of propylene 
using a silicoaluminophosphate (SAPO-37) template. Compared to the con-
ventional zeolite templates, the SAPO template could be removed under 
mild conditions, without using hydrofluoric acid, and the generated carbons 
had a large specific surface area and a high fraction of ultrasmall micropores. 

Keywords: microporous material, zeolite, SAPO templated carbon, hydro-
thermal synthesis, CVD, post modification, direct modification, snowflake 
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1. Introduction 

1.1 Zeolites and naturally occurring porous materials  

Porous materials are widely present in nature. Just as the name implies, these 
materials contain a large amounts of pores or voids. Although many of the 
pores are too small for our bare eyes to observe, porous materials play im-
portant roles in our daily lives. Wood is porous and an important resource in 
Scandinavia used in buildings and the production of paper. Corals are porous 
and offer plenty of rooms for the microorganisms to live in. Minerals are 
abundant on earth. Among their disordered packing, pores are generated in 
between particles. However, all the above-mentioned materials have widely 
distributed porosities, which lack in uniformity of pore sizes. In nature, there 
is only one type of minerals which have well-defined pore systems and uni-
form pore sizes. The pores in these minerals are so tiny that they can let only 
small molecules to pass through and, thus, we call this class of minerals mo-
lecular sieves. The formal name of these minerals is zeolites and they were 
first named by the Swedish mineralogist Axel Fredrik Cronstedt in 1756. He 
treated a recently discovered mineral with intensive heat and observed that it 
was beginning to bubble. He named this material zeolite from Greek and the 
meaning is boiling stone.1  
Zeolites are crystalline and microporous (pores < 2 nm) aluminosilicates 
with three-dimensional complex frameworks, which are built by large num-
bers of tetrahedral units. A basic building unit is shown in Figure 1-1. The 
silicon or aluminium atoms are chemically bonded with four oxygen atoms 
forming rigid tetrahedral units. The mean value of the Si-O bond distance is 
found to be 1.594 Å and the bond angle of O-Si-O is 109.5º.2 Tetrahedral 
units are connected with one bridging oxygen atom.3 The bond angle of the 
bridging oxygen and two silicon atoms (Si-O-Si) is very flexible and varies 
between 133.6º and 180º. Therefore, related to the small energy differences 
among microporous silicate polymorphs4, a rich variety of structures of dif-
ferently interlinked tetrahedral units can form.  
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Figure 1-1 Two linked tetrahedral units: silicon (grey), bridging oxygen (red) 
and the other oxygen atoms (white) 

The frameworks of zeolites are complex but periodically ordered. Therefore, 
they can be simplified and described in terms of periodic building units 
(PerBUs).5 PerBUs are constructed by a small number of tetrahedral units. 
They include chains, tubes, cages and (double) rings. The list of PerBUs is 
summarized in the zeolite database.3 Known zeolite frameworks are assigned 
a three-code letter by the International Zeolite Association (IZA).6 Figure 1-
2 shows an example of a zeolite framework with the code FAU. It is com-
posed of two PerBUs. The sodalite cage is indicated in yellow and the dou-
ble 6-ring in green.  
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Figure 1-2. Periodical building units of zeolite framework FAU: sodalite 
cage (yellow) and double 6-ring (green).  

Silicon has a formal charge of 4+ and the framework charge of the pure-
silica zeolites is neutral.1 Typically, certain amounts of silicon atoms are 
substituted by aluminium in zeolites, as is being illustrated in Figure 1-3. 
Because aluminium has a formal charge of 3+, after its substitution of silicon 
in a zeolite framework, the bridging oxygen atoms become negatively 
charged. Consequently, the overall charge of framework becomes negative. 
Therefore, the framework needs counter cations to compensate the extra 
negative charge. In nature, the extra framework cations are monovalent alka-
li metal ions or divalent alkaline earth metal ions. The counter ions are ex-
changeable with protons and other cations. The ion-exchange characteristic 
of zeolites is extensively used for water softening in for example laundry 
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applications.7 Proton forms of zeolites are important acidic catalysts in the 
petrochemical industry.8  
Natural zeolites are abundant and low cost materials. But it is rare to find 
pure zeolites in nature. The impurities include dense minerals and various 
zeolitic polymorphs.9 In the fields without high purity requirement, natural 
zeolites are highly useful materials, for example in certain gas and water 
treatment processes and in the energy industry.10 11 12 

 

Figure 1-3. Charge balance around an aluminium-based tetrahedral unit in a 
zeolite. The counter ion is a proton. 

1.2 Zeolites and related synthetic porous materials 

Natural zeolites were originally discovered in volcanogenic sedimentary 
rock.10 Inspired by nature, the early attempts to synthesized zeolites mim-
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icked the geologic conditions using high temperature and pressure.1 In the 
1940s and 1950s, zeolites were successfully synthesized by hydrothermal 
techniques.13 Since the 1960s, the use of quaternary ammonium molecules as 
extra-framework cations in the syntheses has largely extended the number of 
zeolite polymorphs. Today, over 230 types of zeolite frameworks have been 
confirmed by the IZA.14 Among them, there are 63 types of zeolites discov-
ered in nature.15 Although natural zeolites are abundant, only a selected 
group of them are common in large beds. Theses zeolites are analcime 
(ANA), chabazite (CHA), clinoptilolite (HEU), erionite (ERI), mordenite 
(MOR), phillipsite (PHI) and ferrierite (FER).16 Furthermore, only the MOR 
and FER types of these naturally occurring zeolites are widely used in indus-
try, and both can be synthesized in large quantities with high purity. Con-
versely, most of the synthetic frameworks are rare in nature. For example, 
the majority of world’s gasoline are produced by fluid catalytic cracking 
(FCC) using the FAU type of zeolite as a catalyst,17 but this type of frame-
work is rare in nature. In the fields where both synthetic and natural zeolites 
meet the industrial quantity requirements, synthetic zeolites are more suita-
ble for applications where uniformity of the pores and purity of the materials 
are important.  
In 1980s another class of zeolitic-type material, porous aluminophosphates 
(AlPO4), was synthesized.18 AlPO4s are also inorganic crystalline materials. 
Instead of silicon-oxygen tetrahedra in the SiO2, the frameworks of AlPO4 
consist of alternating aluminium-oxygen (AlO4) and phosphorus-oxygen 
(PO4) tetrahedral units. Because the Al/P ratio equals to 1, and the formal 
charge of aluminium is 3+ and phosphorous 5+, the charge of the framework 
is neutral and an AlPO4 shows no direct acidity. As for zeolites, the AlPO4s 
can be turned acidic by introduction of heteroatoms into the framework. 
Phosphorus atoms can be substituted by silicon or other atoms. Consequently, 
the charge of framework is balanced with extra protons in case of silicon 
substitution. The silicon substituted polymorphs are named as silicoalumino-
phosphates (SAPOs).19 Both AlPO4 and SAPO materials have lower chemi-
cal and hydrothermal stabilities than zeolites.20 21  

1.3 Zeolite-templated carbons 

Zeolites are inorganic crystalline materials with uniform porosities. Activat-
ed carbons, on the other hand, are carbon-rich and largely amorphous mate-
rials with relatively broad distributions of pores.22 Usually, activated carbons 
are prepared by thermal decomposition and oxidation of natural or synthetic 
organics, followed by thermal or chemical activation with KOH23, H3PO4

24 
or physical activation with CO2 (the latter also involves chemical 
reactions).25 The pore sizes are typically distributed in the range of 0.4-
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4nm.26 These two materials can be combined to synthesized zeolite-
templated carbons (ZTCs). The use of zeolites as templates in the synthesis 
of porous carbons increases the structure regularity of the ZTCs. Moreover, 
they maintain the same morphology as the zeolite crystals.27 The principle of 
ZTC synthesis was mainly developed by Kyotani’s research group.28 In their 
studies, ZTCs were produced by deposition and pyrolysis of carbon precur-
sors in the micropores of zeolites. After that the carbons were activated by 
dissolving zeolite framework atoms.  
So far, a few different zeolites have been used as templates for activated 
carbons, these include FAU, EMT, BEA, LTL, MOR and MFI types of 
frameworks.29–32 To obtain ZTCs with high degrees of structural regularity 
with the typical methods, the zeolite templates need to have three-
dimensional porosities with sufficiently large sizes of the pore windows 
(more than 0.6 nm).30 ZTCs have a possible buckyball-like structure with 
curved nanographene.33,34 Combined with the increase of structural regulari-
ty, ZTC can be potentially applied in the field of supercapacitors.35 The ZTC 
adsorbents appear to have an increased hydrophobicity as compared to zeo-
lites and an improved uniformity of porosity as compared to regular amor-
phous activated carbon. The performance of ZTCs in application of hydro-
gen storage and CO2 adsorption have also shown to be advantageous. 36  37  

1.4 Synthesis 

The formation mechanisms of zeolites have been intensely reviewed.38 39 I 
only present a tentative picture here which roughly coincides with those of 
the reviews mentioned. A typical hydrothermal synthesis of a zeolite can be 
illustrated by several stages. The first stage is the production of an amor-
phous aluminium and silica sol-gel at room temperature. The sol-gel is ob-
tained by mixing water, an aluminium source, a silica source, a mineralizing 
agent (OH- or F-) with a structure directing agent (SDA).40 At this stage, 
aluminium and silica sources are dissolved and depolymerized via alkaline 
media. Monomeric Si(OH)4 then condense and form oligomers with low 
connectivity. Aluminium is not directly condensed with the silica at this 
stage. The negatively charged Al(OH)4

- and silicate oligomers are gelati-
nized around positively charged SDA molecules or inorganic cations. After 
this step, the reaction solution is homogenized; it is subsequently loaded into 
Teflon-lined stainless autoclaves. The autoclaves are then put into a, usually, 
preheated oven (<200ºC). As being illustrated in Figure 1-4, the hydrother-
mal condition is achieved by heating the well-sealed container and obtaining 
an autogenous pressure. Under hydrothermal conditions, the amorphous gel 
will firstly go through an incubation period. During this period, the Al-O and 
Si-O bonds in the amorphous sol-gel are rearranged by repetitively breaking 
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old and re-forming new bonds. No crystalline phase can be observed by 
powder X-ray diffraction (PXRD) at this stage. Pre-ordered secondary units 
may be formed. After the incubation period, the synthesis goes to the nuclea-
tion stage. Long-range ordered frameworks can be detected by PXRD at this 
stage. The amorphous silicate now becomes a “nutrient” for further growing 
of the crystalline framework. Amorphous phases have in general a higher 
solubility than their crystalline counterparts. After that, at the stage of crystal 
growth, the amorphous fragments are bonding with the previously formed 
nuclei and the nuclei continuously grow into larger crystals. More and more 
crystals are formed and amorphous phase in the gel are slowly consumed. At 
the end of the synthesis, the amorphous phase has disappeared and only 
well-ordered crystals are formed as sediment at the bottom of the autoclave. 
The reactions are typically stopped at this stage by cooling the autoclave by 
natural convection or rapidly by cold water. The crystals are separated from 
solution by filtration or centrifugation and subsequently washed with water. 
The SDA needs to be removed from the pores by oxidative combustion 
(“calcination”) at a temperature of 500-600ºC. 

 

Figure 1-4. Scheme of zeolite crystallization stages 

Since the 1960s, the use of quaternary-ammonium based and related organic 
compounds as SDAs, in the syntheses of zeolites, has increased the number 
of zeolites with different frameworks. Considering the relatively simple 
chemical composition of building units of zeolites, the diversity of frame-
works is quite impressive. The relationship between the SDA molecules and 
the very frameworks of zeolites have been discussed and debated extensively 
but there appears to be a correlated structure-directing effect.41 The selectivi-
ty of specific building units depends on the configuration of SDA molecules. 
For example, the tendency to form a clathrasil building unit have been sum-
marized as follows for SDA molecules:42  
1. The molecule should have sufficient room within a particular cage or pore. 
2. The molecule must be stable under the synthesis conditions. 
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3. The molecule should fit the inner surface of the cage with as many van der 
Waals contacts as possible, but with the least deformation. 
4. The guest molecule should have only a weak tendency to form complexes   
with the solvent. 
5. More rigid molecules will tend to form clathrasils more easily than flexi-
ble molecules. 
However, such structure directing effect is not the same as a key-and-lock 
mechanism. The same SDA molecule can promote the crystallization of 
several types of zeolites. The simple quaternary ammonium molecule tetrae-
thylammonium (TEA+) is known to form a variety of zeolites with different 
frameworks including AEI, AFI, BEA, CHA, LTA, MFI, MOR and UFI.43 
The structural directing effect is obvious when the organic molecule and 
framework exhibit a strong geometric match. If not, their mutual interaction 
is represented more as a pore-filling effect. The SDA molecules are sacrific-
ing agents in the activation of the pores of zeolites, the SDA molecules need 
to be removed by calcination after the crystallization. The calcination proce-
dure is executed to oxidatively combust the organic molecules at a tempera-
ture around 550ºC and, meanwhile, to maintain the stability of the frame-
work of the zeolites. However, extra-framework aluminium may be formed 
on calcination.44 Although the involvement of a large variety of SDA mole-
cules has increased the number of new zeolite frameworks, considering the 
cost of quaternary ammonium cations, only handful types of synthetic zeo-
lites are produced at industry scale.45 
A templating effect has also been found for fluoride anions, see for example 
von Ballmoos et al. 46 Fluoride ions can be used as mineralizing agents in-
stead of hydroxide ions where crystallization occurs in the regime of pH 6-8. 
In the synthesis procedure, fluoride ions have been shown to be incorporated 
into so called D4R building units and strongly stabilizing the framework, see 
for example the study of Wilson.47 The joint use of germanium atoms and 
fluoride ions in concentrated gels promote the formation of D4R-building 
units and enable to synthesize a large number of large-pore zeolites with low 
framework densities.48,49 50 Nevertheless, the interest of synthesizing ger-
manosilicate zeolites has been mainly academic. Firstly, germanosilicate 
zeolites have much lower hydrothermal stabilities than regular zeolites. After 
removing the SDAs, hydrolysed germanium dissolves and further leads to a 
collapse of the frameworks.  Secondly, germanium is rare and recovered as 
by-product from zinc ores. The high cost of germanium prohibits the produc-
tion of such zeolites at scale for most applications.51  
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1.5 Application 

Zeolite use in the industry is based on the abilities of molecular sieving, ad-
sorption, and catalysis. For molecular sieving, molecules larger than the pore 
size of the zeolite are excluded and smaller ones can percolate, adsorb or 
react within the zeolite. Therefore, the applications of zeolites are closely 
related to the porosity of the frameworks their well-defined connections of 
channels or cages. Zeolites are used as heterogeneous catalysts in the petro-
chemical industry.52 In petroleum refining processes, crude oil is converted 
into high-quality fuel and FAU-type zeolites are often used to facilitate this. 
Lead-free gasoline is produced through catalytic cracking and jet fuel with 
high-octane number is produced by hydrocracking, where both hydrocarbon 
and hydrogen gas pass over zeolites.53 FAU-type zeolites convert those 
higher molecular weight feedstocks to lower molecular weight fuels. The 
operating energy cost and environmental impact of petroleum refining pro-
cesses were dramatically reduced by using zeolite-based catalysts.16 Long-
chain paraffin precipitates at low temperatures typical for winter climate on 
the northern hemisphere. Linearly shaped paraffin is isomerized into 
branched paraffins using AEL-type zeolites containing platinum.54 Lubricant 
oils are produced by hydroisomerization.55 CHA-type zeolites are used to 
catalyse methanol-to-olefin reactions.56 Natural gas is converted to synthetic 
gas containing carbon monoxide and hydrogen. The synthetic gas can be 
used for numerous chemical reactions in refineries that include the conver-
sion of methanol, which is researched for possible applications. Methanol 
can be converted to olefins which are high-value products. MFI-type zeolites 
are used as shape-selective catalysts to produce p-xylene from toluene.57  
Zeolites as adsorbents are also used in the field of gas separation by pressure 
swing adsorption (PSA). PSA is in general promising for the separation of 
various gas molecules because the low requirement of temperature and pres-
sure condition, energy consumed and equipment investment.58 The commer-
cial applications of PSA include among others air separation and hydrogen 
separation. In the application of air separation and oxygen purification, 
FAU-type zeolites capture nitrogen at high pressure and let purified oxygen 
pass through. 59–61 Emission of CO2 has been considered the main cause of 
global warming.62 Potassium-exchanged LTA-type zeolites have shown 
promising separation properties for adsorption-driven CO2 separation.63  
Zeolites are also applied in several other environmental protection fields. 
The LTA-type zeolite are used as water softening additive in powder deter-
gents to replace phosphates which pollute water.64 CHA-type zeolites are 
active components of hydrocarbon traps for the control of nitrogen oxide 
emission from automotive engines.65 Zeolites are also potential adsorbents 
for the capturing of radioactive waste related ions.66  
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1.6 Modification  

As mentioned, zeolites are used in industry as catalysts, adsorbents and ion-
exchangers. For different applications, modification of the synthesis pro-
cesses or post-synthetic treatments will optimize the performance of zeo-
lites.16 First of all, zeolites can be synthesized with different Si/Al ratio for 
the same framework type. Generally, a higher Si/Al ratio gives a greater 
hydrothermal stability and hydrophobicity. Conversely a lower Si/Al ratio 
gives a higher ion-exchange capacity. 
As a porous solid acid, there are mainly three aspects of the zeolites’ proper-
ties that are of our concern. These are the strength, density and accessibility 
of the acidic sites. Firstly, the acidic strength of the bridging oxygens de-
pends on the bond angle of Si-O and Al-O.67 A large bond angle increases 
the bond strength of Si-O and Al-O. The bond strength of the O-H-bond is 
reduced. The protons are easier to be donated and the framework is more 
acidic. For example, the bond angle of MOR-type zeolite is 143-180º and 
FAU-type zeolite is 138-147º. Proton-exchanged MOR (H-MOR) has a 
stronger acidity than H-FAU. In addition, the strength of isolated acid sites 
are stronger than dense acid sites, which explain the acid strength variations 
between zeolite X and Y of the same structure.68  
The density of acid sites is inversely proportional to the Si/Al ratio. The 
Si/Al ratio in the final product can be controlled by changing the composi-
tion of synthesis gel or by dealumination and desilication of the crystals with 
post-treatment procedures performed after the hydrothermal synthesis. The 
active sites can also be introduced by incorporating metal atoms into certain 
frameworks, which could lead to new catalytic applications. A titanium sili-
cate of the MFI-type catalyses the hydroxylation of phenol in the presence of 
hydrogen peroxide.69 Using stannosilicates of the BEA-type zeolites, 5-
(hydroxymethyl)furfural can be directly synthesized from carbonhydrates.70 
The accessibility of the acidic sites affects the life time of zeolite-based cata-
lysts. Mass transport in the micropores is fast for small molecules but slow 
for large molecules. Slow diffusion of guest molecules with zeolites can 
cause pore blockage. The by-products that block the pores are called coke.71 
After blockage, the acidic sites of zeolites are inaccessible to the feedstock. 
The pore size of zeolites are in the range of 0.3-1.5 nm.13 According to In-
ternational Union of Pure and Applied Chemistry (IUPAC), the pores which 
are less than 2 nm are called micropores. The pores between 2 -50 nm are 
mesopores and pores that larger than 50 nm are called macropores.72 The 
transport rate of guest molecules can be improved by introduction of meso-
pores into the channel or cage based systems of zeolites. Mesopores can be 
formed by partially dissolving the framework. Such dissolution can be 
achieved by steaming or chemical treatments. As is being illustrated in Fig-
ure 1-5, the micropores are enlarged to bigger pores by the removal of Si 
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atoms or Al atoms at certain positions in the framework. Dissulution pro-
cesses can be further classified into two categories: dealumination and desil-
ication. Steaming is a dealumination process. During the contact with the 
steam, Al-O-Si bonds are hydrolysed and the method selectively extract 
aluminium atoms from the framework.73 The extraction of one aluminium 
atom leaves a vacancy, which consists of four silanol groups. Such a vacan-
cy is also called a hydroxyl nest. The drawback of this treatment is that it 
induces a certain extent of amorphization in the framework. Such amor-
phization can cause a reduction of the microporosity. Leaching with inorgan-
ic acids such as hydrochloride acid is also used as a dealumination method. 
In desilication methods, similar approaches are achieved by leaching the 
framework silicon atoms with inorganic base (NaOH), organic base or fluo-
ride ions. Depending on the framework type and chemical composition, the 
sacrificed fragments of the framework can be recrystallized instead of being 
complete dissolved. For one-dimensional frameworks, the re-crystallization 
part of the framework can invoke difficulties for diffusion and may form 
debris which may block the micropores.74 For Ti-MFI-type zeolites, the out-
er surfaces of the crystals are typically rich in titanium atoms and the inner 
parts are rich in silicon atoms. The recrystallization have been shown to lead 
to hollow crystal morphologies which can increase the catalytic activity.75 
The main target of the leaching methods is the creation of mesoporosity. But 
they are often accompanied by the varied framework Si/Al ratio, which fur-
ther causes changes in the framework acidity.76 Mesopores can also be 
formed by adding hard templates in the synthesis gel. The template needs to 
be removed afterwards. Pore generators can be surfactants or nanosized car-
bon.77,78  

 

Figure 1-5. Schematics of the action of post-synthetic treatment for the in-
tended generation of mesopores 

The diffusion of molecules within the pores of zeolites can also be improved 
by synthesizing small-sized crystals.79 The small-sized crystals have shorter 
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diffusion distance for guest molecules than larger crystals, which, ideally, 
leads to shorter residence times for molecules within the crystals. Intercrys-
talline mesopores are also formed by the very packing of nano-sized crystal-
lites in aggregates of zeolites. These mesopores are a certain part of the bi-
modal or multimodal pore distribution and in certain cases the crystallites 
can be arranged in manners that give a hierarchal order to the aggregates and 
associated pore networks. A multimodal pore distribution may hinder the 
formation of coke in the pores.80 The morphology and size of the zeolites 
and aggregates of zeolite crystals can be controlled by modifying the gel 
compositions or by using alternative SDA molecules that can direct the crys-
tal growth.  

1.7 Aims of the study 

The thesis encapsulates my and our studies of the research concerning syn-
thesis and modification of the zeolites and studies of zeolite and SAPO tem-
plated carbons. These studies could later on potentially improve on the cata-
lytic performance of the studied zeolites, help the structure determination for 
the new frameworks and enable to explore new application areas. In this 
thesis, the aluminosilicate zeolite IZM-2 with an unknown framework was 
modified by a post-synthetic treatment (Paper I). The generation of a sec-
ondary porosity and framework composition upon treatment were studied. 
The small sizes of the crystals hinder the structure determination of IZM-2. 
This zeolite was further synthesized in the absence of aluminium. The pure-
silica IZM-2 zeolite had larger size of crystals than the aluminosilicate ones 
(Paper II). As high-speed stirring restricts the industrial production of TON-
type zeolites, the static synthesis of TON-type zeolites and its related snow-
flake morphology were studied. (Paper III)  
Microporous carbons templated by SAPO were synthesized. Compared to 
the carbons templated by a regular zeolite of the same structure (FAU), only 
mild dissolution conditions had to be used to remove the SAPO template. 
(Paper IV)  
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2. Post modification of zeolites  

As was already mentioned in the Chapter 1, over 230 different zeolite 
framework types have been reported. However, most zeolites are not used in 
industrial and household applications. The criteria of using the proper zeolite 
for the aiming application depend on many aspects that include the following 
three:81 
1. Crystalline structures: size of rings or dimension of channels and cages,  
2. Framework compositions:  Si/Al ratio in aluminosilicate zeolites, 
3. Morphology: crystal size, shape and intergrowth.  
The crystalline structure is mainly dependent on the composition of the sol-
gel and the synthesis conditions used. For the same structure of zeolite, the 
performance is closely related to framework composition and crystal mor-
phology. Modification of the framework compositions and crystal morphol-
ogies can be achieved by direct-synthetic or post-synthetic approaches. In 
the direct-synthetic approaches, the compositions of the sol-gel systems are 
tuned and optimized. Since the obtained crystalline structures are also sensi-
tive to the compositions and other conditions used, modifications in the di-
rect-synthetic approaches need fine adjustments to avoid the production of 
other competing phases. On the other hand, the post-synthetic approaches 
are generally universal for all types of zeolites.  
Commonly used treatments in the post-synthetic approaches include mild 
framework leaching with steam, acid or base. As zeolites are microporous 
materials and often suffer from slow diffusion of molecules in the mi-
cropores, it is advantageous to applications if secondary porosities are gener-
ated. These can be achieved with for example leaching methods. In other 
words, mesopores and macropores are created in the original framework; 
however, accompanied with the benefits of additional porosity, microporosi-
ty is sacrificed and the original framework composition is varied. Steam and 
acid leaching selectively dissolve framework aluminium, while base leach-
ing tends to remove silicon atoms from the framework. All of the above 
mentioned treatments vary the original composition of the zeolites, as well 
as the distribution of silicon and aluminium atoms in the framework.76  
Fluoride treatment is another option for the leaching of silica materials. 
Buffering HF with ammonium fluoride during such leaching preserve the 
original framework composition.82 The study of large-sized MFI-type zeolite 
by Qin et al. showed that the dissolved areas of the frameworks by fluoride 
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leaching were mainly located at the shared surfaces in between intergrown 
crystals.82 To optimize the performance of such fluoride leaching, in Paper I, 
highly intergrown nanocrystals were studied as the materials instead of large 
zeolite crystals.  
Zeolite nanocrystals possess short intracrystalline diffusion distances, but 
when aggregated or densely packed they also display intermediately long 
intercrystalline diffusion distances in the associated mesoporosity. Accord-
ingly, guest molecules can pass though the micropores comparably rapidly, 
as long as the nanocrystals do not display other diffusion resistances, and the 
formation of coke that can block the pores is reduced or hindered.79 In the 
preparation of nanocrystals, spontaneous aggregation of nanoparticles occurs 
during the crystallization stage.83 Here, the following nomenclature is used: 
aggregates denote clusters of particles that are fused with chemical bonds; 
agglomerates denote clusters of small particles that are held together with 
physical, weaker, interactions.84 In paper I, other definitions of the words 
were used.  
Aggregated clusters of zeolite nanocrystals are often highly intergrown. In-
tergrown nanocrystals often pack densely and have small intercrystalline 
mesopores. Still, limitation of diffusion in small mesopores could exist in 
aggregates of zeolite nanocrystals. Intergrowth of nanocrystals could possi-
bly restrict the advantage of fast diffusion, which could result in low activity 
in practical application. For example, in the dehydroacromatization of me-
thane catalysed by aggregates of a nanosized Mo/HZSM-5 zeolite, coke 
formed at the near-surface outer layers of the aggregates. It was shown that 
coke inhibited the access of methane to those crystals in the inner layers and 
led to a short lifetime of the catalyst.85 Therefore post-synthetic methods that 
can enlarge small mesopores to open mesopores are in general desired.  
In paper I, we demonstrated that a post-synthetic treatment with HF could be 
used to enlarge the mesoporosity of aggregates of zeolite nanocrystals. The 
studied zeolite was the IZM-2 zeolite, which is highly intergrown alumino-
silicate zeolite. Intergrown crystallites have been shown by others to be 20-
60 nm in size with aggregates of 400-800 nm in size.86 These intergrown 
high-silica zeolite crystals are linked by Si-O-Si bonds. Unlike agglomerated 
nanoparticles of zeolites attracted by van de Waals forces, it has been shown 
that intergrown zeolite nanocrystals cannot be separated by ultrasonication.87. 
In general, the underlying thesis of paper I was that HF is effective in dis-
solving Si-O-Si bonds of zeolite aggregates. The effects of HF treatment on 
morphology, crystallinity, framework composition, and porosity will be dis-
cussed in this chapter. 
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2.1 Effect on morphology 

Only diluted hydrofluoric acid (HF) was used in the approach of post-
synthetic treatment of the IZM-2 zeolites. In Paper I, as-synthesized aggre-
gates of nanocrystalline IZM-2 (Si/Al=50) were dispersed in 12.5 ml dis-
tilled water. The zeolite suspensions were then mixed with 0.7, 1.0 and 1.5 
wt.% HF solutions, and the mixtures were sonicated in an ice-bath for 30 
min. The samples were washed, dried and calcined. Samples treated by 0.7, 
1.0 and 1.5 wt.% HF were denoted by HF-0.7, HF-1.0 and HF-1.5, respec-
tively. For investigating the effect of the SDA s during the leaching treat-
ment, 0.2 g calcined IZM-2-50 was treated by 1.0 wt.% HF with the same 
procedure and denoted by CHF-1.0. Studies of the morphologies of the ag-
gregates and the crystallites after the post-synthetic treatment were per-
formed by scanning electron microscopy (SEM). As is shown in Figure 2-1 
(b, d, f, h), the round aggregates of IZM-2 gradually shrunk as the concentra-
tion of HF was increases from 0.7 to 1.5 wt. %. Finally, the defined shape of 
the aggregates was not observed in sample HF-1.5. For the aggregates, 
leaching occurred firstly on the surface before it continued to the inside. The 
leaching behaviour was the same for the single nanocrystals. In Figure 2-1a, 
it is indicated that the original average size of the zeolite single crystallites 
was about 50-100 nm. It decreased by the leaching to about 10-30 nm as can 
be seen from the SEM image in Figure 2-1g.  
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Figure 2-1. SEM images of parent IZM-2 (a and b), post-treated samples 
HF-0.7 (c and d), HF-1.0 (e and f), and HF-1.5 (g and h). Images (a, c, e and 
g) are enlargements of images (b, d, f and h). [Reprinted from paper I]88 
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2.2 Effect on crystallinity  

The degree of the crystallinity change after the post-synthetic treatment was 
studied by PXRD. The treated samples preserved the high crystallinity of the 
original sample. As is shown in Figure 2-2, HF-0.7, HF-1.0, HF-1.5 and 
CHF-1.0 presented almost the same PXRD patterns as the parent sample. 
However, if the concentration of HF in the post-synthetic treatment was in-
creased to 2.1 wt. %, the IZM-2 zeolites were dissolved completely. 

 

Figure 2-2. PXRD patterns of parent IZM-2 (a) and post-treated samples HF-
0.7 (b), HF-1.0 (c), HF-1.5 (d) and CHF-1.0 (e). [From paper I]88 

2.3 Effect on framework composition  

The framework composition was determined by inductively coupled plasma-
optical emission spectrometry. (ICP-OES) The composition of the parent 
sample with SDAs was well retained after treatments. As is shown in Table 
2-1, the Si/Al ratios of HF-0.7 and HF-1.0 were identical compared to the 
parent IZM-2 zeolite. The Si/Al ratio of HF-1.5 decreased to 43, which indi-
cated that the increase of the HF concentration implied slightly more re-
moved silica than aluminium from framework. Generally speaking, the 
leaching with HF showed no strong preferential element selectivity. It sug-
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gests that the protons appeared to prefer to dealuminium and the fluoride 
ions preferred to desilicate. A major change of framework composition after 
treatment was observed in the sample without SDA. The Si/Al ratio of CHF-
1.0 (calcined before HF treatment) was increased to 97, which was almost 
twice as much as the parent. It needs to be noted that the increase of Si/Al 
ratio in CHF-1.0 was not caused by calcination step. The organic molecules 
appeared to have hindered a direct contact of aluminium atoms with the pro-
tons. Consequently, HF-0.7, HF-1.0 and HF-1.5 with templates were more 
resistant to HF treatment while aluminium of sample without template 
(CHF-1.0) was readily dissolved from the framework.  

 
Table 2-1. Framework composition analysed by ICP-OES 

Sample Si/Al 
Parent 50 
HF-0.7 50 
HF-1.0 51 
HF-1.5 43 

CHF-1.0 97 
Parent samples treated by 0.7, 1.0 and 1.5 wt.% HF were denoted by HF-0.7, 
HF-1.0 and HF-1. Parent sample after calcination was treated by 1.0 wt.% 
HF with the same procedure and denoted by CHF-1.0. 

Extra framework debris was not formed after the post-synthetic treatment 
with HF, as was indicated by the 27Al MAS NMR spectra in Figure 2-3. The 
peak at a chemical shift of ~55 ppm verifies that tetrahedrally coordinated 
aluminium was the predominant form in all the samples. The extra-
framework aluminium species in their typical octahedral coordination have 
resonances that would present a chemical shift at around 0 ppm. 89 Such 
bands were neither detected in the parent nor in the post-synthetically treated 
samples. The content of framework aluminium is proportional to the normal-
ized signal intensity in the spectra, as the signal intensities were normalized 
with respect to the mass of the samples. The relative intensities of the char-
acteristic band in Figure 2-3 confirm that CHF-1.0 had nearly 40% less of 
framework aluminium as compared to the HF-1.5 and the parent IZM-2 
sample.  
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Figure 2-3. 27Al MAS NMR spectra of parent sample (a) and treated samples 
HF-1.5 (b) and CHF-1.0 (c). [From paper I]88 

2.4 Effect on porosity 

The initial aim of leaching the aggregated IZM-2 zeolites, in paper I, was to 
enhance the mesoporosity and thus potentially improve on the diffusion of 
guest molecules throughout the aggregated zeolites. It was expected that the 
generation of mesopores is accompanied by sacrificing some microporosity 
and losing parts of the framework atoms. Hence, it was important to deter-
mine the variation of microporosity and mesoporosity after the post-
synthetic treatment. In Paper I, the effect of HF treatment on the porosity 
was studied via analyses of N2 adsorption-desorption data. The isotherms of 
the corresponding samples are shown in Figure 2-4. The uptake in the low-
partial-pressure region below 0.1 was attributed to adsorption of N2 in mi-
cropores. The treated IZM-2 samples had only a small difference in the mi-
croporosity as compared to parent sample. It suggests that the variation of 
microporosity by treatment with HF was not significant. More importantly, 
the atoms removed from framework did not block the remaining micropores.  
The mesoporosities of the parent and treated samples were analysed by stud-
ying the N2 isotherms at high relative pressures (p/p0). In Figure 2-4a, the 
parent sample had a largely horizontal hysteresis loop in the range of p/p0 of 
0.4-0.8 in the relative pressure region. It suggests the presence of inkbottle-
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type mesopores due to capillary condensation. Combined with the morphol-
ogy study, the mesopore in parent sample appeared to correspond to slit-
shaped intercrystalline mesopores formed by densely packed nanoparticles 
in the aggregated IZM-2. The N2 uptake at p/p0 of 0.8 to 0.99 was relatively 
low. It was attributed to large sizes of agglomerated particles. In the same 
range pf p/p0 in Figure 2-4b, c, and d, the treated samples presented vertical 
hysteresis loops and gradually increased uptakes of N2. The vertical hystere-
sis loops in this range were attributed to cylindrical-shaped, or at least not 
slit-shaped, large mesopores formed by the post-synthetic treatment of IZM-
2 with HF. 

 
 

 

Figure 2-4. N2 adsorption-desorption isotherms of parent sample (a) and 
treated samples HF-0.7 (b), HF-1.0 (c) and HF-1.5 (d). [From paper 
I]88 

  
Whether the created mesopores in the HF-treated aggregates were located 
within the single crystallites was studied by Transmission Electron Micros-
copy (TEM). As is shown in Figure 2-5, the images suggested that the meso-
pores had formed in between the crystals during the treatment with HF, by 
reducing the size of the crystallites from the outside and in. No intracrystal-
line mesopores were formed in the crystallites in the aggregates on leaching 
with HF. It might suggest the interfaces among the crystals are energetically 
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favourable to be dissolved, as interfacial moieties generally have higher en-
ergy than bulk.90  

 

Figure 2-5. (a) TEM image of HF-1.0 aggregates and the inset is the corre-
sponding SAED pattern; (b) HRTEM image of the nanocrystals and the inset 
is the Fourier transformation of the cycled part in the image. [From paper I]88 

Pore size distributions of the generated mesopores are presented in Figure 2-
6. The size of the mesopores was in the range of 2 to 50 nm. In Figure 2-6a, 
there was no obvious peak from the mesopores in the parent sample. The 
sharp peak at about 4 nm was attributed to the tensile strength effect.91 
Hence, it appears as the average size of mesopores generated by the fluoride-
based treatment was controllable. The size of mesopores gradually increased 
as the concentration of HF was increased, as was expected from a partial 
dissolution of the nanocrystallites, while at least partly, keeping the necks 
intact. As is shown in Figure 2-6b, c and d, the average pore diameters of 
HF-0.7 was 5 nm and HF-1.0 was 12 nm. HF-1.5 had a notable increment to 
20 nm. The pore size distributions were relatively narrow.  
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Figure 2-6. Pore size distribution of parent sample (a), HF-0.7 (b), HF-1.0 (c) 
and HF-1.5 (d). The results were obtained by BJH method from 
desorption branch. [From paper I]88 

The value of surface areas and pore volumes are summarized in Table 2-2. 
The micropore volumes of treated samples were almost the same as the par-
ent sample (0.1 cm3/ɡ). Importantly, even if the concentration of HF increas-
es, the treated samples had the same micropore volumes (0.09 cm3/ɡ). 
Meanwhile, both mesopore volume and external surface area were gradually 
increased with the concentration of HF used. The total pore volume of HF-
1.5 reached 0.80 cm3/ɡ, which was almost three times larger than the parent 
sample. The external surface area of HF-0.7 was increased from 163 cm3/ɡ 
to 180 cm3/ɡ in HF-1.5. Treated with the same concentration of HF, the tem-
plate-free sample (CHF-1.0) had a larger mesopore volume than the sample 
with template. Leaching the template-free sample was more effective in gen-
erating mesoporosity than the sample with template.  

 
 
 
 
 
 



33 
 

Table 2-2 Surface areas and pore volumes of parent and treated IZM-2 

Sample SBET
a   

(m2/ɡ) 
Vtotal

b 
(cm3/ɡ) 

Vmicro
c 

(cm3/ɡ) 
Vmeso

c 

(cm3/ɡ) 
Sexternal

d 

(m2/ɡ) 
Parent 317 0.31 0.1 0.21 115 
HF-0.7 343 0.54 0.09 0.45 163 
HF-1.0 359 0.76 0.09 0.67 176 
HF-1.5 361 0.89 0.09 0.80 180 

CHF-1.0 404 0.82 0.09 0.73 232 
aBET surface area, bVolume adsorbed at P/P0=0.99, ct-plot method, dVme-
so=Vtotal-Vmicro [From paper I]88 

In paper I, a post-synthetic treatment method using diluted HF was devel-
oped for the enhancement and opening up of mesopores in aggregates of 
zeolite IZM-2 nanocrystals. The effects of HF-based leaching on four differ-
ent aspects were discussed, including morphology, crystallinity, framework 
composition and porosity. Note that the discussion of the data in this Chapter 
2 is somewhat different that the discussion in Paper I and reflect the shift of 
understanding that occurred during the PhD studies. Anyhow, the results 
from Paper I show that the HF-treated samples had obtained open mesopores 
and larger external surface area per unit mass in comparison with the parent 
sample. Importantly, the post-synthetic treatment preserved the original crys-
tallinity, micropores and the framework composition of IZM-2.  
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3. Direct modification of zeolites 

Direct modification of zeolites by moderating the condition of synthesis 
mixtures is a straightforward approach for getting the desired morphology 
and framework composition. At the same time, it is important to maintain 
the original framework topology. Therefore, the role of almost every com-
ponent in the synthesis mixture needs to be understood and the amounts of 
each reactant need to be carefully controlled. In a typical synthesis of a zeo-
lite, the composition of the reaction mixture consists of a SDA, an inorganic 
hydroxide, silica and aluminium precursors targeting a particular Si/Al ratio 
and water. In this chapter, the variations of the synthesis parameters are cor-
related with the morphology of aggregated zeolites, the size and shapes of 
the underlying crystallites and the framework composition. The syntheses of 
IZM-2 in paper I (the precursor zeolite) and paper II, and of TON-type zeo-
lites in paper III are examples on this topic and discussed respectively. The 
results are expected to guide the synthesis of other zeolite frameworks in the 
further studies.  

3.1 Influence of the organic template on phase purity 

As was mentioned in the first chapter, the organic template molecule (the 
SDA) is a crucial factor for the determination of the crystalline structure of a 
zeolitic product. Because zeolites with identical framework type codes can 
be crystallized with several different organic templates, their roles in the 
synthesis of inorganic frameworks can be further divided into structure-
directing and pore-filling. The organic molecules that are called structure 
directing agents (SDAs), have strong interaction with the frameworks’ atoms 
and geometric correspondence with the pore architecture of the zeolites.92,93 
The other organic molecules that are called pore filling agents (PFA), are 
adsorbed on the metastable inorganic species and stabilize them against dis-
solution in the alkaline conditions.94  In the synthesis using PFAs, the crys-
talline structure is also strongly influenced by both intrinsic and extrinsic 
synthesis conditions. The TON-type zeolite was used as an example to 
demonstrate the influence of hydrodynamic conditions set by varying the 
stirring rate during hydrothermal synthesis. 
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TON-type zeolites have one-dimensional channels and medium-sized pores. 
They have been reported to have good commercial prospects in the produc-
tion of for example lubricant oil, as these zeolites can act constitute catalysts 
that show higher selectivity of hydroisomerization than hydrocracking.95 
Typically, TON-type zeolites are hydrothermally synthesized using rotation-
al ovens or high speed (>400 rpm) stirring valves. Under static hydrothermal 
conditions, MEL-type or MFI-type zeolites are preferred over the TON-type 
ones. When the gels are inhomogeneous distributed or concentrated on the 
container walls during synthesis, impurities are inevitably produced.96 The 
difficulty of synthesizing TON-type zeolites in pure phases has restricted 
large scale production.  
The reported organic templates for the synthesis of TON-type zeolites under 
stirred conditions are reviewed. (See Paper III for more details) They are 
divided into two categories according to the molecular configuration and 
charge.(Figure 3-1) The first group is the linear primary amines, consisting 
of hexamethylenediamine and octamethylenediamine.97 The other group 
consists of positively-charged heterocyclic group and included 1-
ethylpyridium bromide and 1,3-dimethylimidazolium iodide.98  99  
 

 

Figure 3-1. Organic molecules used in synthesizing TON-type zeolite 

In Paper III, TON-type zeolites were synthesized at static condition with a 
gel composition of 0.009 Al2O3:0.18 SDA:1 SiO2:0.18 Na2O:42 H2O. The 
corresponding PXRD diffractograms of two TON-type zeolites obtained 
using heterocyclic SDAs: 1-ethylpyridium bromide and 1,3-
dimethylimidazolium iodide are shown in Figure 3-2. Sharp lines in the dif-
fractograms indicated that the produced zeolites had high crystallinity. 
Meanwhile by using primary amines as template molecules under static con-
ditions, either MFI-type zeolites or amorphous phases were obtained. In the 
previous studies, primary amines have been used as PFAs in the synthesis of 
ZSM-5 and ZSM-48.94,100 Our studies show that only heterocyclic molecules 
have structure directing effect for the TON- framework-based zeolites. In-
deed, silicate fragments in the corresponding sol-gels are negatively charged. 
At these high pH conditions, the neutral amines molecules have only rela-
tively weak interactions with the framework silicon atoms. Positively 
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charged organic species are important for the crystallization of TON-type 
zeolites at static conditions. 

 

Figure 3-2. Crystallinity study by PXRD of TON with heterocyclic SDAs (a) 
pyridinium (b) imidazolium. This figure has been redrawn from the data in 
Paper III. 

By further studying the impact of the SDA molecules on the morphology of 
the TON-type zeolites, it was found that the crystal morphologies vary with 
the SDAs used. As is shown in the SEM images in Figure 3-3a, the crystals 
synthesized with pyridinium have smooth and flat surfaces. The large parti-
cles consisted of aligned nanocrystals. The growth direction of crystals ap-
peared to be the same. The channels had run along the longest c-axis. The 
growth mechanism appears to have followed the so-called birth and spread 
type.101 Studies have showed that FAU-type zincphosphate crystals follow 
the same type of a growth pattern at low supersaturation levels.102 The mor-
phology of the particles was sheet-shaped and they were about 10 μm long. 
Because of that TON-type zeolites have a one-dimensional channel system 
the diffusion could be negatively affected. It could be difficult for the diffu-
sion of guest molecules due to the one dimensionality and potentially lead to 
deactivation of TON-type zeolite based catalysts during various chemical 
reactions. In Figure 3-3b, the crystals that had been synthesized with imidaz-
olium consist of submicron-sized crystals and branched intergrown aggre-
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gates. The morphology of the aggregates displayed in the SEM image is 
cactus-shaped. It appears as the growth mechanism of the corresponding 
particles might have been a so-called dendritic growth. Dendritic growth is 
the growth of crystals on rough interfaces and driven by the force of super-
saturation. It occurs in the crystallization of zeolites when the supersatura-
tion of the synthesis gel is high and reaction state is far from equilibrium.102 
The TON-type zeolite has one-dimensional channels and medium pore sizes. 
As a shape selective catalyst, it is favourable to have small size of crystals 
and large amount of pore mouths.103 We argue that the morphology of TON 
crystals formed by dendritic growth has a great prospect for such applica-
tions. 

 

Figure 3-3. Morphology study by SEM of TON crystals synthesized with 
heterocyclic SDAs. (a) pyridinium and (b) imidazolium. This figure is from 
Paper III.   

The amounts of SDA molecules in the crystals were studied by thermal grav-
imetric analysis (TGA). Results shown in Figure 3-4 also indicate the specif-
ic decomposition temperatures of the SDAs. The small amount of weight 
loss (about 1 wt.%) at temperatures below 200°C was attributed to water 
desorption. Water trapped in the pores requires higher temperatures than that 
for boiling to desorb. Pyridinium was decomposed at temperatures of 300°C 
to 500°C and imidazolium of 300 to 600°C. Around 7 wt. % of SDA mole-
cules were oxidatively removed from the TON-type zeolites. By assuming 
that the Si/Al ratios of the crystals were the same as in the reaction gel, 0.93 
pyridinium and 0.78 imidazolium molecules per unit cell in the crystal could 
be estimated. 
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Figure 3-4. TGA of TON synthesized with SDA. (a) pyridinium (b) imidazo-
lium This figure is from Paper III.   

3.2 Influence of water on morphology 

In hydrothermal reactions, the diffusion rate of reactants is closely related to 
the amount of water in the synthesis gel.104 Clearly, a decreased amount of 
water will increase the degree of supersaturation. Typically, in terms of crys-
tallization, nucleation is rapid at a high degree of supersaturation. As a result, 
the size of the obtained crystals is small. In paper III, these tendencies were 
also observed in the synthesis of TON-type zeolites.  
The one-dimension channels in the TON-type zeolites run along the c-axis of 
the crystals. Crystals with short c-axes are favourable for the diffusion of 
guest molecules. The full widths at half maximum (FWHM) intensities of 
the PXRD peaks were used to estimate the size of crystals. For accurate es-
timations of the channel lengths it is required to select the peak of PXRD 
pattern that corresponding to direction of channels.105 The FWHM of the 
peak at 35.6º in the direction of [002] was used to calculate the length of c-
axis by Scherrer equation.  (  size of domain, K: dimensionless 
shape factor, : wavelength, : line broadening at FWHM,  Bragg angle . 
In Figure 3-5 the PXRD patterns are displayed for three samples prepared 
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with the following compositions: 0.018 Al2O3:0.18 SDA:1  SiO2:0.18 
Na2O:x H2O (x=28, 42 or 84). The amount of water was the only variables. 
The peaks were distinctly broad for the sample synthesized with the lowest 
amount of water. The calculated lengths of c-axes were 27 nm, 38 nm and 46 
nm, respectively. The sample with lowest amount of water had the shortest 
c-axis.  

 

Figure 3-5. Powder X-ray diffraction patterns of TON-type zeolites synthe-
sized with different amount of water. (a) low, (b) medium and (c) high. This 
figure is from Paper III.   

For TON-type zeolites, differences of the morphologies of the aggregated 
zeolites are displayed with the SEM images in Figure 3-6. With the smallest 
amount of water, the needle shaped crystals were strongly aggregated. It can 
be seen in Figure 6d that the diameter of needle crystals was around 20 nm 
and the axial ratio was large. The morphologies of the resulting aggregated 
TON-type zeolites changed when the water content was increased. Further-
more, one could observe that the size of aggregates decreased and the length 
of needle crystals increased as the water content increased. The intergrowth 
of crystals synthesized with the largest amount of water was clearly ordered. 
The crystals had intergrown along certain directions and formed snowflake-
shaped aggregates. Speculatively, the long needles could possibly have a 
negative impact on the activity in catalysis.  
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Figure 3-6. Scanning electron microscopy images of TON-type zeolites syn-
thesized with different amount of water. (a) low, (b) medium and (c) high. 
(d), (e), (f) are higher magnification of (a), (b), (c). This figure is from Paper 
III.   

Snowflake-shaped aggregates were further imaged by TEM, as is shown in 
Figure 3-7. The intergrown crystals in the centre of aggregates aligned at the 
same direction and were densely packed without apparent intercrystalline 
porosity. Branch crystals were presented on the surface of aggregates. The 
size of branch crystals was 20 nm in diameter and 100 nm in length. Meso-
pores were visualized in between branch crystals.  



41 
 

 

Figure 3-7. Snowflake-shaped aggregates imaged by transmission electron 
microscopy. This figure is from Paper III.   

The N2 adsorption-desorption isotherms of the samples synthesized with 
different amount of water are shown in Figure 3-8. Snowflake-shaped aggre-
gates synthesized with high water content showed an increased uptake at 
p/p0=0.5-0.99. It confirmed the presence of mesopores formed by inter-
growth. The hysteresis loop for the N2 adsorption and desorption at p/p0= 
0.5-0.8 may be attributed to slit-shaped mesopores in the middle of aggre-
gates. Uptakes at p/p0=0.8-1.0 may be attributed to relatively large meso-
pores formed by branch crystals that located at the surface of aggregates. 

 

Figure 3-8. N2 adsorption and desorption isotherms of the TON-type zeolites 
synthesized with different amount of water. (a) high (b) low. This figure is 
from Paper III.    
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3.3 Influence of sodium hydroxide on morphology and 
porosity 

Pure-silica IZM-2 was synthesized with molar ratios of: x Na2O: 0.15 SDA: 
1 SiO2: 30 H2O; x equals to 0, 0.03, 0.08 and 0.24. The synthesis was in-
spired by the patent of Fecant et al. who also studied pure-silica IZM-2.106 
When, we published paper II, we missed to realize that Fecant et al. had 
synthesized this composition before us. Ludox and TEOS were used as silica 
sources in our paper II. Sodium cations were used as the inorganic positively 
charged component, which influenced the crystallization rate, morphology 
and microporosity of the pure-silica IZM-2. 
Alkali-metal ions have already been shown to accelerate the crystallization 
of pure-silica variations of the ZSM-12, SSZ-24 and ZSM-48 zeolites.107 
Also in paper II, it was shown that an increased concentration of sodium 
hydroxide significantly reduced the crystallization time of the IZM-2 zeolite. 
The crystallization time needed for the case of a high amount of sodium 
hydroxide was 4 days and when a low amount was used the corresponding 
time was 10 days. Both sodium cations and organic templates are positively 
charged, the template used for the synthesis of IZM-2 is a di-quaternary 
ammonium cation. At high concentrations of sodium hydroxide, the struc-
ture-directing action of sodium cations would compete with that of the tem-
plate and produce impurity phases.  
After crystallization of the IZM-2 zeolite, sodium cations still exist in the 
crystals as extra framework cations. As is shown in Table 3-1, the increase 
of the sodium content in the sol-gel was consistent with the increased sodi-
um content in the final products. Moreover, the size of crystals was also 
increased as the sodium content was increased. As is shown in Figure 3-9d, 
the sample with 0.33 wt.% sodium had much larger size of crystals than the 
samples with lower amount of sodium. 

Table 3-1. Sodium content in reaction mixture and final products 

Na2O/SiO2 in sol-gel Na wt.% in crystals  Crystal size 
0 0 43 15 nm 

0.03 0.06 61 23 nm 
0.08 0.22 97 33 nm 
0.24 0.33 370 70 nm 

The crystal sizes were determined for 30 crystals and at least three aggregat-
ed particles. The range is 1 SD around the mean value.  
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Figure 3-9. SEM of pure silica IZM-2 zeolites containing different amount 
of sodium 0 (a) 0.06% (b) 0.22% (c) and 0.33% (d) Reprinted from Paper II. 

Although sodium is an extra-framework cation, the increased amount of 
sodium induced an increased framework disorder in the IZM-2 crystals, 
which was observed in the samples after calcination. Ideally, pure silica zeo-
lites have a neutral framework, but they typically have internal silanols or 
siloxy groups in the network and in the external surfaces. In silicalite-1 syn-
thesized with sodium hydroxide present, half of the internal defects come 
from Si–O-Na+ ion pair.108 Defects in pure silica IZM-2 sample were studied 
by 29Si solid state NMR spectroscopy. The chemical shift at about 100 ppm 
corresponds to siloxy-silanol pairs and is also called a Q3 band. The band at 
110 ppm was attributed to fully condensed silicon atoms and is also called 
Q4 band. The Q3 band in Figure 3-10a confirmed the presence of significant 
amounts of defects in the sample containing 0.22 wt.% of sodium. The dis-
appearance of the Q3 band after calcination indicates that a fair amount of 
condensation of siloxy-silanol groups had occurred. However, the Q4 band in 
Figure 3-10b was notably broadened after calcination which showed that the 
Si-O-Si bonds formed by calcination were relatively disordered. 
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Figure 3-10. Direct-polarization 29Si solid state nuclear magnetic resonance 
spectra of IZM-2 containing 0.22 wt.% sodium: as made (a) and calcine (b) 
recorded under conditions of magic angle spinning. Reprinted from Paper II.   

The micropore volume in pure-silica IZM-2 depended on the content of so-
dium in the structure as well. The porosities in these samples were analysed 
by nitrogen adsorption-desorption and the micropore volumes are shown and 
summarized in Table 3-2. When the sodium content was increased to more 
than 0.22 wt.% in the pure-silica IZM-2, the micropores became closed and 
inaccessible. After the sodium was partly exchanged by protons, the mi-
cropores were accessible again. 
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Table 3-2. Sodium content and pore volumes of pure-silica IZM-2 

Na 
wt. %  

Vmicro 
(cm3/ɡ) 

Na wt. % after proton 
exchange 

Vmicro after proton 
exchange (cm3/ɡ) 

0 0.10 / / 
0.06 0.10 / / 
0.22 0.02 0.15 0.08 
0.33 0.01 0.25 0.05 

 

3.4 Influence of gel composition on framework 
composition in terms of Si/Al 

IZM-2 samples were synthesized according to the patent of Fecant et al with 
a gel composition of 0.15 Na2O: 0.15 template: x Al2O3: 1 SiO2: 31 H2O 
(x=0.008, 0.01 and 0.0125).106 The Si/Al ratios in the frameworks were de-
termined by ICP-OES. The decreased Si/Al ratios in the reaction sol-gels 
were consistent with the reduced Si/Al ratios in the final products. When the 
Si/Al ratio was below 30, only an amorphous product was obtained. 

Table 3-3. Compositions of reaction sol-gels and the corresponding products 

Sample Si/Al in reaction sol-gel Si/Al in crystals 
IZM-2-80 120 80 
IZM-2-50 60 50 
IZM-2-39 40 39 

 

The increase of aluminium in the framework of IZM-2 decreased the overall 
symmetry as well as the size of crystals. The highly crystalline IZM-2 sam-
ples were intergrown into aggregates with sizes from 600 to 800 nm, as is 
shown in Figure 3-11. The aggregates in IZM-2-80 were formed by the in-
tergrowth of 80-to-100-nm-sized single nanocrystals. The size of the nano-
crystals of IZM-2-50 was 50-70 nm and IZM-2-39 was 20-40 nm, which 
were slightly smaller than for IZM-2-80. (Paper I) The pure silica samples 
had the largest size of crystals, as is shown in Figure 3-9d. (Paper II) 
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Fig. 3-11. SEM images of (a) IZM-2-80, (b) IZM-2-50 and (c) IZM-2-39. 
Reprinted from Paper I.   

3.5 Influence of silica source on morphology  

It has been shown that the source materials of silica influence the polymeri-
zation degree of the reaction gel.109 Commonly used silica sources are tetrae-
thyl orthosilicate (TEOS), fumed silica and Ludox HS-40 colloidal silica. 
These sources were also used in Paper I-III. Their behaviours in reaction 
solutions varied. TEOS is readily hydrolysed at room temperature in the 
presence of a base or an acid. It produces alcohol as a by-product and ulti-
mately forms an amorphous silica gel by Si-O-Si condensation reactions. 
The rate of both the hydrolysis and the condensation reactions are pH de-
pendent and also affected by the salt concentration. 110 Both fumed silica and 
colloidal silica contain silica particles. The differences between them are in 
the size, purity and status of the silica particles. Fumed silica is consisted of 
aggregated fluffy particles in the solid state with diameters of about 7 nm 
and it has a high purity. Ludox HS-40 colloidal silica consists of 12 nm silica 
particles that are homogeneously dispersed in water. The colloidal solution is 
stabilized with Na+ counter ions. After being mixed with the other compo-
nents at room temperature, the different silica sources produce sol-gels that 
contain quite different sizes of particles. In the studies of Paper II and III, the 
particles sizes were analysed by dynamic light scattering (DLS). In the study 
of TON-type zeolite (Paper III), the average particle size of Ludox-derived 
sol-gel was about 4.6 μm, which is at the upper limit of the usability of DLS. 
For the sol-gels produced from TEOS and fumed silica, in Paper III, the 
samples had poor dispersibility and the particle size exceeds the measure-
ment range of DLS. In the study of IZM-2 zeolite (Paper II), the average 
particle sizes in the corresponding Ludox-based sol-gels were ~30 nm and in 
the TEOS-based one it was ~300 nm. The colloidal dispersion of Ludox-
based solution was monodispersed while polydispersity index of TEOS-
based one was high. Corresponding particle size distributions are shown in 
Figure 3-12. 
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Figure 3-12. Size distribution derived by analyzing DLS data (intensity) of 
sol-gel derived from Ludox (a) and TEOS (b) Reprinted from Paper II. 

The relationship of particle size in the sol-gels across the different silica 
sources in paper II was consistent with the crystal size observed by SEM. In 
Figure 3-13, the TEOS-derived crystals displayed intergrown and facetted 
crystals with a size of 150-300 nm. Ludox-derived crystals of Figure 3-13a 
were much smaller. The size was between 60-90 nm. The silica source was 
the only difference and the other synthesis parameters were held the same. 
Large sizes of the crystals were produced by a rapid condensation of TEOS 
at high pH conditions. 
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Figure 3-13. SEM of pure silica IZM-2 zeolite synthesized with Ludox (a) 
and TEOS (b) as silica source. Reprinted from Paper II.   

In paper III, different silica sources were used in the static synthesis of TON-
type zeolite with a gel composition of 0.009 Al2O3:0.18 SDA:1 SiO2:0.18 
Na2O:42 H2O. TEOS-derived crystals were 13 μm long and fumed silica-
derived crystals were 8 μm long. (Figure 3-14) Even though the other condi-
tions used were the same, unlike for the Ludox-derived crystals no inter-
growths of submicrometer-sized crystals were observed. Therefore, it ap-
peared as the silica source had affected both the size and intergrowth of the 
crystals.  

 

Figure 3-14. Scanning electron microscopy images of TON-type zeolites 
using different sources. (a) TEOS and (b) Fumed silica. This figure is from 
Paper III.   

For the TON-type zeolites, the crystallization rate followed the order: colloi-
dal silica > fumed silica > TEOS. The crystallization time was 4 days when 
using colloidal silica and 7 days when using fumed silica. TEOS-derived 
samples still contained significant amounts of amorphous solids after 7 days.  
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4. SAPO-37 templated carbon 

Activated carbons are widely used as adsorbents because of their high spe-
cific surface area, high pore volume, hydrophobicity, thermal and chemical 
stability.111 The applications of activated carbons include gas separation, 
water purification, gas storage and as electric double-layer capacitors. Typi-
cally, activated carbons are prepared via thermal decomposition of organic 
precursors, followed by thermal or chemical activation. The activation pro-
cess involves leaching non-carbon chemical groups by oxidizing agents, 
acids or bases at elevated temperatures. The atomic structure of activated 
carbons is largely amorphous. They also have small pores but with relatively 
wide pore-size distributions. Generally, the pore sizes of activated carbon are 
in the range of 0.4-4 nm.26 The disordered porosity may limit the perfor-
mance of activated carbon in certain applications.  
Uniform porosity of porous carbons can be obtained by approaches that in-
clude adding templates during the synthesis. The templating approach, typi-
cally, involves incorporation of organic precursors into inorganic materials. 
The inorganic porous materials are used as hard templates and sacrificing 
agents. It is followed by carbonization of the precursors within the inorganic 
templates and a subsequent dissolution of the templates by acids or bases at 
elevated temperatures. Highly-ordered porous carbons have been obtained 
by using mesoporous silica as a template.112 Accordingly, the carbon mainly 
contained ordered mesopores with a size of 3 nm. However, mesoporous 
silica cannot be used as templates for the synthesis of microporous carbons. 
Zeolites as microporous templates have been used to decrease the pore size 
of the obtained carbons. On the contrary to mesoporous silica, the carbons 
obtained using zeolites as templates initially and usually lacked uniform 
porosity.113 This lack of templating could be related to that the infiltration of 
carbon precursors is relatively more difficult into the micropores than the 
mesopores of the inorganic templates. As was mentioned previously, diffu-
sion limitations also exist in microporous materials such as zeolites. There-
fore, contiguous infiltration may be hindered by pore blockage.  
A Chemical Vapor Deposition (CVD) approach with propylene was found to 
be a promising method to deposit carbon into micropores of zeolites.29 Typi-
cally, this method includes four steps. The first step is the impregnation of 
furfuryl alcohol, or similar compounds, into the zeolite template under close 
to vacuum condition. It is followed by a pyrolysis of the composite at a tem-
perature of about 700ºC in a N2 atmosphere. The second step is to switch the 
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gas from N2 to propylene. Propylene is thermally decomposed at tempera-
tures of 700ºC or 800ºC to further fill the rest of the micropores. The third 
step is to further heat treat the composite at a temperature of 900ºC in N2 
atmosphere to rigidify the zeolite/carbon composite. The fourth step is to 
dissolve of zeolite template by an excess of HF. When zeolite Y has been 
used as a template, the obtained carbon has a structural regularity with a 
periodicity of 1.4 nm. It follows replication of [111] plane of the FAU 
framework. Moreover, it has a narrow pore size distribution around 1.2 nm.27 
The pore size is smaller when compared to those in mesoporous-silica-
templated carbons. It is essential to use FAU-type zeolites, or other 12-ring 
and well interconnected zeolites such as the EMT-type zeolite, as templates 
to obtained carbons with structural regularity.114 The FAU framework has a 
0.7 nm pore size, 1.3 nm supercages and three-dimensional channel systems. 
Zeolite Y as an aluminosilicate also possesses high thermal stability. In 
terms of removing the zeolite template, HF is often used. Importantly, the 
economic, environmental costs and potential work-related hazards of using 
HF are very high, which is a main drawback of this approach. Removal of 
zeolite templates without using HF is desirable but difficult to achieve for 
aluminosilicate materials. 
Considering the advantage of the FAU framework for production of porous 
carbons and aiming to avoid the use of HF for removal of aluminosilicate, 
we targeted to use SAPO-37 as template. SAPO-37 is silicoaluminophos-
phate analogue of zeolite Y (both having a framework structure code of 
FAU). Pure SAPO-37 is thermally stable up to 1000ºC but extremely unsta-
ble under hydrothermal conditions.21 After calcination, SAPO-37 becomes 
amorphous in an ambient atmosphere when exposured to air containing wa-
ter vapour.115 Still, in the approach depict with (1-4) there is no water in-
volved. 
SAPO-37 as template should be much easier to remove than the typical zeo-
lite Y template, which could simplify the procedure of templates removal, 
and this was also shown in paper IV. Moreover, unlike zeolite Y, dissolving 
silicoaluminophosphate frameworks such as SAPO-37 can be performed 
without using HF. In paper IV, SAPO-37 templated carbons were prepared 
via propylene-CVD approach. These carbons were compared with typical 
zeolite Y templated carbons, which were also prepared in parallel. To the 
best of our knowledge, this paper IV it is the first report of prepared SAPO-
templated carbons. The properties of the obtained carbons and related com-
posites are compared and discussed in this chapter as well as in paper IV. 
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4.1 Crystallinity  

SAPO-37 (Si/Al=0.3) was hydrothermally synthesized from a sol-gel with a 
composition of 0.05 tetramethylammonium: 2 tetrapropylammonium: Al2O3: 
P2O5: 0.5 SiO2: 50 H2O using procedures from literature.116 0.3 g of an as-
synthesized SAPO-37 sample was made into to a pellet and charged into a 
vertical tube furnace equipped with a quartz reactor. It was then pyrolysed at 
a temperature of 600ºC in a flow of N2 for 12 hours. To avoid exposure of 
the template-free sample to water, carbon infiltration was carried out directly. 
The temperature was raised to 800ºC and the gas was switched from N2 to 2 
wt.% propylene in N2. After 4-hours of CVD deposition, the temperature 
was raised to 900ºC to rigidify the composite. Finally, the SAPO-37 was 
dissolved by washing the sample with 2M hydrochloride acid followed by 
2M sodium hydroxide solution at 60ºC. Porous carbons templated with 
commercial zeolite Y (H-form with Si/Al=30) were also prepared at the 
same conditions. However, the dissolution of the zeolite Y framework with 
sodium hydroxide was very limited. The study by Tendeloo et al have for 
example showed that zeolite Y can transform into five different frameworks 
in alkaline hydroxide condtion.117 When harsher conditions were used, in 
paper IV, (6M NaOH at 200ºC in an autoclave), zeolite Y was transferred to 
ANA type zeolite instead of being dissolved. Finally, the zeolite Y had to be 
dissolved by a mixture of HF and HCl solution at 60ºC. 
Crystallinity of the samples were studied by PXRD. As is shown in Figure 4-
1 (a) and (b), the patterns of SAPO-37 were similar before and after the car-
bon deposition. The SAPO-37-carbon composite had lower peak intensities 
and the peak positions were slightly shifted to high angles region. The loss 
of intensity was attributed to the carbon-filled pores. The peak-position 
change reflected a shrinking of the framework after the thermal treatment. In 
Figure 4-1 (a) and (d), most peaks disappeared after the removal of SAPO-
37 or zeolite Y. However, the peak at 6º was preserved in the SAPO-37- and 
zeolite-Y-templated carbons. This peak corresponds to the [111]-plane of the 
FAU framework. The peak of the SAPO-37-templated carbon was broader 
than for the zeolite Y-templated carbon. The zeolite Y-templated carbon also 
had a distinct peak at about 18º, which we have not been able to assign so far. 
The XRD results show that the templated carbons had certain degrees of 
crystallinity. However, the crystallinity of SAPO-37-templated-carbon ap-
peared to be somewhat lower than for the zeolite-Y-templated carbon.  



52 
 

 

Figure 4-1. PXRD patterns of the prepared samples. As-made silicoalumino-
phoshate (SAPO)-37 (a), SAPO-37 after depositing carbon (b), SAPO-37-
templated carbon after remove of the SAPO and (d) zeolite- Y-templated 
carbon after removal of the zeolite. This figure is from Manuscript IV.    

4.2 Morphology and yield  

The templated carbons preserved the original particle morphologies of both 
SAPO-37 and zeolite Y particles. As is shown in Figure 4-2, the particle 
sizes of SAPO-37- and zeolite-Y-templated carbons were somewhat smaller 
than those of their templates. It may be related to a shrinking of the carbon 
structures after removal of the templates, which could indicate an incomplete 
carbon infiltration in the core region of the template crystals. The crystal size 
of the zeolite Y was around 1 μm, which was smaller than for the SAPO-37 
crystals (4 μm). The diffusion distances of propylene in the zeolite Y crys-
tals are shorter than in SAPO-37. This could possibly, relate to that the crys-
tallinity and amount of carbon deposited in the zeolite Y was higher than in 
the SAPO-37. The carbon contents in the SAPO-37 and zeolite-Y-carbon 
composites were calculated from results of TGA performed in technical air 
(with O2). 
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Figure 4-2. SEM images of as-made silicoaluminophoshate (SAPO)-37 (a), 
SAPO-37-templated carbon after removal of the SAPO (b), zeolite Y (c) and 
zeolite-Y-templated carbon after removal of the zeolite (d) This figure is 
from Manuscript IV.    

TGA traces are shown in Figure 4-3. Around 0.2 g of carbon was deposited 
in 1 g SAPO-37/carbon composite. The carbon content was higher in the 
zeolite Y/carbon composite. (30 wt.%) The oxidation of carbons occurred at 
a temperature of about 650ºC for both composites, which were much higher 
than the temperatures used to remove organic templates for most of zeolites. 
The high temperature is consistent with that the carbon was deposited inside 
the micropores of SAPO-37 and zeolite Y. After removal of SAPO-37 tem-
plate, the thermal decomposition/combustion of the SAPO-37-templated 
carbon, in technical air, occurred in the temperature range of 550 to 700ºC. It 
showed that the activated carbons possessed relatively high thermal oxida-
tive stabilities, which may be related to a higher crystallinity as compared to 
typical amorphous porous carbons. Around 10 wt. % of ash was left after 
oxidation of SAPO-37 templated carbon. The chemical composition of the 
ash was analysed with EDS. The ash mainly consisted of phosphorous and 
oxygen.  
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Figure 4-3. Therrmogravimetric analyses of (a) SAPO/carbon-composite; (b) 
zeolite Y/carbon composite after carbon deposition; (c) SAPO-37 templated 
carbon after the removal of SAPO. (Analyses performed in technical air) 
This figure is from Manuscript IV.    

4.3 Spectroscopic studies  

The SAPO-37- and zeolite-Y-templated carbons showed similar Raman 
spectra. The Raman spectra in Figure 4-4 of the carbons exhibit two broad 
bands, which is typical for activated carbons and ZTCs.118,119 Typical sp2-
bonded carbons show two distinctive bands. The G band around 1580-1600 
cm-1 was attributed to bond stretching of sp2 atoms in pairs presented in aro-
matic rings or olefinic chains and the D band around 1350 cm-1 was attribut-
ed to vibration of sp2 atoms in 6-fold aromatic rings.120 The broad peaks in 
Figure 4-4 are due to the disorder arrangement of carbon atoms.121,122 
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Figure 4-4. Raman spectra of (a) SAPO-37-templated carbon (b) zeolite-Y-
templated carbon recorded with a laser wavelength of 623.8 nm. This figure 
is from Manuscript IV.    

The IR spectra in Figure 4-5 presents vibration frequencies that could allow 
identification of functional groups presented in the templated activated car-
bons. The broad band around 3400 cm-1 is assigned to hydroxyl groups. The 
relative sharp band around 1600 cm-1 may be assigned to carbonyl groups. C-
O-P bands corresponding to phosphorous detected by TGA and EDX may be 
overlapped with the broad band around 1200 cm-1. 123 
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Figure 4-5. IR spectra of (a) zeolite-Y-templated carbon and (b) SAPO-37-
templated carbon. This figure is from Manuscript IV.    

4.4 Porosity 

Porosities were studied by analysing both N2 and CO2 adsorption and de-
sorption isotherms. N2 adsorption isotherms are shown in Figure 4-6. The 
zeolite-Y-templated carbon contained both microporosity and mesoporosity. 
The hysteresis loop for the adsorption and desorption at p/p0=0.4-1.0 may be 
attributed to sorption on the external surfaces of small sized particles. The 
SAPO-37-templated carbon had basically no hysteresis loop in the adsorp-
tion/desorption of N2, which was consistent with micrometer-sized particles 
without intercrystalline mesoporosities. As is shown in Table 4-1, the zeo-
lite-Y-templated carbon had a higher micropore volume than its SAPO-37-
based equivalent. But according to the CO2 adsorption isotherm, the SAPO-
37-templated carbon adsorbed a larger quantity of CO2 as compared to the 
zeolite-Y-based equivalent. It implies the presence of a smaller size of mi-
cropores in the SAPO-37-based carbon than in the zeolite-Y-based one. Such 
ultramicropores are accessible to CO2 but inaccessible to N2 gas. These re-
sults were further supported by analyses of pore-size distributions derived 
from adsorption data.  
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Table 4-1 Surface areas and pore volumes of zeolite-Y-templated carbon and 
silicoaluminiumphosphate SAPO-37-templated carbon. From Manuscript IV 

Sample SBET
 (m2/ɡ) Vmicro (cm3/ɡ) Smeso (m2/ɡ) 

Zeolite-Y-templated carbon 2462 0.6 966 
SAPO-37-templated carbon 1689 0.4 705 
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Figure 4-6. (a) Isotherms of N2 adsorption/desorption at 77K; (b) Isotherms 
of CO2 adsorption/desorption at 273K (b). Red: zeolite-Y-templated carbon; 
Black: SAPO-37-templated carbon. This figure is from Manuscript IV.    

As is shown in Figure 4-7a, the two samples have similar size of pores be-
tween 1-2 nm. Sharp peaks indicate narrow size distributions. The SAPO-
37-templated carbon possessed a larger quantity of ultrasmall micropores 
between 0.4-0.7 nm. Tentatively, the ultrasmall micropores may be attribut-
ed to the presence of phosphate groups in the structure.  



59 
 

 

Figure 4-7. (a) Pore-size distributions calculated by a density-functional-
theory-(DFT)-based method from N2 adsorption at 77K (b) Pore-size distri-
butions calculated by a DFT-based method from CO2 adsorption at 273K. 
Red: zeolite-Y-templated carbon; Black: silicoaluminiumphosphate-37-
templated carbon. This figure is from Manuscript IV.    
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5. Conclusions 

This thesis has focused on the modification of IZM-2 and TON-type zeolites, 
as well as the synthesis of microporous carbons with templates of the FAU-
type molecular sieve kind. Modification of zeolites allows varying the prop-
erties of original materials including framework compositions, crystallinities, 
porosities and morphologies. IZM-2 zeolite consists of aggregates of nano-
crystals. A post treatment with diluted HF solution significantly increased 
the mesoporosity. After treatment, the nanocrystals preserved the original 
crystallinity and the framework composition. The performance of modified 
samples as catalysts in reactions has not been studied yet. The activity and 
life time of this zeolite upon modifications would be interesting for further 
studies.  

Moreover, the crystal size of IZM-2 zeolite was enlarged by varying the 
synthesis composition and excluding aluminium source from the precursor. 
The pure-silica IZM-2 was characterized in terms of defect sites, mi-
croporosity and content of extra framework cations. It was found that large 
amounts of sodium ions hindered the access of micropores and ion-exchange 
of proton could activate the micropores. The structure of IZM-2 zeolite is yet 
unknown. Large-size crystals without aggregation are potentially favourable 
for the structure determination of this new zeolite.  

In addition, TON-type zeolite was synthesized under static hydrothermal 
conditions and a snowflake morphology was obtained. The effects of synthe-
sis parameters on the size and shape of the crystal were studied. Yet the 
plane and angles of the intergrowth have not been well understood. Such a 
study in the future may be helpful to reveal the intergrowth mechanism and 
control the intergrowth behaviour of TON-type zeolites. 

Last and not the least, microporous carbons were prepared by propylene 
CVD using SAPO-37 and zeolite Y as hard templates. SAPO-37 and zeolite 
Y have the same FAU topology but different compositions. SAPO-37 was 
dissolved by relatively mild chemical treatments. The obtained carbons had 
high specific surface areas and large amounts of micropores. Open questions 
remaining in this work include the quantitative analysis of the nature of 
phosphorus in the carbons during the synthesis and the identification of the 
diffraction line at 18.2°. We expect that the large structural variety of SAPO 
and AlPO4 molecular sieves would be helpful to prepare the microporous 
carbons with new structures and functionalities without having to use HF.  
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Sammanfattning 

Denna avhandling fokuserade på syntes och modifiering av så kallade 
zeoliter samt aktiva kol där en zeolitliknande aluminiumfosfat användes som 
en förlaga. Zeoliter är kristallina aluminiumsilikater som uppvisar en 
uniform mikroporositet. De används i en stor utsträckning inom katalys och 
olika adsorptions- och jonbytestillämpningar. Zeoliternas prestanda kan 
optimeras för olika tillämpningar genom att antingen direkt modifiera 
syntesbetingelserna eller genom att modifiera zeoliterna efter syntes. 
Avhandlingens första del behandlade modifieringen av en zeolit med namn 
IZM-2 efter syntes. IZM-2 har en okänd struktur. Vi fokuserade här 
studierna på att generera en sekundär porositet och en variation av Si/Al-
kvoten i zeolitens ramverk. Strukturbestämningen av denna IZM-2 zeolit 
hindrades av att kristallerna var för små. I den andra delen av denna 
avhandling var fokus på att studera effekterna av en direkt modifiering av 
syntesbetingelserna för en viss typ av IZM-2 kristaller. Dessa var 
syntetiserade under frånvaro av aluminiumatomer. Storleken av dessa IZM-
2-kristaller var större än de med aluminium atomer inkluderade i sina 
ramverk. I den tredje delen av avhandlingen studerades effekten av direkta 
förändringar av syntesbetingelserna för en annan typ av zeolit. Zeoliter av 
typen TON syntetiseras normalt under snabb omröring i ett slutet kärl vid 
hög temperatur. Under sådana synteser bildas nålformade kristaller. Genom 
att undvika omrörning och nogsamt variera syntesbetingelserna framställdes 
denna zeolit med en snöflingemorfologi. Effekterna av syntesparametrarna 
på kristallernas morfologi diskuterades i detalj. Aktiva kol som syntetiseras 
med zeolit-baserade förlagor har dragit på sig stor uppmärksamhet på grund 
av deras höga prestanda i möjliga tillämpningar som adsorbentmaterial och 
elektrodmaterial i superkondensatorer. I avhandlingens sista del fokuserades 
mina studier just på att erhålla mikroporösa aktiva kol med en strukturell 
regelbundenhet. Nytt var där att vi använde en förlaga som kunde tas bort 
enklare en den som traditionellt används. Vi använde en molekylsikt som var 
baserad på aluminiumsilikatfosfat för att syntetisera aktiva kol genom att 
först deponera propen genom kemisk ångdeponering (CVD, chemical vapor 
deposition). Efter ett par efterföljande steg så löstes aluminiumsilikatfosfaten 
upp med hjälp av en stark syra och en stark bas. Jämfört med aktiva kol som 
togs fram med hjälp av en konventionell zeolitförlaga, så introducerade 
aluminiumsilikatfosfaten ultrasmå mikroporer i kolen och det var möjligt att 
lösa upp fosfaten utan att använda fluorvätesyra.   
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