
^'5.124

Applications of the sol-gel method for the 

synthesis of novel catalytic materials

PhD. Thesis

Ákos Kukovecz

University of Szeged

2001



Supervisor:

Dr. Imre Kiricsi



2

Table of Contents

TABLE OF CONTENTS

1. INTRODUCTION 4

2. CONCEPTUAL BACKGROUND 7

2.1 The sol-gel method 7
2.1.1 History 7

2.1.2 How does it work? 8

2.1.3 Controlling the properties of the gel 11

2.1.4 Applications 13

2.2 Morphology in heterogeneous catalysis

2.3 Reactions of interest

2.3.1 Carbon nanotube synthesis

2.3.2 Diels-Alder type reactions

3. EXPERIMENTAL

14

15
15

15

17

3.1 Synthesis 17

3.1.1 Mesoporous materials 17

3.1.2 Macroporous materials 19

3.2 Characterisation 20

3.2.1 Elemental analysis 20

3.2.2 Sample features on the molecular scale 20

3.2.3 Acidity 21

3.2.4 Electron microscopy 22

3.2.5 Adsorption behaviour 22

3.2.6 Effects of mechanical pressure 22

3.3 Catalytic experiments 23

3.3.1 Synthesis of carbon nanotubes 23

3.3.2 Isomerisation of 1-butene 23

3.3.3 Diels-Alder reactions 24

3.4 Computational methods 24

3.4.1 Pore structure characterisation 24

2



3.4.2

3.4.3

3.4.4

Calculation of the fractal dimension

Quantum chemical calculations

Statistical background

27

27

28

4 RESULTS AND DISCUSSION 29

4.1 Mesoporous materials 29
4.1.1 Materials containing transition metals 29

4.1.2 Materials containing phosphotungstic acid 36

4.2 Macroporous materials 54
4.2.1 Silica nanotubes 54

4.2.2 Silica foams 59

4.3 General considerations concerning fractal dimension 67

5 SUMMARY 70

6 ACKNOWLEDGEMENT 72

7 REFERENCES 73

8 REFERENCES TO OWN PUBLICATIONS RELATED TO THIS THESIS 77

9 APPENDIX 78

10 SUMMARY IN HUNGARIAN — MAGYAR NYELVŰ ÖSSZEFOGLALÁS 81

3



Applications of the sol-gel method for the synthesis of novel catalytic materials Introduction

1. Introduction

Ever since the very beginnings of modem chemistry, heterogeneous catalysis has 

always been a major driving force of development, because it was a discipline that helped to 

satisfy the needs of the masses and could improve the general quality of human life. By as 

early as the 1820s, over a million items were sold from the first commercial heterogeneous 

catalytic instrument, Döbereiner’s “tinderbox” — a device that was used for lighting a flame 

by directing a jet of hydrogen from a miniature Kipp’s apparatus onto a platinum sponge. In 

the 1850s, Phillips patented the use of platinum for oxidising SO2 to SO3 with air. In 1871, the 

Deacon process was developed for the oxidation of HC1 to CI2 over a clay brick impregnated 

with cupric salts. In the last decades of the 19th century the basics of catalytic hydrogenation 

over metallic nickel were worked out by Sabatier, Normann and Mege-Mouries. Ostwald 

realised that ammonia could be catalytically oxidised into oxides of nitrogen (which can then 

be turned into nitric acid) over a platinum gauze in 1903.

A landmark in the history of applied catalysis is 1909, when Haber succeeded in 

finding an adequate catalyst (later to be perfected by Bosch and Mittasch) for the synthesis of 

ammonia from N2 and H2 [1]. This discovery can be regarded as the origin of modem, 

conscious catalyst design and development. In 1923 the first synthetic methanol plant 

operating with zinc oxide — chromium oxide catalyst was commissioned. Shortly afterwards, 

the cobalt and iron catalysts of the Fischer-Tropsch process were developed. The 1930s 

brought the selective, silver-catalysed oxidation of ethylene, the first catalytic cracking plants 

using acid-treated montmorillonite, and the introduction of “silico-phosphoric acid” by 

Ipatieff and Pines. The career of synthetic zeolites skyrocketed after World War II thanks to 

the work of Rabo, Milton, Barrer, Plank, Hall and many other researchers. Further important 

achievements of the last few decades are precisely planned bifunctional catalysts, sulphur and 

nitrogen tolerant catalysts, three-way automotive exhaust catalysts, asymmetric catalysis, 

immobilised enzymes, etc. All in all, heterogeneous catalysis has always been about finding, 

or even better, designing new materials that are able to speed up the reactions considered to be 

important by the contemporary chemical industry.

The present day is no exception, of course. One of the current focuses of interest is 

catalysis in the mesoporous range. Albeit zeolites usually make splendid catalysts for 

reactions where the kinetic diameter of the partners does not exceed 8-10 A, they fail to 

operate on molecules whose primary size is 10-20 A (and more). This is a serious handicap, 

as the attention of the industry is slowly turning towards larger molecules partially because of 
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necessity (as oil reserves run low, bigger and bigger molecules have to be processed into 

motor fuels) and partially because they open new fields of application (e.g., stereoselective 

catalytic reactions without size limitations). Even though the discovery of the M41S type of 

materials in 1992 [2] promised a quick solution to the pore size problem, the scientific 

community is not content and is constantly looking for new routes to prepare tailor-made 

mesoporous catalysts.

The term “sol-gel method” refers to the controlled hydrolysis of soluble metal sources 

(primarily alkoxides). During the reaction the system is transformed from a real solution into 

a three dimensional solid structure, while passing through numerous stages of aggregation. 

Originally a technique known to the ceramics industry, the sol-gel method was re-discovered 

by heterogeneous catalysis in the 1980s. The process witnessed an enormous increase in 

popularity in the 1990s and is considered to be one of the leading new synthesis methods of 

the discipline. The main keyword for such an expansion is “versatility”. Catalyst morphology, 

porosity and functionality can all be varied quasi independently to a considerable extent and 

with admirable simplicity. Therefore, many researchers pondering over the difficulties 

mentioned in the previous paragraph find that sol-gel derived materials may possess just the 

type of features they were looking for.

Nowadays, the main important and challenging goal of heterogeneous catalysis is to 

approach 100 % selectivity, practically irrespective to the conversion level. Billions of dollars 

are invested into the investigations of nanostructured metal catalysts possessing metals in 

nanometer sized homodisperse distribution. These catalysts are expected (i) to exhibit 

uniform catalytic behaviour resulting in 100 % selectivity, and (ii) to speed up the 

development of sophisticated analytical methods and instruments to assure the precise 

analysis of the products of such transformations.

The present dissertation describes my experiences with synthesising, characterising 

and testing sol-gel derived meso- and macroporous functionalised silica composites. As the 

technique was completely unknown to our research group prior to my work, it was my goal to 

find as many connections between the offerings of the sol-gel technique and the needs of our 

Department as I could. Therefore, this PhD thesis is constructed as a loosely linked system of 

smaller projects sharing two common features: (i) they all investigate certain properties of 

silica-based composite materials, and (ii) they are designed with the global research interests 

of our group in mind.
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The following areas were investigated in particular:

• controlling the porosity of the material by preparing mesoporous silica, silica 

nanotubes and silica foams,

• functionalising the material by building transition metals, heteropoly acid 

molecules or structural aluminum into it,

• testing the activity of the prepared catalysts in the reactions of carbon nanotube 

synthesis, 1-butene isomerisation and a Diels-Alder type cycloaddition.

I trust that my work has helped to pinpoint the areas of sol-gel based heterogeneous 

catalysis that are worth exploring in more detail as long term research projects in the future.
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2. Conceptual background

2.1 The sol-gel method

Sol-gel processing has become so popular in the last few decades that writing a 

compact yet comprehensive introduction to the subject is as easy task as summarising 

inorganic chemistry in two pages. Therefore, the following Sections do not even attempt to do 

so. My primary goal is just to give a quick overview of the field, especially about the topics 

related to my PhD research.

2.1.1 History

Interest in the sol-gel processing of inorganic ceramic and glass materials began as 

early as the mid-1800s with Ebelmen’s [3] and Graham’s [4] studies on silica gels. These 

early investigators observed that the hydrolysis of tetraethyl orthosilicate under acidic 

conditions yielded SiC>2 in the form of a “glass-like material”. Unfortunately, little 

technological interest was raised by these studies due to the extremely long drying times 

required to obtain large monolithic pieces. Gels regained the attention of chemists for a period 

from the late 1800s through the 1920s because of the phenomenon of Liesegang rings [5], 

investigated by as noted researchers as Ostwald and Lord Rayleigh. Despite the huge volume 

of descriptive literature published about these studies, the physical-chemical properties of gels 

were only sparsely understood.

The second renaissance of the technique came through the work of Roy and co

workers [6] who recognised the potential for achieving very high levels of chemical 

homogeneity in colloidal gels. They established the place of the sol-gel method in the arsenal 

of the ceramic industry in the 1950s and 1960s by synthesising a large number of novel 

ceramic oxide compositions (Al, Si, Ti, Zr, etc.) unavailable by traditional ceramic powder 

methods.

The third boom came in the 1980s, when the sol-gel method was rediscovered by the 

micro-optical and heterogeneous catalytic industry. Outstanding versatility, excellent control 

over the properties of the material and very high and homogeneous component distribution 

were the key factors responsible for the exponential gain in popularity. This phenomenon is 

indicated by the increase in the number of registered U.S. patents utilising sol-gel elements, as 

depicted in Figure 1.
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Figure 1. Number of annually registered U.S. patents related to the sol-gel method

Currently, the sol-gel method is utilised by more disciplines of science [7] then ever 

before. Optics [8], electronics [9], biotechnology [10], the drug industry [11] and of course, 

heterogeneous catalysis [12] are continuously finding novel possible applications — most of 

which are based on the capacity of the technique to build complex, multicomponent systems 

in one single step. As Ward and Ko summarise in [12]: “Ife see the following specific 

advantages: (i) the ability to control structure and composition at the molecular level, (ii) the 

ability to introduce several components in a single step, (Hi) the ability to impose kinetic 

constraints on a system and thereby stabilize metastable phases, and (iv) the ability to fine 

tune the activation behaviour of a sample and thereby trace the genesis of active species. ”

2.1.2 How does it work?

Sols are dispersions of colloidal particles in a liquid. A gel is an interconnected, rigid 

network with pores of submicrometer dimensions and polymeric chains whose average length 

is greater than a micrometer [13]. In the most general sense of the word, the term 'Sol-gel 

method' can refer to any synthesis that begins with a liquid state (real or colloidal solution) 

and ends up with a gel phase. Because of their immense effect on the properties of the final 

material, post-synthetic treatment procedures like ageing, drying, hydrothermal treatment,
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calcination, etc. of the gel are usually bundled with the real “sol-to-gel” process parameters in 

the dictionary of most authors.

Two approaches are used to make sol-gel monoliths: (i) gelation of a solution of 

colloidal powders, (ii) hydrolysis and polycondensation of a real solution of nitrate or 

alkoxide precursors followed by ageing and drying. Supercritical drying yields aerogels, while 

drying at ambient conditions yields xerogels (also called alcogels, if the major solvent 

removed from the gel was some sort of alcohol). All samples mentioned in this thesis are 

alcogels prepared by the controlled hydrolysis of alkoxide precursors, therefore, only this 

route shall be detailed below.

Alkoxide based sol-gel chemistry can be described by the two (oversimplified, yet 

demonstrative) reactions presented in Scheme 1.

Hydrolysis: —MOR + H2O -> —MOH + ROH

Condensation: —MOR + ROM ->—MOM— + ROH 
or: —MOH + HOM—MOM—+ H2O

Scheme 1. The two classes of reactions governing the alkoxide based sol-gel process

In my studies M was Si, Al or Ti and R was ethyl or isopropyl group. All reactions 

were performed under acidic conditions, except the silica nanotube synthesis which was 

catalysed by adding NH3 solution to the system.

Two models for the Si(OR)4 hydrolysis reaction have been proposed, one in which a 

trivalent [14] and another in which a pentavalent [15] transition state is assumed. The latter 

has been found to be correct by the high-pressure Raman spectroscopic studies of Zerda and 

Hoang [16]. They suggest that in the case of the acid catalysed hydrolysis of Si(OCHs)4 the 

proton is attracted by the oxygen atom of the OCH3 group as illustrated in Scheme 2.

H

I
H3O+ + ESi-OCH3 ___ ► =Si-OCH3 + ___ k ESi-OH +CH3OH + H+

H2J

Scheme 2. Acid catalysed hydrolysis of Si(OCH3)4 via a pentavalent transition
state [16]
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This causes a shift of the electron cloud of the Si-0 bond toward the oxygen, thus the positive 

charge on the Si increases. The pentavalent state is formed by a nucleophilic attack of a water 

molecule, and the system stabilises itself by releasing methanol and the catalysing proton.

Gelation (a series of condensation steps leading to a three-dimensional interconnected 

structure) is the most important factor governing the features of the final product. Three 

different gelation theories are commonly cited regarding sol-gel processes:

• Classical of mean-field theory

Developed by Flory [17], this model visualises the basis structure of a polymer as a tree 

(Cayley tree or Bethe lattice). The maximum number of bonds allowed to form at each node is 

a pre-defined value (e.g. 4 for silicic acid) for each polymer family. Clusters grow in a 

random, branching, but essentially linear fashion. This is ensured by the condition that 

requires at least two bonds per node so that the cluster remains continuously connected from 

one side to the other. Though this model is appealing at a first glance and makes it possible to 

calculate important parameters like the distribution of molecular weights, it has a fatal flaw. 

Since no rings are allowed, there is an increasing number of nodes as the radius of the cluster 

increases. The direct consequence of this error is that the model predicts that the mass of such 

clusters should increase as the fourth power of the radius, instead of the real-life behaviour 

where mass must grow as the third power of cluster radius.

• Perlocation theory

Perlocation theory has been recently reviewed by Zallen [18]. Perlocation allows for rings or 

closed loops to form, and thus, the mass of perlocation models increases correctly with the 

cube of the cluster radius. The simplest site perlocation model starts with an empty grid and 

puts particles randomly at the intersections. If two particles are adjacent, bonding will occur. 

The flaw of this model is that complete connectivity or gelation is rather unlikely at rational 

values of site filling. The so-called bond perlocation model corrects this problem by starting 

with all intersections filled and adding the bonds randomly. This model is dependent on the 

lattice (threshold values were summarised by Brinker and Scherer [7]), but is capable to 

provide accurate predictions within its own limits.

• Fractal theory

The idea of fractality (or self-similarity) was introduced by Mandelbrot [19], and has been 

applied very successfully in as distant areas of science as modelling the growth of trees [19] 

and modelling the surface of the Sun [20]. One fractal gelation model was developed by 

Keefer [21]. Clusters simulated with this model retain the desirable branching, self-similar 
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structure of the classical gelation theory, but compensate its major flaw by postulating that the 

density of mass fractals decreases with size. All in all, the model gives a range of fractal 

dimension values from 1.6 to 2.4 depending on the rate of hydrolysis, which relates well with 

published experimental results. Besides its applicability to modelling gelation, the fractal 

approach has proven to be a most useful tool in describing certain surface properties of the 

synthesised gels as well (see Sections 2.2 and 4.3).

2.1.3 Controlling the properties of the gel

The sol-gel technique offers “control” over four distinct groups of properties:

• Controlling the pore structure, specific surface area, micropore volume, etc.

• Controlling the elemental composition of the gel. Possibilities of incorporating metal, 

metal-oxide and non-metal functional modifiers, changing acidity, etc.

• Controlling the morphology of the product. Synthesis of monolithic pieces, spheres, 

layers, coverings, foams, membranes, etc.

• Regulating macroscopic properties like opacity, density, fracture resistance, etc.

The first of these is the point of the present Section, the second shall be discussed in 

the next Section and the third area is to be summarised in Section 2.2. Questions related to the 

control over macroscopic properties are clearly out of the scope of this thesis.

The novice investigator is easily discouraged by the apparent complexity of the 

problem of tailoring the pore volume and specific surface area of even a simple, single

component SiO2 matrix. Temperature, pressure, pH, water-to-Si ratio, time, ageing, drying, 

etc., all seem to be important yet counter-acting factors governing the properties of the final 

product. Curiously enough, the theory determining sol-gel pore characteristics is really quite 

simple: it’s all about the hydrolysis and condensation reactions. Fast condensation leads to 

compact, dense, low-area structures, while fast hydrolysis accompanied by moderate 

condensation rate results in open, irregular, porous matrices. Any of the synthesis parameters 

may act as an effective modifier factor as long as it is able to change the absolute and/or 

relative rates of these two competing reactions.

Recently, Jones et al. have performed a comprehensive study [22] on the dependence 

of pore characteristics on the preparation conditions of sol-gel derived aluminosilicates. Their 

method was to take a default TEOS-based acid catalysed hydrolysis reaction, and synthesise a 

series of gels changing one parameter a time. Their findings can be summarised as follows:
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• Increasing the Al-to-Si ratio, the solvent (ethanol) content or the pH results in a decrease 

in the specific surface area of the products. Increasing the H2O-to-Si ratio, on the other 

hand, results in higher BET surfaces.

• Porosity and total pore volume change in line with the BET surface. However, micropore 

volume seems to follow the opposite trend: the lower the surface area, the higher the 

contribution of micropores to the total pore volume.

• Increasing the size of the alkyl group of the solvent alcohol or the number of -OH groups 

per molecule increases the BET area, pore volume and porosity, but decreases the 

micropore volume.

In a comprehensive study on the properties of titanosilicates prepared by various synthesis 

techniques, Toba et al. [23] have found that the complexing agent (in their case, 1,6- 

hexanediol) assisted sol-gel method gave the most homogeneous samples and offered (chiefly 

via changing the Ti/Si ratio) the biggest control over pore system characteristics.

When a gel is maintained in its liquid, its structure and properties continue to change 

long after the gel point. This process is called ageing. Four processes can occur during ageing: 

polycondensation, syneresis (shrinkage of the gel accompanied by the expulsion of liquid 

from the gel pores), coarsening and phase transformation. Albeit there is plenty of literature 

on ageing [24], the details of the process are scarcely understood, and the optimisation of the 

ageing parameters of the sol-gel synthesis has not advanced far beyond the trial-and-error 

level.

The next step in the course of the synthesis is drying, which can be done either under 

supercritical conditions or at elevated temperatures (or decreased pressures). The former 

method leads to xerogels, the latter to alcogels (if the original solvent was alcohol, aerogels 

otherwise). Smith et al. have discovered [25] a co-operative effect between the synthesis pH 

and the drying parameters (e.g., solvent type, washing solvent type) of aerogels: surface area, 

pore size and pore volume all decrease with the increasing surface tension of the liquid to be 

removed from base-catalysed aerogels. On the other hand, micropore surface area and pore 

volume increase considerably in the case of acid catalysed gelation steps. Smith explains this 

phenomenon by pointing out that the higher the surface tension at the liquid-vapour interface, 

the higher the capillary pressure within the pore. When the pressure exceeds a certain 

threshold value, the gel network loses its integrity. Acid catalysed gels are less highly cross

linked then base catalysed ones, therefore, the same surface tension values correspond to the 

breaking of different pores in their case.
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The last step in a typical sol-gel process is a high temperature treatment called 

densification or calcination. Maximum temperature, heating rate, atmosphere (inert or 

oxidising), etc., are the most important factors here. In the first stage of the heating process 

(up to 3-400 °C) water and volatile organics (e.g., template molecules) are removed from the 

gel. This is generally accompanied by an increase in the specific surface area. Surface area 

diminishes in the second stage (up to 800-1000 °C) because of capillary contraction, 

condensation and sintering. This is caused by the gel-to-glass transition, driven by the higher 

free energy of gels. In the final stage, once the gel-to-glass transition is complete, the structure 

and properties of the material are indistinguishable from those of a conventional melt-derived 

glass [26].

2.1.4 Applications

The simplest heterogeneous catalytic applications of sol-gel derived materials are 

those where the sol-gel sample is a simple replacement for a conventional catalyst: an 

amorphous sol-gel silica support instead of normal silica, silica-alumina composites instead of 

zeolites and so on. Albeit such examples are nowadays generally too common to claim any 

serious scientific attention, they can still be interesting materials, provided that either their 

pore system or their morphological features are special enough.

Sol-gel derived mixed oxides, on the other hand, make full use of the possibilities of 

the method. Vanadia-silica [27], alumina-silica [28], titania-silica [29], Fe2O3-SiÛ2 [30], 

ZrC>2-SiO2 [31] as well as BaO-A^Ch and La2O3-A12Û3 [32] and many more composites have 

already been prepared successfully. Even though the goals of these investigations are quite 

different, their common feature is that they utilise the great control over homogeneity, 

elemental composition and sample morphology offered by the sol-gel technique. Samples are 

usually compared to those synthesised by conventional methods like co-precipitation or 

kneading, and more often then not, sol-gel materials are found to be superior in certain 

respects.

The same advantages and especially the achievable very small and uniform metal 

cluster size [33] make the sol-gel route a favourable alternative to conventional two-step 

impregnation methods for the preparation of metal — metal-oxide composites. Mixing can be 

performed at the atomic level, therefore, the resulting materials are of considerable interest to 

the currently flourishing nano-industry as well. Some catalytic applications reported are the 

selective side chain oxidation [34] of alkyl aromatic compounds over sol-gel derived Co-SiO2, 

the synthesis of N,N-dimethylformamide over Group VIII transition metal containing silicas 
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[35] and detailed studies on the theory [36] and practice of selective benzene [37] and toluene 

[38] hydrogenation over Ru-SiO2.

Truly exciting new materials can be prepared by the non-metallic functionalisation of 

sol-gel derived oxide matrices. Heteropoly acids, amino acids and carbohydrates can be 

anchored onto the walls of the pores, offering nearly endless possibilities for the 

heterogenisation of traditionally homogeneous reactions and performing such delicate tasks as 

molecular recognition [39] and chiral separation [40].

2.2 Morphology in heterogeneous catalysis

Sample morphology in heterogeneous catalysis is considered to be important on at 

least three different levels: (i) macroscopic features like the maximum size of a monolith or 

the thickness and crack-freeness of a coating, (ii) “conventional” morphological issues 

concerning the shape of the primary particles of the material, and (iii) the layout of the pore 

system inside these particles.

By using the sol-gel method it is possible to gain control over all three levels at the 

same time, in one single synthesis. At well-defined points in the sol-to-gel transition, the 

viscosity of the material becomes ideal for spin coating [41] or dip coating [42], and thus, 

large crack-free membranes [43] can be prepared. Thanks to the versatility of the elemental 

composition (see previous Section), these membranes can be applied for separation [44] as 

well as for catalytic purposes [45].

Sol-gel derived primary particles can be prepared in an impressive number of shapes 

and curvatures [46], especially out of silica and by using supramolecular templating [47]. 

However, supramolecular assemblies have also been applied successfully for the synthesis of 

TiO2 hollow fibers [48] and films [49] as well as mesolamellar aluminophosphates [50], for 

example. Well chosen templating may also lead to completely new pore systems, like sol-gel 

derived silica nanotubes [51] and silica foams [52, 53].

Fractal analysis has become a very popular tool in solid surface characterisation in the 

last two decades [54-57]. Fractal materials have scale invariant morphological features by 

definition, and can be classified [58] as mass fractals, pore fractals and surface fractals. From 

the point of view of heterogeneous catalysis, the latter two are of considerable interest, since 

transport efficiency [59] and catalytic activity [57, 60] may both be related to pore and surface 

self-similarity. Because of their paramount importance in separation, adsorption and catalysis, 

the ffactality of silica species has been quite extensively studied [61-65] already. While it is 

generally agreed [59] that pore fractals are rarely found among common porous materials, the 
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existence of surface fractality in silica specimens is still heavily debated. Even by narrowing 

the scope of investigation down to sol-gel derived silicas we can find a wide range of opinions 

ranging from the denial (“...it is more realistic to assume that a given porous system does not 

show a fractal structure.”, by Gottsleben and Hesse [66]) to the acceptance (numerous authors 

have calculated fractal dimensions for such species, e.g., Sermon et al. [64]) of the surface 

fractality of these materials.

2.3 Reactions of interest

This thesis being focused on catalyst synthesis and characterisation, the Reader is 

referred to some excellent literature [67] about heterogeneous catalysis or acidity test 

reactions in general. However, I shall briefly mention the key points found in the literature 

about the two performed reactions awaiting more detailed examination in the future.

2.3.1 Carbon nanotube synthesis

Investigations on the carbon deposits formed over catalyst surfaces can be traced back 

to the early years of the 20th century. For a long time, these studies were focused on 

minimising the coke amount. In fact, it was not until the discovery of carbon filaments [68] 

that researchers became interested in the variety of carbon morphology to be found in such 

deposits. It was the rapid industrial career of carbon strengthened plastic composites that 

initiated the conscious in-depth investigations that eventually led to the discovery of 

multiwalled [69] and singlewalled [70] carbon nanotubes. Since then, a high level of research 

activity has been concentrated on these materials. Electric arc discharge [71], laser ablation 

[72] and catalytic vapour deposition [73] are the most often utilised carbon nanotube synthesis 

methods, of which the catalytic route appears to be the most promising for large scale 

industrial applications. Using different metals as catalysts supported on zeolites or silica, 

Ivanov et al. [74], Li et al. [75] and Mukhopadhyay et al. [76] reported the production of 

multiwalled nanotubes with 3-8 nm inner, 5-25 nm outer diameter and up to 60-80 pm length 

with remarkable efficiency at low temperatures. Currently, catalytic research efforts are 

concentrated on (i) increasing the nanotube yield, and (ii) improving product quality and 

homogeneity.

2.3.2 Diels-Alder type reactions

Diels-Alder type reactions are 4,2 type cycloadditions [77]. Their main advantage is 

that they make possible to create more than one asymmetric centre [78] in one reaction step, 
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and thus, they are widely used as a key step in the synthesis of complex carbon frameworks 

and natural products. The two reacting partners are a diene and a dienophile, the catalyst 

(required in most cases) is a Lewis acid, traditionally operating in the homogeneous phase 

[79]. The catalyst is often a chiral molecule [80] itself.

Following the general trend of replacing homogeneous acidic catalysts by their 

heterogeneous counterparts, quite a number of studies are currently focused on Diels-Alder 

reactions catalysed by solid organic networks [81], clays [82], zeolites [83], ALPOs [84] and 

immobilised heteropoly acids [85]. The common features of these experiments are that (i) 

approximately the same conversion levels can be achieved as in conventional homogeneous 

reactions, (ii) the catalyst can be simply filtered off and reused after the reaction, and (iii) 

some regioselectivity can be observed in most cases. Contemporary research efforts are 

concentrated on improving stereoselectivity, either by incorporating chiral modifiers beside 

the catalytically active centres or by developing new materials where the pore system itself 

forces steric restraints on the reaction partners.
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3. Experimental

In this Chapter I shall present all the synthesis recipes, experimental and 

computational details that were utilised to obtain the results of my research.

3.1 Synthesis

Because of the wide range of materials studied herein, it is necessary to define a 

unified labelling system. All samples mentioned in this thesis are identified by a code printed 

in italics, built up as shown in Scheme 3. Sample codes are defined when mentioned for the

first time, and are summarised in Table 16. in the Appendix.

Scheme 3. Definition of the sample naming convention used throughout this thesis

Even though the sol-gel technique can indeed be practised using a large variety of 

different source compounds, for the sake of consistency and simplicity only studies relying on 

one single alkoxide of each network-forming metal shall be described in this thesis. The 

chosen molecules are tetraethyl orthosilicate (TEOS) as silicon, aluminum triisopropoxide 

(AiPR3) as aluminum and tetraisopropyl orthotitanate (TIPOT) as titanium source.

3.1.1 Mesoporous materials

3.1.1.1 Materials containing transition metals

Samples based on a purely siliceous matrix were prepared as follows. Nickel, cobalt 

and iron nitrates were dissolved in 7 ml of 2-propanol in amounts necessary to obtain a 5 w% 

total metal loading in the final metal-silica product, and stirred at 333 K for 60 min. Then, 10 

ml TEOS was added to the solution and stirring was continued for an additional 60 min 

followed by the initiation of hydrolysis by the introduction of the following solution: 8 ml 2- 

propanol + 25 ml distilled water + catalytic amount of acetic acid. The system was stirred for 
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another 3 h at 333 K. A clear, transparent gel was obtained after complete gelation at ambient 

conditions in 12 h. The gel was ground into a fine powder, dried at 373 K under reduced 

pressure and calcined in a flow of O2 at 770 K. According to our naming convention, these 

samples shall be referred to as Co,Si-ME-C-5, Co,Ni,Si-ME-C-2.5 and so on.

Samples containing TiC>2 were prepared essentially the same way, but by adding a pre

mixed TEOS+TIPOT solution to the alcoholic metal salt solution instead of TEOS alone. 

Because of the moisture sensitivity of TIPOT, the water content of the hydrolysing solution 

was reduced to 4 ml to avoid phase separation caused by premature hydrolysis. In all 

SiO2/TiO2 composite samples the molar ratio of Si:Ti is 1:1, therefore, this ratio is not given 

explicitly in the sample code (e.g., Co,Ti,Si-ME-C-5).

3.1.1.2 Materials containing 12-phosphotungstic acid

The synthesis method of sol-gel derived 12-phosphotungstic acid (H3PW12O40, 

denoted PW12 from now on) + silica composites was the following: 13.86 g TEOS was 

dissolved in a mixture of 8.26 g ethylene glycol and 8 g ethanol while stirring at 353 K in an 

oil bath. To this solution PW12 was added in calculated amount to reach 5, 20, 50 or 80 w% 

heteropoly acid loading in the final (calcined) composite. After stirring for 1 hour, a mixture 

of 24 g ethanol, 6 g water and a catalytic amount of acetic acid was added to the system. The 

stirring rate and temperature were maintained long enough (typically 3 hours) to reach a clear, 

transparent, solid gel state. The resulting gel was aged at ambient conditions for 24 hours and 

dried under reduced pressure at 413 K for 3 hours. The colour of the samples changed from 

white to deep purple during the drying. Finally, the samples were calcined in air at 873 K for 

6 hours, which caused their colour to change back to greenish white. The resulting xerogels 

were labelled PW12.SI-ME-AS-5 ... PW12,Si-ME-AS-80 and PW12,Si-ME-C-5 ... PW12,Si- 

ME-C-80.

Another set of samples was prepared by conventional wet impregnation: PW12 was 

dissolved in 150 ml water in amounts calculated to produce 5, 20, 50 and 80 w% PW12 

loading on the final composite, and these solutions were used to impregnate 5-5 g Si-ME-C-0 

by evaporating the water at 313 K under reduced pressure. Thus, samples PW12,Si-ME-IM-5 

... PW12,Si-ME-IM-80 were obtained.

18



Applications of the sol-gel method for the synthesis of novel catalytic materials EXPERIMENTAL

3.1.2 Macroporous materials

3.1.2.1 Silica nanotubes

Silica nanotubes were prepared at ambient conditions by the method described by 

Nakamura et al. [51]. In spite of the considerable research effort invested, we were not able to 

significantly optimise the recipe any further. Results of these experiments shall be 

summarised in Section 4.2.1. However, we have found that it is possible to scale up the 

original process, while maintaining a constant nanotube yield. The reaction was carried out as 

follows: 10.0 g DL-tartaric acid and 30.0 g water were dissolved in 2000 ml absolute ethanol. 

To this solution 365 g TEOS was added and the mixture was stirred for 5 minutes, while 

stirring with a magnetic stirrer. After that, the system was allowed to stand for 30 minutes and 

then, 1000 ml of 25% NH3 solution was added, while stirring lightly with a glass rod. In about 

15 seconds an opal white gel was formed, which was permitted to stand for 20 minutes and 

then was washed with water to remove excess NH3, dried at 378 K overnight and finally 

calcined at 773 K for 12 hours in a flow of O2. Thus, a fine white powder was obtained, which 

was labelled Si-NT-C-0.

The catalytically inert nanotubes were transformed into active heterogeneous catalysts 

by building phosphotungstic acid into them by the means of wet impregnation. Samples 

containing 5 w% and 20 w% PW12 were prepared by mixing 3 g Si-NT-C-0 with a calculated 

amount of PW12 dissolved in 500 mL water. The water was gradually evaporated under 

continuous stirring at 363 K, then the samples were dried in air at 423 K overnight and 

labelled PW12,Si-NT-C-5 and PW12,Si-NT-C-20, respectively.

3.1.2.2 Silica foams

Macrocellular mesoporous silicate foams were prepared by a modified sol-gel route 

based on the technique suggested by Bagshaw [52]. 4.58 g Triton X-114 (a non-ionic 

surfactant from Fluka) was dissolved in 30 g H2O adjusted to pH=l by a few drops of H2SO4. 

This solution was stirred at ambient conditions at 500 rpm by a magnetic stirrer for 1 hour and 

then, 13.86 g TEOS was added to the foam. Stirring was maintained until a thick white gel 

was formed (4-6 hours). The gel was transferred into a Petri dish and allowed to age 

overnight. One half of the resulting foam monolith was hydrothermally treated at 413 K for 

24 hours, while the other half was dried at 313 K for 24 hours. Finally, both samples were 

calcined at 673 K in a flow of O2 for 8 hours, and labelled Si-FO-C-O and Si-FO-HTC-0, 

respectively.
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Solid acid foams containing 5 w% and 20 w% PW12 were prepared by the drop wise 

addition of the required amount of PW12 solution to the forming TEOS foam. Silica/alumina 

composite acid foams were obtained by carefully adding the alcoholic solution of AiPR3 to 

the forming TEOS foam in amounts necessary to reach Si/Al ratios of 20 and 5, respectively. 

All these acidic foams were aged at ambient conditions for 24 hours, then either 

hydrothermally treated at 413 K for 24 hours or dried at 313 K for 1 day and finally calcined 

at 473 K for 8 hours in a flow of O2. Sample codes were given following the rules defined 

above (e.g. PW12,Si-FO-C-5 or Al,Si-FO-HTC-20, 8 samples altogether).

3.2 Characterisation

3.2.1 Elemental analysis

Most samples were assumed to have the elemental composition defined by the 

synthesis recipe. Though this might sound a touch inaccurate at first, it is a rather correct 

guess. Only alcohols and water are removed from the gel during the sol-gel synthesis, 

therefore, there is no reason to believe that the ratio of the key components (e.g., acid 

function) suffers any changes over the course of the process.

However, in the case of the most complex bimetallic mesoporous samples 

(Mel,Me2,Si,Ti-ME group) atomic absorption spectroscopy was performed in order to 

determine the exact metal loading. Around 200 mg sample was dissolved in a mixture of 5 ml 

40% HF, 5 ml cc. HC1 and 10 ml 12.5% HNO3, which was heated from room temperature to 

453 K in 10 minutes in a microwave oven, kept at 453 K for 20 minutes and allowed to cool 

afterwards. Metal loadings were determined from these solutions by a Zeiss AAS 

spectrometer.

3.2.2 Sample features on the molecular scale

3.2.2.1 UV- VIS spectroscopy

Diffuse reflectance UV-VIS spectra of samples ground to fine dust were recorded on a 

Perkin-Elmer Lambda 15 instrument at ambient conditions against MgO reference in 

reflectance mode. Spectra presented in this thesis were derived from the measured ones using 

the Kubelka-Munk equation [86] as defined in Eq. 1.:
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where R«, is the reflectance of the infinitely thick sample layer.

3.2.2.2 FT-IR spectroscopy

For structural infrared investigations 1 mg sample powder was pressed into a 200 mg 

KBr pellet, the spectrum of which was recorded at a resolution of 2 cm’1 making 32 scans on 

our Mattson Genesis FT-IR 1 instrument. All spectral subtractions were performed on 

normalised spectra in absorbance mode.

3.2.2.3 29Si MAS NMR spectroscopy

29Si MAS NMR spectra were recorded on a 400 MHz BRUKER instrument in ’H high 

power decoupling mode against TMS reference. Measurements were performed at FUNDP, 

Namur, Belgium by Patrick Lentz.

3.2.2.4 X-Ray Diffractometry

XRD patterns were recorded between 20=3-43° on a DRON-3 instrument operating 

with Cu Kai irradiation.

3.2.2.5 Thermogravimetry

TD and DTA profiles of the samples were recorded in air between room temperature 

and 1200 K on a MOM Derivatograph-Q instrument. Approximately 100 mg sample 

(measured accurately into a ceramic crucible sample holder) was consumed in each 

experiment. The heating rate was 10 K/min and linear.

3.2.3 Acidity

3.2.3.1 Pyridine adsorption

The Bronsted and Lewis acid centres of the samples were characterised on the basis of 

the IR spectrum of pyridine adsorbed on the activated material. The samples were pressed into 

10 mg/cm2 self-supporting wafers which were outgassed at 723 K in vacuum and then 

exposed to 1.333 kPa pyridine at 473 K for 30 min. Excess pyridine was removed in vacuum 

at 423 K and then, the spectrum of the adsorbed pyridine was recorded on the Mattson 

Genesis FT-IR 1 instrument (32 scans, 2 cm’1 resolution). The IR cell used for the 

experiments is described in detail in Section 3.3.3.
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3.2.3.2 NH3 desorption

Total acid content was measured by recording the NH3 TPD profile of the samples. In 

these experiments 10 mg sample was outgassed at 723 K in vacuum and subjected to an 5% 

NH3:95% He gas mixture until no more weight gain was observable at room temperature. 

TPD profiles were recorded by directly measuring the weight loss of the sample on a 

Shimadzu microbalance while heating at 10 K/min in a flow of He. Each experiment was 

accompanied by a blank measurement to compensate for thermal weight losses unrelated to 

NH3 release.

3.2.4 Electron microscopy

TEM pictures were taken with the JEOL instrument of the NIMC, Tsukuba, Japan. 

SEM images were taken either on the Hitachi instrument of NIMC, Tsukuba, Japan or on the 

Philips microscope of FUNDP, Namur, Belgium.

3.2.5 Adsorption behaviour

The majority of the nitrogen adsorption-desorption isotherms was measured in a 

conventional volumetric apparatus. In a typical experiment, 150 mg sample from a d=0.25- 

0.40 mm sieve fraction was outgassed at 723 K in vacuum for 1 hour. After activation the 

dead volume of the system was calibrated using He gas, and finally, the adsorption-desorption 

isotherm of N2 was measured at 77 K.

A few isotherms were obtained on the automatic Micrometrics system of the Institute 

for Technical Chemistry of TU Dresden, Germany. In these experiments 1 g sample outgassed 

at 523 K for 2 hours was used.

3.2.6 Effects of mechanical pressure

The effects of mechanical pressure on the surface fractal dimension were studied for a 

representative sample of all three pore systems (mesoporous, nanotube, foam) by applying 0, 

3, 9 ton/cm2 pressure to 200 mg material for 2 minutes, after which the N2 adsorption 

isotherm was measured and the fractal dimension calculated.
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3.3 Catalytic experiments

3.3.1 Synthesis of carbon nanotubes

Acetylene was used as a source of carbon for the production of carbon nanotubes. 

Decomposition of acetylene was carried out at atmospheric pressure in a fixed bed flow 

reactor. In a typical experiment, 5 g catalyst was spread manually on a quartz plate in a thin 

layer (1-2 mm thick) and placed into a preheated tube furnace. After purging with N2 (120 

ml/min) for 15 min the acetylene stream was opened for 1 hour for the CCVD reaction to take 

place. Three different temperatures (770, 870 and 970 K) were tested and two different 

acetylene flow rates (15 and 25 ml/min) were applied. All these experiments were performed 

at FUNDP, Namur, Belgium by Dr. Zoltán Kónya.

3.3.2 Isomerisation of 1-butene

Catalytic activity of the solid acid samples was tested by the isomerisation reaction of 

1-butene to 2-butenes in a fixed bed recirculatory reactor. In a typical experiment, 100 mg 

sample of a d=0.25-0.40 mm sieve fraction was placed in the reactor and outgassed for 1 hour 

at 673 K in a vacuum of 4 Pa. 66.66 kPa of 1-butene was introduced into the reactor, and the 

reaction was started. The reaction was monitored by sampling the gas mixture at regular 

intervals. Analysis of these samples was performed via an on-line Hewlett Packard 5710A gas 

chromatograph equipped with a 4.5 m x 6 mm 30% dimethylsulpholane on Chromosorb-W 

column and FID. The system is visualised in Scheme 4.

Scheme 4. Test system set-up for 1-butene conversion reactions
1: towards vacuum line, 2: gas inlet valve, 3: catalyst bed, 4: heating, 5: 
temperature controller, 6: sampling valve, 7: towards GC line, 8: magnetic 
pump
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3.3.3 Diels-Alder reactions

Because of certain limitations of our chromatographic equipment, we have decided to 

monitor the Diels-Alder type test reactions via IR spectroscopy. This technique is not often 

used for such a purpose, therefore, these experiments not only provide catalytic data but have 

methodological merits as well.

The measurements were performed by placing a self-supported catalyst wafer (ca. 10 

mg/cm2) into a heatable cell allowing in situ IR measurements. The catalyst was outgassed for 

1 hour at 673 K and then the 2:1 mixture of 1,3-cyclohexadiene and 2-propenal was 

introduced into the cell at room temperature. Both the gas phase and the catalyst surface were 

monitored at regular intervals by recording their IR spectrum (32 scans, 2 cm'1 resolution) on 

a Mattson Genesis FT-IR 1 instrument. The IR cell is visualised in Scheme 5.

Scheme 5. Schematics of the heatable IR cell used for catalytic measurements 
1: self-supporting sample wafer, 2: movable sample holder, 3: KBr windows, 
4: heating and temperature control, 5: gas inlet valve, 6: towards vacuum line, 
7: IR radiation from the spectrometer.

3.4 Computational methods

The following section shall be devoted to the description of the major mathematical 

tools I have applied.

3.4.1 Pore structure characterisation

Specific surface areas were determined from the N2 adsorption isotherms using the 

Brunauer-Emmett-Teller (BET) equation [87]. The validity of the BET model was not 

verified in each case, but care was always taken to take into account only the truly linear part 

(typically 0.05 <p /po< 0.35) of the BET plot (plot of p / V(p-po) vs. p /po) when performing 

the least square linear fitting required by Eq. 2.:
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P = _1_ c-1 _ P_ 
y(p0-p) V„c Vmc pQ Eq. 2.

where V is the volume of the gas adsorbed, p is the pressure of the gas, po is the saturated 

vapour pressure of the liquid at the operating temperature, Vm is the volume equivalent to an

adsorbed monolayer and c is the BET constant given by Eq. 3.:

hx-hl
RT

Eq. 3.

In this expression, Hi is the fixed heat of adsorption of the first layer of adsorbate and Hl is 

the latent heat of evaporation, characterising the cohesion strength between all but the surface 

and the first adsorbate layer.

In addition to the specific surface area, the pore shape, size and the homogeneity of the 

size distribution are all equally important characteristics of a given porous system. These 

quantities have been determined from the N2 adsorption-desorption isotherms using the fact 

that gas condenses to liquid in narrow pores at pressures less than the saturated vapour 

pressure of the adsorbate. The relation between the r radius of a cylindrical pore and the 

equilibrium pressure p of the adsorbate above the meniscus is given by the Kelvin equation 

(Eq. 4.):

. p 2yV
,n“ = “^?cos^ Eq. 4.

where pQ is the saturated vapour pressure of N2 at the temperature T of the system, /and V are 

the surface tension and the molar volume of N? in liquid form, R is the universal gas constant 

and 0 is the angle of contact between the liquid and the wall of the pore. Even though in 

principle it is possible to evaluate the pore size distribution from the adsorption branch of the 

isotherms, all calculations reported in this thesis are based on the analysis of the desorption 

branch in order to take hysteresis effects into account.

Unfortunately, the simple Eq. 4. does not make allowance for the reduction of the 

width of the pore entrances because of the multiple layers of adsorbate adsorbed on the walls 

of the capillary. Moreover, the thickness of this adsorbed layer is not constant: it diminishes 

during desorption. Parallel to this process, the area of the walls covered by the adsorbed layer 

is increasing due to the fact that more and more pores lose their capillary-condensed liquid. 

Wheeler [88] summarised this situation in mathematical terms by writing:
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vP~va = -t}2L{r)dr Eq. 5.

where vp is the total pore volume, vq is the volume adsorbed (computed as liquid volume) at 

the relative pressure at which all pores having radii less than vp are full and t is the thickness 

of the layer adsorbed on the walls. As the t thickness can be estimated using the Halsey 

equation:
£
3

t = cr Eq. 6.

where the value <r= 4.3 A is assigned to cr, the only unknown in Eq. 5. is the L(r) pore size 

distribution. Since L(r) is involved in the integration, the solution is somewhat complicated, 

and therefore, it has been addressed by a large number of researchers. Results reported herein 

were obtained by the procedure known as the Barret-Joyner-Halenda (BJH) method [89].

Micropore volumes have been calculated from the low pressure parts of N2 adsorption

isotherms by the Dubinin-Radushkevich equation [90]:

lnf7 = lnFK0 Eq. 7.

where W is the volume of the adsorbate assumed to be in liquid state, WQ is the micropore 

volume, /3 is an activity coefficient related to the molar specific volume, EQ is the 

characteristic energy related to the mean radius of the micropores, and // is the adsorption

potential defined as:

Eq. 8.

One can not make guesses of such precision about the shape of the capillaries. While it 

is generally agreed that pore shapes can be deduced from the type of the hysteresis loop of the 

adsorption-desorption isotherms, there is no fail-safe way to obtain this information. 

Isotherms reported in this thesis can be classified [91] as type A and E hysteresis loops, and 

therefore, we assume that the typical pore shape of our sol-gel materials (except silica 

nanotubes, see Section 4.2.1) is either cylindrical or ink-bottle.
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3.4.2 Calculation of the fractal dimension

The most widespread methods for the calculation of surface fractal dimension D are 

based on adsorption measurements. One either measures the variation in the specific surface 

area when determined by use of a series of adsorbents (e.g.: n-alkanes) or determines the 

surface roughness from the data contained in one adsorption isotherm. In this thesis I present 

results obtained by the latter approach. The N2 adsorption-desorption isotherms have been 

analysed both by the Frenkel-Halsey-Hill (FHH) equation [92] and by the Wang method.

The FHH equation can be expressed as

In N = const - (3 - £>)ln // Eq. 9.

where N is the amount adsorbed at the relative pressure p/p0 (the range 0.35< p/p0<Q.1S has 

been used for the detemination of D) and absolute temperature T, and p is the adsorption 

potential as defined in Eq. 8..

The calculation suggested by Wang and Li [63] is a development of the so-called 

thermodynamic method first described by Neimark [93]. The D surface fractal dimension can 

be calculated from the data in the region of capillary condensation (the whole p/p0>Q.3S 

region can be used for the calculation) of both the adsorption and the desorption branches of 

the isotherms by use of the following relationship:

In A(X) = const + D In B(X) Eq. 10.

where Xdenotes the relative pressurep/po and A(X) and B(X) are defined as:

A{X} =

"max

iin^<W(X)
w Eq. 11.

B(X) = 1^*—j?q 12. 

rc(X)

In these equations Nmax denotes the amount adsorbed at X tending to unity, and rc can

be calculated from the Kelvin equation (Eq. 4.).

3.4.3 Quantum chemical calculations

The forces of molecular modelling were utilised for the validation of certain 

conjectures concerning the optimal geometry and heat of formation of molecules. The semi- 

empirical level of theory provides adequate precision for such computation, therefore, all 

calculations were performed using the AMI method built into the Spartan 4.1.1 package 

running on an SGI Indy R5000.
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3.4.4 Statistical background

Errors in the data were only calculated for measurements where the exact figures were 

considered to be important. In these cases, a confidence interval is given from 3 independent 

measurements, at 95% significance level, assuming normal error distribution.
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4 Results and discussion

As mentioned already in the Introduction, the main goal of this PhD work was to lay 

down the foundations of possible future exploitations of a technique previously unknown to 

our group. Therefore, this Results and Discussion section should not be read expecting 50 

pages of solid science with one rock-hard conclusion in the last paragraph. Rather, it should 

be read as a research menu: a selection of smaller independent projects, each solving a 

problem of its own, and each having the potential to serve as starting point for a detailed, 

long-term research plan. .

4.1 Meso porous materials

The mesoporous region (pore diameter ranging from 20-100 A) is probably the scale 

where sol-gel derived materials might find their most beneficial applications as heterogeneous 

catalysts. Below that, synthetic zeolites seem to work very efficiently in nearly every field of 

operation; above that, pores become far too wide to be practical from the catalytic point of 

view. Mesoporous openings, however, are just about the right size for certain industrially 

important molecules and because of that, ample research effort is being spent on building 

every imaginable catalytic function into such porous systems.

4.1.1 Materials containing transition metals

Transition metals and their oxides very often serve as active species in heterogeneous 

catalysts. The reason for this is either their special affinity towards hydrogen (e.g., Ni, Pt, Pd) 

or the variety of possible stable oxidation states their valence shell offers. Some very early 

applications of the sol-gel method were about building transition metals into various oxide 

matrices. As the present research interests of our department are related to catalytic carbon 

nanotube synthesis, in the following Section I shall describe our studies [S-l ] concerning the 

sol-gel incorporation of cobalt, nickel and iron into Si and Ti oxides. These elements have all 

been chosen because of their previously reported roles in carbon nanotube synthesis.

4.1.1.1 Characterisation

As we can see from Table 1., the specific surface area of each sample was appreciable 

but not exceptionally high. The probability maximum of their pore radius distribution curve 

was diffuse and centred at around 18 A and approximately 15-25 % of their total pore volume 

originated from micropores. These values correlate well with each other and findings 

described in the literature, and can be traced back to the presence of the pore structure 
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directing agent ethylene-glycol in the precursor sol. Accurate knowledge of metal loading was 

considered to be important for these samples. Data obtained by AAS measurements presented 

in Table 1. indicates that our synthesis procedure was successful: the transition metals were 

incorporated into the sol-gel samples in the required quantities. Deviations from the expected 

theoretical values were random and within experimental error.

Table 1. Certain characteristic features of the transition metal containing sol-gel 
samples

BET surface area 
(m2/g)

Co contents 
(w%)

Fe contents 
(w%)

Ni contents 
(w%)

Co, Fe, Si, Ti-ME-C-2.5 233 2.34 2.32 0.0
Co, Fe,Ti-ME-C-2.5 289 2.42 2.23 0.0
Co, Fe, Si-ME-C-2.5 268 3.23 2.53 0.0
Fe,Ni,Si,Ti-ME-C-2.5 241 0.0 2.98 2.41
Fe,Ni,Ti-ME-C-2.5 276 0.0 2.71 2.64
Fe,Ni,Si-ME-C-2.5 290 0.0 2.50 2.36
Co, Ni, Si, Ti-ME-C-2.5 237 2.46 0.0 2.13
Co,Ni,Ti-ME-C-2.5 249 2.35 0.0 2.20
Co,Ni,Si-ME-C-2.5 295 2.74 0.0 2.31

One of the major advantages of the sol-gel method is that it ensures a highly 

homogeneous distribution of transition metals in the matrix. This assumption has been 

experimentally confirmed in the case of randomly selected Met,Me2,Si-ME-C- samples by 

recording the TEM image of the materials. On the representative picture presented in Figure 

2. the dark spots are believed to be metal clusters, while the lighter areas correspond to the 

silica matrix. On the basis of this image we estimate the average metal cluster size to be 

around 180 A.

The diffuse reflectance UV-VIS spectra of all nine transition metal containing samples 

has been recorded both before and after calcination. The observed general tendencies are to be 

discussed now — the Reader is referred to Ref. [S-l] for the spectra themselves.

Basically, all spectra can be divided into two parts: a very intense UV region 

consisting of a few peaks, and a less intense yet feature rich visible section. According to 

Prakesh et al. [94], the UV bands are primarily charge transfer transitions belonging to the 

silica and/or titania matrix. A band around 200 nm indicates framework co-ordinated Ti, 

bands at 250-300 nm are characteristic of octahedral Ti and the presence of bands around 300

350 nm indicates that segregated crystalline anatase TiCh is present. Analysis of our spectra 

revealed that though the majority of the Ti-atoms is built into the framework in a tetrahedral 
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position, a considerable amount of Ti can be found in extra-framework (octahedral) sites as 

well. On the other hand, the band corresponding to crystalline anatase was always weak and 

all samples appeared amorphous by XRD. Calcination did not seem to have a significant 

effect on the bands corresponding to any of these matrix transitions.

1OOnm

Figure 2. Representative TEM image of a transition metal containing sol-gel 
silica sample (Co,Fe,Si-ME-C-2.5)

The visible section of the spectra reveals that the choice of matrix has a substantial 

influence on the spectra. This effect is most pronounced in the spectra of as-synthesised 

samples: every transition metal pair gave rise to bands at different wavelengths and of 

different intensities when incorporated into SiCh or TiC>2. Spectra of the SiCh-TiCh samples 

appeared to be the weighted sum of the two individual curves. Calcination resulted in spectral 

changes: band broadening, band position shifting and changes in the relative intensities were 

the phenomena observed in most cases.

We have attempted to interpret the numerous bands originating from the valence shell 

electronic transitions of the incorporated transition metals by the means of spectral 

decomposition. In Figure 3. a few characteristic multi-peak fits of Co,Ni,Si-Me- and Co,Ni,Ti- 

Me- samples are presented to illustrate this process. It is clearly seen that very good fits can be 

achieved without using an unrealistically large number of peaks, therefore, this method seems
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to be capable of providing chemically meaningful information. The correct assignment of the 

bands was sought using data from Table 2. as starting point. However, the presence of two 

very similar ions in an amorphous sol-gel environment forces considerable limitations on such 

approaches. In our earlier work [S-2] we have already suggested that some sort of co

operative effect modifying the acidity could exist in bimetallic sol-gel samples — it is quite 

possible that certain electronic transitions of the metals are also linked. This could result in 

the complex band structure of the UV-VIS spectra, and would — at least partially — explain 

the special activity enhancement observed on Co,Fe silica in carbon nanotube synthesis (see 

next Section).

Figure 3. Some representative spectral decompositions of Co-Ni composites: 
A: as-synthesised, SiO2 matrix; B: calcined, SiO2 matrix; C: as-synthesised, 
TiO2 matrix; D: calcined, TiO2 matrix. On all four spectra, the dotted line 
denotes the sum of the Gaussians.
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Table 2. Possible assignments of bands present in the UV-VIS spectra of the 
transition metals studied here. All assignments are taken from Ref. [95].

Ion Environment Band (nm) Transition
Fe2+ octahedral peaks around 500 ST2g-»5E,
FeJ+ octahedral 813, 704

571,500
434
377

6A,g-»4T,g
6A,g->4T2g
6Aig->4Aig
6Alg->4Tlg

Co2+ octahedral 
tetrahedral

peaks around 500
560

4Tig—>4T|e(P)
‘Ar^CP)

Coj+ octahedral 714
467

'Alg^3T,g 
'Au-i'T,,

Ni2+ octahedral
338
740
395

'Ai^'Ti,
3A2g->3Tlg(F)
3A2g—>3Tig(P)

4.1.1.2 Catalytic activity

Transition metal containing mesoporous sol-gel composites may find numerous 

applications in heterogeneous catalysis. We have investigated some of the factors governing 

their Lewis acidity [S-2] and by exploiting this knowledge we have successfully utilised them 

as catalysts of Diels-Alder reactions [S-3]. Studies related to the redox and photocatalytic 

properties of TiCh containing sol-gel materials are currently under progress [96].

In this thesis I shall present only the most interesting new results: the ones about using 

the bimetallic silica species as catalysts in catalytic chemical vapour deposition (CCVD) 

carbon nanotube synthesis. These experiments were performed as described in Section 3.3.1.

The amount of carbon deposited on the catalyst was calculated from the difference in 

weight of the catalyst before (mo) and after (mp) treatment in the acetylene flow by using Eq. 

13.:

, >. mn-m0
deposittyo) = 100 —------- Eq. 13.

Sol-gel mo values were corrected by the high temperature weight loss characteristic for 

these materials. Data presented in Table 3. prove that each catalyst tested in the reaction of 

acetylene was active in carbon generation [S-4].
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Temperature (K)
770 870 970

2.5% Co on silica’ 6.2 22.1 28.2
2.5% Co on alumina 7.1 18.8 26.9
2.5% Fe on alumina 12.8 32.4 52.7
2.5% Ni on alumina 22.9 89.3 120.7
Co,Si-ME-C-5.0

4 * 
n.a. 1.9 8.9

Fe,Si-ME-C-5.0 n.a. 1.0 8.2
Ni,Si-ME-C-5.0 n.a. 0.3 6.1
Co,Fe,Si-ME-C-2.5 n.a. 16.7 31.1
Co,Ni,Si-ME-C-2.5 n.a. 1.1 10.7
Fe,Ni,Si-ME-C-2.5 n.a. 0.5 11.2

*Non sol-gel catalysts presented for comparison 
Catalyst not acting at that temperature

Table 3. Carbon deposits formed in the CCVD reaction after 1 hour

Analysing the data of Table 3., it should be noted at once that the high activity towards 

the formation of carbon species of the reference catalyst “2.5% Ni on alumina” is not equal to 

the formation of the desired carbon nanotubes.

Indeed, no nanotube formation was observable at all on that catalyst, only poorly 

graphitised amorphous carbon.

Our sol-gel catalysts performed moderately in this reaction. The amount of carbon 

deposit formed on the sample was commensurable with, yet definitely smaller than that on the 

non sol-gel materials. The Co,Fe,Si-ME-C-2.5 sample generated a significantly larger amount 

of carbon than the other sol-gel phases. This finding is in good agreement with our recent 

results [97] concerning the peculiar properties of supported Co-Fe bimetallic catalysts.

HREM images of the carbon nanotubes generated on sol-gel catalysts show diverse 

features. While these materials are definitely capable of producing carbon nanotubes, the 

quality of the product seems to be more sensitive to the catalyst composition than in the case 

of ordinary supports. Thin and thick tubes with encapsulated particles and frequent defects 

were observed both on Co and on Ni incorporated into sol-gel silica (Figure 4.)

A rather interesting feature of these MWNTs is that they have a double wall structure. 

The inner set of walls is made of 6-20 graphite layers, and this is covered by 5-10 loosely 

attached layers of partially graphitised carbon. On the other hand, the Co,Fe,Si-ME-C-2.5 

sample produced well graphitised, high quality tubes, once again indicating the importance of 

the binary metallic phase.
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All in all, the temperature dependence of the catalytic activity of the sol-gel materials 

seems to match that of the conventional reference samples. They tend to produce significantly 

less carbon deposit than their non sol-gel counterparts, but this deposit is always rich in 

carbon nanotubes. The quality of these nanotubes is generally diverse. However, the Co,Fe,Si- 

ME-C-2.5 is among the best catalysts we have tried in respect of structural defects, and should

be seriously considered by anyone interested in producing high quality carbon nanotubes.

Figure 4. HREM images reveal the fine details of carbon nanotubes generated 
on sol-gel catalysts. (A) Co,Si-ME-C-5.0 illustrates the double-wall structure 
where the thickness of the ordinary inner wall d, is typically twice the 
thickness of the outer block (d2) of covering layers, (B) Ni,Si-ME-C-5.0 and 
(C) Co,Ni,Si-ME-C-2.5 illustrate typical defects (unordered wall growth and 
metal particle encapsulation marked by the arrow, respectively), while (D) 
shows the splendid quality of a tube produced on Co,Fe,Si-ME-C-2.5
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4.1.2 Materials containing phosphotungstic acid

Even though the synthesis of carbon nanotubes is an interesting and promising new 

field of science, the overwhelming majority of present-day heterogeneous catalytic 

applications lays in the domain of acid-base catalysis. Sol-gel science offers two basic 

techniques to build acid function into the essentially neutral silica matrix: (i) co-hydrolysis 

with an aluminum source may grant zeolite-like acidity to the sample, or (ii) acid molecules 

might be fixed in the catalyst. Conventional industrial acids like H2SO4 or HF are not suitable 

for this purpose, but heteropoly acids are. In this Section I shall describe a comprehensive 

study [S-5] on the sol-gel immobilisaton of the widely used [98] H3PW12O40 molecule in 

SiO2. Results of a parallel series of experiments performed with catalysts prepared by 

conventional impregnation are also reported for comparison purposes.

4.1.2.1 Characterisation

Table 4. summarises certain properties of the samples synthesised as described in 

Section 3.1.1.2. The BET surface areas of the samples were very similar up to 50% PW12 

content. As data in the Table prove, a small, gradual decrease in the BET surface area of the 

samples is seen. In contrast, samples containing 80% PW12 show a sudden drop of surface 

areas independently of the preparation method. It is also remarkable, however, that both the 

sol-gel and the impregnated sample having 80% PW12 possesses much higher surface area 

than the unsupported PW12, which may be due to the dispersion effect of silica as support.

Specific surface 
area (m2/g)

Optical density of pyridine IR 
band (A/mg)

Bronsted Lewis

Si-ME-C-0 330 0.000 0.043
PW12,Si-ME-C-5 342 0.016 0.091
PW12,Si-ME-C-20 339 0.018 0.139
PW12,Si-ME-C-50 286 0.120 0.151
PW12,Si-ME-C-80 110 n.a. n.a.
PW12,Si-ME-IM-5 303 0.006 0.036
PW12,Si-ME-IM-20 281 0.035 0.078
PW12,Si-ME-IM-50 266 0.199 0.099
PW12,Si-ME-IM-80 89 n.a. n.a.
pure PW12 22 n.a. n.a.

* 80 w% and 100 w% PW12 samples could not be pressed into self
supporting wafers suitable for the FT-IR pyridine adsorption experiment.

Table 4. Summary of certain properties of samples investigated.
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The specific surface area of our samples decreased with increasing content of the 

heteropoly acid. Compared to the samples prepared by Izumi et al. [99], we have found that 

our sol-gel samples had significantly lower surface areas, but the decrease in the surface areas 

from Si-ME-C-0 to Si-ME-C-50 is proportionally far less pronounced than that reported by 

Izumi. We attribute this beneficial effect to the presence of ethylene glycol in our preparation 

method acting as a pore structure directing agent. The decrease itself can be explained by the 

different distribution of heteropoly acid on the silica surface (which has a surface area as 

small as 22 m2/g) in the case of the impregnated samples. It is assumed that at low coverages 

the distribution of PW12 is molecular, whereas islands are formed and the surface area 

decreases at higher coverages since the pores are partially blocked. At even higher coverages 

crystallisation of PW12 takes place and it fills the pores of the support. For the sol-gel 

specimens we can explain the reactions taking place upon increasing dosage of PW12 as 

follows. The low PW12 content does not influence the BET areas since it has only slight 

effect on the sol and gel formation. Higher initial acid amount in the system influences the gel 

formation and thereby the surface area of the product. Giving 80% phosphotungstic acid to 

the gelating mixture results in a solid sample showing much lower surface area that is due to 

the severe influence on the rate of gelation and thereby, to the characteristics of the resulting 

specimen.

In Figure 5. the XRD patterns of specimens prepared by the sol-gel and conventional 

impregnation methods are compared. It is clearly seen that IM samples show reflections due 

to crystalline PW12 on their surface. The higher the PW12 loading the more intense 

reflections appear in the pattern. For the sample having only 5% heteropoly acid no clear 

reflection was found. This behaviour suggests that the PW12 is present on this sample in 

molecular distribution or in very small clusters undetectable by XRD. Contrary to the features 

observed for the impregnated materials, samples prepared by the sol-gel procedure do not 

have any distinct reflections. This indicates that the acid is probably finely dispersed in these 

samples and has no opportunity to build clusters exhibiting XRD patterns.

XRD patters are in accordance with the features observed by BET measurements. The 

XRD pattern of supported samples show characteristic diffractions at the crystal face 

distances due to the crystalline PW12 [100, 101]. At low coverages the quantity of PW12 is 

not sufficient to form clusters or crystallites. At medium coverages first cluster formation 

occurs resulting in sharp XRD reflections, while at even higher coverages distinct crystalline 

phases are formed exhibiting appropriate XRD patterns.
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The sol-gel materials have no XRD features characteristic of the PW12 phase in 

crystalline forms. It follows from this that PW12 is present in these samples in very high 

dispersion. However, from the XRD and BET measurements alone, a reasonable explanation 

cannot be given for these features.

Figure 5. XRD profiles of impregnated (-ME-IM- series, Part I) and as- 
synthesised sol-gel derived (-ME-C- series, Part II) PW12-SiO2 composites. On 
both parts the heteropoly acid loading is indicated as follows: a: pure PW12, b: 
80 w% PW12, c: 50 w% PW12, d: 20 w% PW12, e: 5 w% PW12, f: pure silica 
(Si-ME-C-0)

The thermal behaviour of supported and sol-gel samples were completely different. 

For the supported samples the main processes resulting in weight loss took place below 673 

K. As can be seen in Figure 6. an unresolved peak is found around 596 K and a second sharp 

peak at 448 K. These weight losses may be due to dehydration of the support and the 

heteropoly acid. At higher temperatures several much smaller steps are seen in the TG curve. 

Contrary to this feature two robust weight losses were observed for the sol-gel samples. The 

TG curve starts with a small step around 373 K probably due to dehydration. At 483 K a large 

step is seen followed by the second big step around 773 K. The low temperature step is due to 

the desorption of water and ethylene glycol, while at higher temperature organic materials 

encapsulated into the gel structure are removed and the decomposition of PW12 takes place 

[102, 103]. No further weight loss was found at higher temperatures.
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Temperature (K) Temperature (K)

I. II.

Figure 6. Thermal behaviour of the impregnated (PW12,Si-ME-IM-50, Part I) 
and the as-synthesised sol-gel derived (PW12,Si-ME-AS-50, Part II) 50 w% 
P W12-SiC>2 composites.

The KBr matrix technique was used to compare the spectral behaviour of potential 

catalyst samples. Figure 7. shows three sets of spectra. Part I. of the figure shows the spectra 

of the impregnated materials. Bands observed at 1080, 995 (as a shoulder), 985, 878 and 795 
cm’1 are due to the characteristic vibrations of PW12. Here again, the higher the heteropoly 

acid concentration, the more intense bands appear. Quite similar spectra are obtained on the 

uncalcined sol-gel samples (see part II in Figure 7). Bands characteristic of v(P=O), v(W=0), 

and v(W-O-W) vibrations are seen in these spectra. When we compare these spectra to those 

taken from sol-gel samples heat treated at 723 K, substantial changes appear. Neither the 

sample with 5% PW12 nor that with 80% PW12 contained well-resolved bands, which were 

observed for pure heteropoly acid.
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II. III.

Figure 7. KBr IR spectra of the samples investigated. Part I: impregnated 
samples (a: pure PW12, b: PW12,Si-ME-IM-80, c: PW12,Si-ME-IM-50, d: 
PW12,Si-ME-IM-20, e: PW12,Si-ME-IM-5) Part II: as-synthesised sol-gel 
samples (a: pure PW12, b: PW12,Si-ME-AS-80, c: PW12,Si-ME-AS-50, d: 
PW12,Si-ME-AS-5~) Part III: calcined sol-gel samples (a: pure PW12, b: 
PW12,Si-ME-C-80, c: PW12,Si-ME-C-50, d: PW12,Si-ME-C-5\

IR spectroscopy is a useful tool to detect various bonds in different matrices including 

silica. Band characteristic of the silica itself would be found in the 1450-1000 cm'1 region 

[104], if the presented spectra were not deprived of the matrix features by spectral subtraction. 

Thus, spectra recorded on the supported samples show characteristic bands due to PW12. 

These are v^P-O) 1080 cm'1, Vas(W-O) 985 cm'1, Vas(W-Oc-W) 890 cm'1 in comer shared 

octahedra, and vas(W-Oe-W) 810 cm'1 in edge shared octahedra [105, 106, 107]. These 

characteristic absorptions are regarded as experimental evidence to the existence of PW12 

molecules or molecular fractions such as phosphorous oxides and/or tungstate ions on the 

surface.
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The spectral characteristics of the sol-gel samples are different from those of the 

impregnated materials. There are well-resolved IR bands on specimens that were not subjects 

of heat treatment. However, no separated IR absorptions are seen on heat-treated samples. 

The necessity of heat treatment can be understood when we think of the fact that sol-gel 

samples contain quite high amount of organic template materials, which should be burned off. 

When the treatment in air or oxygen takes place below 723 K, we may not be completely sure 

that all the organic materials are extracted from the inorganic matrix. The question arises, 

what is the optimal calcination temperature where all organics are removed and the added 

PW12 still remains intact. Is there such a temperature? To make a compromise, one can 

choose lower temperature taking the risk that the sample contains some residual organic 

compounds. This could cause difficulties for reactions sensitive to catalyst impurities. In this 

study we selected higher temperature than suggested by the thermal analysis of pure PW12. 

As we treat the catalysts at a temperature above the decomposition temperature of PW12, 

bands due to PW12 may not be expected. In fact, the IR bands due to the presence of PW12 

cannot be seen. Nevertheless, as the catalytic tests show (Section 4.1.2.2), the acidity of 

samples is preserved.

29Si MAS NMR spectra presented in Figure 8. for the calcined sol-gel series were 

recorded in order to monitor the changes in the matrix structure initiated by the sol-gel PW12 

incorporation. Fourier self-deconvolution followed by spectral decomposition [108] revealed 

that while in Si-ME-C-0 the dominant Si form is Q4 (typically at 8= -110.5 ± 0.6 ppm, band 

width AH= 620 ± 85 Hz) silicon, the introduction of PW12 into the system considerably 

increases the amount of Q3 (8= -101.3 ± 0.3 ppm, AH= 540 ± 70 Hz) and even Q2 (8= -91.2 ± 

0.3 ppm, AH= 460 ± 80 Hz) species. Results of the spectral decomposition are detailed in 

Table 5. The 29Si MAS NMR spectra of the impregnated PW12-SiC>2 composites PW12,Si- 

ME-IM-5.. .PW12,Si-ME-IM-80 were practically identical to that of Si-ME-C-0, therefore, 

they are not presented here.

Table 5. 29Si MAS NMR analysis of the distribution of various Si species 
in sol-gel derived composites

Q2 (%) Q3 (%) Q4 (%)
Si-ME-C-0 2.1 19.0 78.8
PW12,Si-ME-C-5 6.0 37.1 56.8
PW12,Si-ME-C-20 6.2 39.5 54.3
PW12,Si-ME-C-50 6.2 41.6 52.2
PW12,Si-ME-C-80 6.8 41.7 51.5
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[ppm]

Figure 8.29Si MAS NMR spectra of sol-gel derived composites

Conventional impregnation does not change the structure of the catalyst: PW12 

crystallites are deposited onto the SiC>2 surface and are held there by secondary bonding 

forces. This is the reason why the NMR spectra of all impregnated samples are identical to 

each other and to Si-ME-C-0.

In the case of sol-gel PW12 incorporation, the heteropoly acid is chemically attached 

to the surface. In our opinion a covalent bond is generated between the support and the PW12 

via release of a H2O molecule. This hypothesis is fully supported by NMR data in Table 5.: as 

low as 5 w% PW12 is enough to lower the Q4/Q3 ratio from 4.15 to 1.53. The reason for this 

change is that heteropoly acid molecules are bonded to silicon atoms near the surface, thus 

decreasing the number of silicon atoms having 4 Si neighbours. We suppose that the increased 

percentage of the Q2 Si atoms is not directly related to this phenomenon. Rather, it is thought 

to be caused by the more acidic media (PW12 is an acid after all), which is generally accepted 
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[24] to direct TEOS hydrolysis towards more open, linear structures. Increasing the PW12 

contents of the precursor gel to 20 and 50 w% results in Q4/Q3 ratios of 1.37 and 1.25, 

respectively. According to Table 4. and Figure 5., this decrease is not accompanied by PW12 

crystallite formation or a major drop in the specific surface area. A possible explanation 

comes from realising that any enlargement of heteropoly acid percentage reduces the silica 

contents of the composite. In other words: these samples contain highly dispersed PW12 just 

like PW12,Si-ME-C-5 does, but their pore walls are thinner and that’s why there is less and 

less Q4 silicon in them. Sample PW12,Si-ME-C-80 contains “too much” heteropoly acid. Even 

by the sol-gel technique we are not able to avoid PW12 crystallite formation visible by XRD. 

These crystallites do not take up any more Si atoms as they grow on previously anchored acid 

cores. Therefore, the Q4/Q3 ratio in the PW12,Si-ME-C-80 is 1.24 — practically identical to 

that of PW12,Si-ME-C-50.

4.1.2.2 Finding the optimal heteropoly acid loading

In the previous Section we have obtained experimental evidences about the success of 

the sol-gel method in building the acid molecules into the samples. In order to decide if these 

catalysts have the potential to attract industrial attention or not, their acidity must be 

thoroughly investigated. These studies will be described in the present Section in the 

following order:

• acidity measurements

• acidity test reactions

• catalyst stability analysis.

Acidity of our heterogenised PW12 samples was determined using two conventional 

methods: pyridine adsorption and NH3 TPD.

Pyridine was adsorbed on the samples and the absorptions of pyridine bound to acid 

sites were monitored by IR spectroscopy. The optical density of these vibrations giving rise to 

bands at around 1450 and 1540 cm'1 was used as the measure of Lewis and Bronsted acidity, 

respectively. Figure 9. shows two spectra due to pyridine adsorbed on samples prepared by 

impregnation and by the sol-gel method. The spectrum of sol-gel silica as a reference sample 

is also depicted.
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Figure 9. Differential pyridine adsorption IR spectra of “a”: impregnated 50 
w% PW12 composite PW12,Si-ME-IM-50, “b”: 50 w% sol-gel composite 
PW12,Si-ME-C-50 and “c”: pure SiCh reference Si-ME-C-0.

These spectra show that both Lewis and Bronsted acid sites exist on both series of 

samples containing PW12. It was a general observation that the sol-gel samples contained 

somewhat less Bronsted acidity than the impregnated samples of identical initial PW12 

content. The concentration of Lewis acidity showed a reverse trend: on IM samples the 

concentration of such acid sites proved to be lower. The silica support itself contained no 

Bronsted acidity and only a small amount of Lewis acid sites was detected. The optical 

density of both Lewis and Bronsted sites corresponding to pyridine bound are summarised in 

the last two columns of Table 4. On the basis of these data alone, samples with high PW12 

loading would seem to be more appealing than those with low acid content.

A somewhat more detailed picture could be obtained via ammonia TPD. These 

measurements revealed that negligible ammonia was adsorbed on silica used as both support 

and matrix for the sol-gel preparation method. From samples containing PW12, ammonia
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desorbed in two steps as it was published by Kapustyn et al. [109]. The low-temperature 

desorption peak generally appeared between 543 and 639 K, while the high temperature one 

between 665 and 860 K. Detailed results are depicted in Figure 10.

H3PW12O40 content

Figure 10. Integrated area of the low temperature (left hand side) and high 
temperature (right hand side) peak in the NH3 TPD profiles of the samples. 
Bars in the front denote impregnated sampes (-ME-IM- series) and bars in the 
background refer to sol-gel samples (-ME-C- series).
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H3PW12O40 content

The area under both the low and the high temperature desorption peaks passed through 

a maximum with the increasing concentration of heteropoly acid. The largest peak areas were 

found for samples containing 50% PW12, indicating that an optimum in the acid amount 

exists.

It is widely accepted that the most sensitive method to characterise the acid-base 

properties of a catalyst is to use an appropriate, selective test reaction. Such possible test 

reactions are the skeletal isomerization of cyclopropane to propene, the dehydration of 

methanol to dimethyl ether, or the isomerization of 1-butene to 2-butenes. We chose the last 

reaction since the initial ratio of the cis and trans isomers gives information not only about the 

acidity but also on the basic character of the catalyst, if there is any. The initial ratio of cis and 

trans 2-butene was checked in each measurement and was always found to be close to unity. 

Therefore, we can conclude that it was indeed the man-made acidic function and not some 

spontaneously formed basic centre that catalysed the isomerisation of 1-butene. Consequently, 

it is correct to regard the partial pressure drop of 1-butene as a measure of the propagation of 

the chosen test reaction. Data measured for both types of sample are shown in Figure 11. The 

numerical values corresponding to the rate of the reaction are presented in Table 6.
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Figure 11. Kinetic curves of the 1-butene isomerisation reaction over 
impregnated (-ME-IM- series, Part I) and sol-gel derived (-ME-C- series, Part 
II) PW12-SiO2 composites. On both parts the PW12 loading is indicated as 
follows: a: pure PW12, b: 80 w% PW12, c: 50 w% PW12, d: 20 w% PW12, e: 
5 w% PW12, f: pure SiO2 Si-ME-C-0.

Table 6. Initial velocity of the 1-butene isomerisation reaction on various 
samples expressed as the time derivative of the pressure drop in the kinetic 
curve

Sample -dp/dt (kPa/min) Sample -dp/dt (kPa/min)
Si-ME-C-0 1.28 Si-ME-C-0 1.28
PW12,Si-ME-IM-5 5.13 PW12,Si-ME-C-5 14.01
PW12,Si-ME-IM-20 122.01 PW12,Si-ME-C-20 25.49
PW12,Si-ME-IM-50 397.23 PW12,Si-ME-C-50 87.67
PW12,Si-ME-IM-80 151.56 PW12,Si-ME-C-80 78.33
pure PW12 19.70 pure PW12 19.70

It is clear from the data that both types of material contain working acid centres, but 

the impregnated samples are more active than their sol-gel counterparts. This is probably 

caused by the fact that each acid site generated by impregnation is accessible for the reactants, 
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which is not the case for sol-gel samples, where some acid clusters could be incorporated into 

closed pores for example.

Information we have obtained so far indicates that the best catalyst studied in this 

Section is the one that is conventionally impregnated with 50 w% PW12. On the other hand, 

heteropoly acids are known for their splendid solubility in polar media (ethanol, water etc.). 

Since catalyst stability (that is, the ability to operate at the same performance level for a long 

time) is generally considered to be even more important than activity, we must examine if our 

catalysts are able to endure polar solvents without losing their PW12 contents. If not, they can 

not be used as catalysts of liquid phase reactions.

Both the PW12,Si-ME-lM-50 and the PW12,Si-ME-C-50 samples were treated with 

1:1 ethanokwater mixture by stirring at room temperature for 2 hours, followed by drying at 

353 K overnight. In Figure 12. XRD patterns of the samples are seen.

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
20 (degree) 20 (degree)

I. II.

Figure 12. Solvent resistance of the 50 w% impregnated (PW12,Si-ME-IM-50, 
Part I) and sol-gel derived (PW12,Si-ME-C-50, Part II) PW12-SiO2 composites 
studied by XRD. On both parts the of the figure, „a” denotes the profile of the 
pure PW12, ,,b” is the profile characteristic to the material before treatment, 
,,c” is the profile after treatment in H2O:EtOH and ,,d” is the profile of the pure 
SiO2 Si-ME-C-0.

It is obvious that washing the sample with 1:1 water-ethanol mixture results in a 

decrease in the loading of PW12 for the impregnated samples. This is not unexpected, since 
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PW12 dissolves easily in both components of the solution. The situation, however, is 

completely different for the sol-gel catalysts. PW12 cannot be dissolved from these samples, 

since it is present either as finely dispersed, strongly bonded component or as partially or 

completely decomposed material showing catalytic activity in acid catalysed reactions.

II.

Figure 13. Solvent resistance of the impregnated (PW12,Si-ME-IM-50, Part I.) 
and sol-gel derived (PW12,Si-ME-C-50, Part II.) 50 w% PW12-SiC>2 
composites studied by KBr IR. “a”: pure PW12 , “b” spectrum of material 
before and “c” after treatment in FEOiEtOH.

As Figure 13. shows no bands in the IR spectrum of the washed impregnated material 

due to the presence of PW 12 are seen. It follows that no active component remained in the 

catalyst sample to act as acid catalyst in the test reaction. In contrast, the sample prepared by 

the sol-gel method shows an IR spectrum unchanged upon treatment in aqueous-alcoholic 

system. This result indicates the advantage of such a sol-gel material as catalyst in acid- 

catalysed reactions.

The results of the test reaction applied to monitor the activity of the washed catalysts 

are seen in Figure 14., where the kinetic curves of the transformation of 1-butene to 2-butenes 

are depicted.
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Figure 14. Solvent resistance of the impregnated (PW12,Si-ME-IM-50, Part I) 
and sol-gel derived (PW12,Si-ME-C-50, Part II) 50 w% PW12-SiO2 
composites studied by measuring their 1-butene isomerisation activity. On both 
parts, „a” denotes pure SiO2 Si-ME-C-0, ,,b” is the kinetic curve before and ,,c” 
after treatment in polar media.

Sample -dp/dt (Torr/min) Sample -dp/dt (Torr/min)
Si-ME-C-0 1.28 Si-ME-C-0 1.28
PW12,Si-ME-IM-50 b.t. * 397.23 PW12,Si-ME-C-50 b.t. 87.67
PW12,Si-ME-IM-50 a.t. 3.67 PW12,Si-ME-C-50 a.t. 52.72
pure PW12 19.70 pure PW12 19.70

*b.t. : before treatment in 1:1 water:ethanol mixture
a.t. : after treatment

Table 7. Effect of the treatment with polar solvent visualised through the time 
derivative of the initial pressure drop in the 1-butene isomerisation kinetic 
curves

These curves, as well as the numerical values presented in Table 7. clearly show that 

for the impregnated catalyst the activity of the washed sample decreased dramatically 

compared to its original activity. In a sharp contrast, the sol-gel catalyst exhibited 

considerable catalytic activity after the washing procedure.

Summarising the results of this Section we may conclude that it is possible to generate 

acid sites in sol-gel silica samples by EEPW^CUo incorporation. The optimum acid loading is 
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approximately 50 w%. The sol-gel derived catalysts suffer an activity loss compared to their 

conventionally impregnated counterparts, but this loss is counterbalanced by the gain in 

stability. In our opinion, this stability originates from covalent bonds between the heteropoly 

acid molecules and the silica matrix. This interaction allows mesoporous sol-gel PWI2-SÍO2 

composites to be used as catalysts in polar solvents, thus opening new fields where 

heterogeneous catalysis can take the place of traditional homogeneous reactions.

4.1.2.3 PWI2-SÍO2 composites as catalysts of Diels-Alder type reactions

Quite a number of possible transformations comes to mind when thinking about a 

suitable test reaction that could benefit from the use of sol-gel catalysts discussed in the 

previous Section. We have chosen the Diels-Alder type (4,2) cycloaddition reaction, because 

(i) it is a very useful tool of synthetic organic chemistry, (ii) it is traditionally performed using 

homogeneous Lewis catalysts like AICI3 etc., and (iii) it is generally performed in the liquid 

phase. In this Section I present FT-IR spectroscopic evidence for the applicability of PW12- 

SÍO2 catalysts in the reaction of 1,3-cyclohexadiene and 2-propenal with results comparable to 

those achieved on conventional silica-alumina.

The key differences between our studies [S-6] and a similar work by Meuzelaar et al 

[85] are that (i) our catalysts are prepared in one-step sol-gel incorporation instead of 

impregnation, (ii) we attempt to utilise FT-IR spectroscopy for reaction monitoring instead of 

capillary GC and (iii) we have followed the reaction in the adsorbed phase, not in the gas 

phase. Although in the previous Section we have proved that the optimal PW12 loading is 

approximately 50 w%, in the present study samples containing 5 w% and 20 w% PW12 were 

used. The reason for this is that it is way easier to press wafers suitable for IR measurements 

from highly siliceous materials, and we know from previous measurements that such samples 

possess acid centres. The silica-alumina composite Al,Si-ME-C-20 was also enrolled in the 

study, therefore, one can compare the sol-gel results with results obtained on a sample very 

similar to generally accepted Diels-Alder catalysts like zeolites and clays.

Concerning catalyst acidity: sample Si-ME-C-0 has a practically neutral surface, 

samples PW12,Si-ME-C-5 and PW12,Si-ME-C-20 possess considerable Lewis but no 

Bronsted acidity and sample Al,Si-ME-C-20 has both Lewis and Bronsted acid centres in 

commensurable amounts. Note that the PW12 composites were deliberately deprived of their 

Bronsted acidity by using a high calcination temperature. In the literature it is accepted [110] 

that at the applied 873 K temperature phosphotungstic acid suffers partial decomposition, and 
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therefore, the active catalytic centres are likely to be various oxide species and not Keggin 

type acid molecules.

All reactions were performed as described in Section 3.3.3. Examination of the gas 

phase spectra revealed no changes in either series, as only the additive spectrum of 1,3- 

cyclohexadiene and 2-propenal was visible. This phenomenon is most likely caused by the 

strong adsorption of both the reactants and the products on the catalyst surface. Although 

these species are probably removable by elevating the temperature of the cell, such 

experiments were not performed to avoid the oligomerisation of 2-propenal. For this reason 

only adsorbed phase spectra will be discussed further herein. All presented spectra were 

derived by subtracting the spectrum of the clean, activated catalyst wafer from the actual 

measurement.

In order to be able to use vibrational spectroscopy for monitoring catalytic reactions, 

one first has to find molecular parts that make the spectra of the reactants and products 

different from each other. It is visible on Scheme 6. that in our Diels-Alder reaction this is no

easy task, as the reactants and the products possess very similar bonds and groups. Our 

experimental conditions and instrumentation are clearly inadequate to distinguish between 

endo and exo products, therefore no attempt shall be made to do so.

Ill b

Scheme 6. Diels-Alder type reaction between 1,3-cyclohexadiene and 2- 
propenal. I.: 1,3-cyclohexadiene, II.: 2-propenal, III.a: endo bicyclo(2.2.2)-5- 
octene-2-carboxyaldehide, Ill.b: exo bicyclo(2.2.2)-5-octene-2- 
carboxyaldehide.

The key difference between reactants and products is that the carbonyl group is 

conjugated with the vinyl group (CH2=CH-) in 2-propenal, and this conjugation no longer 

exists in the product molecules. On this basis we can expect a 20-30 cm'1 increase in the 

frequency of v(C=O) as the reaction propagates. It should be noted that the conjugation of the 

C=C double bonds in 1,3-cyclohexadiene also disappears in the product. However, the 

frequency shifts of the v(C=C) and v(H-C=) bands corresponding to this structural change are 

51



Applications of the sol-gel method for the synthesis of novel catalytic materials Results and Discussion

smaller and — especially in the adsorbed state — hard to identify, therefore in this paper the 

shift of the v(C=O) band shall be used as a measure of the propagation of the reaction.

To make sure that this shift really measures a bimolecular catalytic reaction, let us first 

examine Parts I. and II. of Figure 15. describing two critical blank tests. It is easily noticeable 

that without a reaction partner 2-propenal is not transformed even on an acidic surface, and 

that even if both partners are present they are not able to react on a neutral surface.

In Parts III. and IV. of Figure 15. we verify if the spectral changes are really due to the 

reaction between our chosen reactants and not some surface decomposition product, for 

instance. Sample Al,Si-ME-C-20 is covered by 2-propenal on Part III. and by 1,3- 

cyclohexadiene in Part IV, and the reaction partner is added to this preadsorbed system. The 

reaction can be analysed on the basis of Part III as follows. The very intense band at 1693 

cm'1 is instantaneously reduced to a small shoulder. This process is matched by the 

appearance of an intense band at 1715 cm'1, and is followed by the slower development of the 

band at 1725 cm"1. Our interpretation of this phenomenon is that the strongly adsorbed 2- 

propenal molecules react nearly instantaneously with 1,3-cyclohexadiene and because of this 

the original 1693 cm'1 band disappears and in the Diels-Alder reaction unconjugated C=O 

bonds absorbing at 1715 cm'1 are formed. Since the temperature is not high enough for 

desorption (see above), the active sites of the catalyst are gradually poisoned by the products 

and this reaction stops. The gradual increase of the 1725 cm'1 band is then explained by 

unwanted oligomerisation reactions taking place on the Bronsted acid sites of the Al,Si-ME-C- 

20 catalyst. A very similar picture appears if we add 2-propenal to preadsorbed 1,3- 

cyclohexadiene as shown in Part IV. of Figure 15.

On the basis of these findings we may conclude that (i) a bimolecular heterogeneous 

catalytic Diels-Alder reaction occurs on the acidic Al,Si-ME-C-20 surface, and (ii) the 

reacting partners of this reaction are indeed 2-propenal and 1,3-cyclohexadiene, otherwise the 

“c” spectra in Parts III. and IV. should be different. In Parts V. and VI. of Figure 15. the 

propagation of the reaction over PW12,Si-ME-C-5 and PW12,Si-ME-C-20 catalysts is 

depicted, respectively. Since in these experiments the reaction mixture was introduced onto a 

clean, activated surface, the band corresponding to adsorbed 2-propenal appears at 1693 cm'1. 

Once again we witness the quick formation of the 1715 cm'1 band indicating that the reaction 

is progressing. The Diels-Alder reaction seems to go faster on PW12,Si-ME-C-20 than on 

PW12,Si-ME-C-5 as indicated by the larger unconjugated:conjugated ratio on spectrum “b” in 

Part VI.
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Wavenumber (1/cm) Wavenumber (1/cm)

Figure 15. Time dependence of the fine structure of the v(C=O) band. Part I: 2- 
propenal adsorbed on Al,Si-ME-C-20, Part II: reaction mixture adsorbed on 
non-acidic Si-ME-C-0, Part III: 1,3-cyclohexadiene added to 2-pronenal 
preadsorbed on Al,Si-ME-C-20, Part IV: 2-propenal added to 1,3 
cyclohexadiene preadsorbed on Al,Si-ME-C-20, Part V: reaction taking place 
on PW12,Si-ME-C-5, Part VI: reaction taking place on PW12,Si-ME-C-20. In 
all six parts, “a”, “b” and “c” denote the spectrum after 2, 10 and 40 minutes, 
respectively. In Part III. and Part IV. “p” denotes the spectrum of the 
preadsorbed 2-propenal and 1,3-cyclohexadiene, respectively.
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This finding agrees well with the larger number of Lewis acid sites in PW12,Si-ME-C- 

20 as found by pyridine adsoiption. The band at 1725 cm’1 corresponding to unwanted side 

reactions is a mere shoulder in both series, which can be explained by the absence of Bronsted 

acid sites in the PW12 composites.

In this Section we suggested an identification scheme [S-6] that can be used for the 

monitoring of Diels-Alder type reactions by FT-IR spectroscopy. Sol-gel derived silica- 

alumina and silica-heteropoly acid composites were both found to be active catalysts in the 

reaction of 2-propenal and 1,3-cyclohexadiene. Catalysts lacking Bronsted acidity seem to be 

more favourable choice for future experiments because of lacking side reactions.

4.2Macroporous materials

4.2.1 Silica nanotubes

4.2.1.1 Structure

SEM images presented in Figure 16. prove that by adding DL-tartaric acid to the 

precursor sol and performing a shocking basic hydrolysis as described in Section 3.1.2.1 

hollow tubular shapes could be prepared via the sol-gel route. These structures shall be 

referred to as “silica nanotubes” from now on. It should be noted that another phase 

containing aggregated non-porous silica spheres has also been formed along with the 

nanotubes. This phase is probably akin to the so-called Stober spherical silica [111]. On the 

basis of SEM pictures we estimate the average silica nanotube to have an outer diameter of 

0.8-1.5 pm, inner diameter of 0.5-0.8 pm, length of 5-100 pm and the nanotube/aggregate 

ratio to be above 5. Analysis of the N2 adsorption isotherm of Si-NT-C-0 (presented in Figure 

17.) revealed the major features of the nanotube pore structure, which are summarised in 

Table 8.

Table 8. Most important characteristics of the pore system of the silica 
nanotubes in Si-NT-C-0

BET surface area 
(m2/g)

Pore diameter 

(A)

Pore volume Micropore volume 

(ml/g) (ml/g)

Si-NT-C-0 24 ±2 1720 ±61 0.26 ±0.03 0.0018 ±0.0002
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a b

c

Figure 16. Four representative SEM pictures showing calcined silica nanotubes 
(Si-NT-C-0)

d

Prel

Figure 17. A typical N2 adsorption-desorption isotherm of Si-NT-C-0
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We have executed an optimisation plan [S-7] to get rid of the spherical silica phase 

and to increase the nanotube yield. Varied parameters were temperature, quality of mixing, Si 

to organic acid ratio, Si to water ratio and type of organic acid. Certain characteristic 

outcomes of these experiments are shown in Figure 18. It can be seen in the Figure that 

though experimental conditions do have the ability to slightly modify the appearance of the 

end-product, these minor fluctuations of quality can hardly be called “optimisation”. Because 

of such lack of success, these attempts shall not be detailed here. However, there are two 

results worth mentioning: (i) we were able to scale up the original Nakamura process by a 

factor of 4, (ii) DL-tartaric acid was the only organic additive that directed gelation towards 

the nanotube shape.

Silica nanotubes exhibit practically no surface anomalies, only smooth flat walls. 

Besides the tubular shape, their key morphological feature is that they have angular cross 

section instead of a circular one. The origin of this rather unique (compared, e.g., to the well- 

known circular carbon nanotubes) property is currently being debated. It certainly must be 

related to DL-tartaric acid, since only the addition of this reagent resulted in nanotube 

formation. It is also clear that because of its small size DL-tartaric acid can not play the role 

of a conventional template molecule. Nakamura et al. [51] suggested that a “ladder-like” 

structure is formed from D and L tartaric acid molecules to serve as supramolecular template. 

However, it is rather dubious if the small amount of DL tartaric acid in the precursor solution 

can validate any model that assumes a fixed template-silica interaction.

In our opinion [S-8], tartaric acid molecules form quasi-flat sheets that can serve as 

templates for flat silica panels. This hypothesis is partially supported by the outcome of the 

conformational analysis of both tartaric acid isomers summarised in Figure 19. By rotating 

each molecule in a full circle at 1 degree/step around the C2-C3 axis and performing a 

constrained geometry optimisation at each point, we could realise that (i) the potential energy 

curves are mirror images of each other just as expected, (ii) the potential energy surfaces are 

rather complex with local minima at 101, 148 and 303 degrees (D isomer), and (iii) that there 

exist pairs of local minima that offer the possibility of H-bonding between a D and an L 

tartaric acid molecule. Moreover, in these special geometries it is possible to attach more 

tartaric acid molecules both to the carboxyl ends and to the hydroxyl “hands” of the DL 

adduct. In other words: the conformational analysis confirmed the energetic feasibility of 

large flat tartaric acid planes.
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e

Figure 18. SEM results of experiments directed towards the optimisation of 
silica nanotube synthesis, a: original Nakamura process, b: xlZ> amount DL- 
tartaric acid, c: *2 amount DL-tartaric acid, d: elevated temperature (348 K), e: 
citric acid instead of tartaric acid, f: hydrolysis catalysed by acid instead of 
NH3

f

After reaching a certain size, the silica planes are thought to detach from the tartaric 

acid sheet, which becomes ready for directing the formation of the next plane. Nanotube
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formation is a secondary process occurring spontaneously when two planes meet. The steps of 

this proposed mechanism are visualised in Figure 20.

a

Figure 19. Conformational analysis of D (a) and L (b) tartaric acid at the AMI 
semi-emipirical level of theory

b

Figure 20. Proposed mechanism for silica nanotube formation

4.2.1.2 Chemical properties

In order to gain insight into the possibilities of catalytic applications, the heteropoly 

acid containing silica nanotube samples PW12,Si-NT-C-5 and PW12,Si-NT-C-20 were tested 

in our standard acidic test reaction: the isomerisation of 1-butene. The measured kinetic 

curves are presented in Figure 21.
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Figure 21. Conversion of 1-butene into 2-butenes at 443 K. (I) and 473 K (II) in 
a fixed bed recirculatory reactor. On both parts, Si-NT-C-0, PW12,Si-NT-C-5 
and PW12,Si-NT-C-20 are labelled “a”, “b” and “c”, respectively.

The following observations [S-7] are readily made from the initial slopes of the 

curves:

• it is solely the heteropoly acid that grants the samples their catalytic activity,

• the influence of the elevated temperature follows the trend expected on the knowledge of 

basic reaction kinetics,

• the specific catalytic activity of the samples can be controlled by controlling the PW12 

loading: the higher the heteropoly acid concentration, the faster the reaction is.

Just as in Section 4.1.2.2, the initial ratio of cis and trans 2-butene was checked and 

found to be close to unity in each reaction.

4.2.2 Silica foams

4.2.2.1 Structure

In Figure 22. some characteristic pictures of the materials synthesised according to

Section 3.1.2.2 are presented.
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a d

b e

c

Figure 22. Representative images of Si-FO-C-O (a, b, c) and Si-FO-HTC-O 
(d, e, f) samples.

f

The silica foam was obtained as a monolith (apparent density after calcination: -0.08 

g/cm3) sharing dimensions with the synthesis vessel. The diameter of the observed foam pores 

ranged from 4-6 mm to 2-5 pm. However, we are quite positive about the existence of even 

narrower pores, which could not be identified microscopically because of instrumental 

limitations. Hydrothermal treatment had no direct effect on foam morphology. Silica foam 

formation seems to be quite straightforward to explain: TEOS hydrolysis takes place in the 
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walls of the foam raised by the heavy stirring of the aqueous detergent solution. A 

comprehensive discussion of the phenomenon was given by Bagshaw [52].

The major characteristics of the foam pore system were determined from N2 

adsorption isotherms like those shown in Figure 23. and are presented in Table 9. It is clear 

from these data that the foams are essentially mesoporous materials possessing very high 

surface areas.

Figure 23. Typical N2 adsorption isotherms of Si-FO-C-O (a) and Si-FO-HTC-O (b)

Table 9. Most important characteristics of the pore systems of silica foams

ET surface area 
(m2/g)

Pore diameter

(A)
Pore volume

(ml/g)

Micropore volume
(ml/g)

Si-FO-C-O 863 ±6 36 ±3 0.78 ±0.15 0.064 ± 0.005
Si-FO-HTC-O 779 ±6 43 ±4 0.91 ±0.22 0.053 ± 0.003

Considering the openness of the structures shown in Figure 22. and the extremely low 

apparent density, it is no surprise that freshly calcined silica foams are extremely sensible to 

physical pressure, fracture etc. To overcome this problem, hydrothermal treatment of the 

foams was suggested and is now generally applied. This is expected to enhance cross-linking 

of the walls and thus, to increase foam stability. However, direct experimental proofs of these
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29 •beneficial effects are seldom found in the literature. Therefore, we have recorded the Si

MAS NMR spectra of samples Si-FO-AS-O, Si-FO-C-O and Si-FO-HTC-O and performed 

Fourier deconvolution followed by multi-peak Gaussian decomposition to determine the 

percentages of different Si species [108] in the materials. The results are presented in Figure

Figure 24. 29Si MAS NMR spectra of silica 
foams at various stages of the synthesis. 
Spectra “a”,”b” and “c” belong to samples 
samples Si-FO-AS-O, Si-FO-C-O and Si-FO- 
HTC-O, respectively.

Table 10. Results of the spectral decomposition of 29Si MAS NMR spectra of 
silica foams

§ (ppm) AH (Hz) I (%)
q2 -91.4 425 8.3

Si-FO-AS-O Qs -101.3 425 57.2
Q4 -110.3 555 34.5
q2 -91.0 500 2.9

Si-FO-C-O Qs -100.8 830 36.4
q4 -110.1 775 60.7
q2 -91.4 500 3.2

Si-FO-HTC-O Q3 -100.8 670 24.1
Q4 -110.1 830 72.7

The figures in the last column of the table are pretty straightforward to explain. Silicon 

atoms having 3 other silicon (and one -OH, presumably) neighbours make up the skeleton of 

the as-synthesised material. This finding conforms well to the general mechanism of the sol

gel process described in Section 2. Conventional calcination changes the Q4/Q3 ratio from 0.6 
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to 1.7, which can be interpreted by the heat-induced formation of Si-O-Si bridges from Si-OH 

HO-Si groups. If the as-synthesised material is treated hydrothermally prior to calcination, the 

final foam will have a Q4/Q3 ratio of 3, significantly higher then the previous value. In other 

words: there are more Si atoms in the foam walls that are covalently linked to other Si atoms 

in the three dimensional framework of the foam walls. This new finding is an experimental 

evidence for the necessity of the hydrothermal treatment.

4.2.2.2 Chemical properties

Because of their absolute novelty, silica foams do not have any direct catalytic 

applications yet. They could certainly be used as porous supports to construct catalysts similar 

to those synthesised by the post-calcination conventional impregnation of silica nanotubes 

(Section 3.1.2.1). However, foams can be made much easier and with larger yields than 

nanotubes, and therefore, we conceived it might be feasible to prepare acidic silica foams in a 

one-step sol-gel synthesis [S-9], much like the composites described in Section 3.1.1.2. To 

our best knowledge, such materials have not been mentioned in the literature before.

We have developed two sol-gel based routes to incorporate acidic function into silica 

foams. This was trial-and-error experimentation at its best, since the quality of the final foam 

was found to be a sensitive non-linear function of the exact timing and composition of the 

steps of the synthesis. In the case of PW12 containing foams the most crucial factor was the 

water content of the precursor sol. The presence of water is essential for the surfactant to 

function, but above a certain concentration limit not all of the added water is built into the 

foam walls, resulting in a foam monolith floating over clear water. While this is not a problem 

when preparing purely siliceous foams, it completely ruins would-be heteropoly acid — silica 

composites because an unknown amount of PW12 remains dissolved in the aqueous phase 

instead of entering the foam. In the case of alumina-silica composite foams the problems were 

caused by the different moisture sensitivities of TEOS and AiPR3. Add AiPR3 to the foam 

too soon and it will hydrolyse by itself. Add it too late, and the hydrolysis of TEOS will have 

proceeded so far that aluminum can not enter the three dimensional network. In either case we 

end up with pieces of AI2O3 scattered in a SiCh foam instead of an acidic alumina-silica 

composite. Due to the extremely empirical nature of the process, details of the optimisation 

are not described here. It is enough to note that both PW12 and alumina containing foams 

mentioned below were synthesised bearing the mentioned pitfalls in mind.

Experimental evidence about the presence of the acidic function in the foams was 

obtained by spectroscopic techniques. The evolution of the bands at 210, 265 and 315 nm in 
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the diffuse-reflectance UV-VIS spectra of the PW12-SiO2 composite foams presented in 

Figure 25. shows that phosphotungstic acid has entered the materials in the quantities 

intended. Comparing the KBr IR spectra of the silica-alumina foams (Figure 26.) we can 

realise that bands correlated with framework torsion vibrations at 1105 and 822 cm'1 in pure 

silica have shifted to 1074 and 800 cm'1 in the composite. This phenomenon is caused by the 

incorporation of aluminum into the silica framework, and therefore, it can be considered as 

proof of the successful sol-gel synthesis.

Wavelength (nm)

Figure 25. Diffuse reflectance UV-VIS spectra of samples Si-FO-C-O (a), Si-
FO-C-5 (b), Si-FO-C-20 (c) and pure phosphotungstic acid (d)

Acidity of the samples was measured using the well-established technique of pyridine 

adsorption. Optical densities of the bands corresponding to pyridine adsorbed on Bronsted and 

Lewis acid centres are given for each sample in the second and third columns of Table 11. 

The fourth column (denoted B/L) in the table is the ratio of the densities of the Bronsted and 

Lewis bands, while the fifth and sixth columns give the ratios of acid sites before and after 

hydrothermal treatment. It should be noted that these B/L ratio differ from the real ratio of 

Bronsted and Lewis acidic centres because the extinction coefficients of the surface 

complexes giving raise to the bands at 1450 and the 1540 cm'1 are not necessarily equal. 

However, it is still a useful tool when comparing the Bronsted/Lewis ratio of various samples.
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Wavenumber (1/cm)

Figure 26. Framework torsion region of the IR spectrum of samples Si-FO-C-O 
(a), Al,Si-FO-C-20 (b), Al,Si-FO-HTC-20 (c), Al,Si-FO-C-5 (d) and Al,Si-FO- 
HTC-5 (e)

It is evident from the acidity data that each but the pure silica sample possesses both 

Bronsted and Lewis acidity. The amount of such centres is correlated with the amount of 

active component (PW12 or aluminum) incorporated into the matrix, thus providing us a tool 

for the tuning of the acidity of the foams. To gain insight into the possibilities of fine-tuning 

the acidity, the following observations can be made in the last three columns of Table 11.
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Heteropoly acid-silica composite foams show balanced behaviour: (i) their Bronsted to Lewis 

ratio is closer to unity and changes less than that of the Al series, (ii) increasing the amount of 

PW12 incorporated increases the number of acid sites proportionally and (iii) calcination does 

not have a tremendous impact on the number of acid sites available for pyridine.

Sample Bronsted
(A/mg)

Lewis (A/mg) B/L Bc/Bhtc Lc/Lhtc

Si-FO-C-O 0 0.004 0
Si-FO-HTC-O 0 0.003 0 n.a. 1.333
PW12,Si-FO-C-5 0.091 0.085 1.07
PW12,Si-FO-HTC-5 0.083 0.079 1.05 1.096 1.076
PW12,Si-FO-C-20 0.147 0.129 1.139
PW12,Si-FO-HTC-20 0.121 0.111 1.095 1.215 1.162
Al,Si-FO-C-20 0.129 0.084 1.532
Al,Si-FO-HTC-20 0.079 0.081 0.973 1.636 1.039
Al,Si-FO-C-5 0.135 0.116 1.162
Al,Si-FO-HTC-5 0.065 0.083 0.787 2.065 1.400

* Ratios calculated from the original (C) and hydrothermally treated (HTC) samples are 
reported in the “HTC” line of each material.

Table 11. A summary of the acidic properties of solid acid foams.

Silica-alumina systems on the other hand seem to be more sensitive to synthesis 

conditions: (i) a 4-fold increase in the number of potential acid centres can not even double 

the optical density of the pyridine adsorption bands, (ii) hydrothermal treatment is able to 

change the ratio of Bronsted and Lewis sites to the opposite and (iii) in most cases, 

hydrothermal treatment drastically reduces the number of available acid sites of any kind. We 

believe that these major changes might originate from the partial dealumination of the foam 

framework and — especially in Al,Si-FO-C-5 — from the formation of a separate, 

extraframework alumina phase.

Finally, we can conclude that a very important step in the functionalisation of novel 

mesoporous silica foams has been made [S-9] by inventing two different routes to incorporate 

Bronsted and Lewis acid centres into the foam walls. Acidity of the foams can be tailored by 

modifying the composition and the pretreatment method applied. The hydrothermally treated 

PW12—SiC>2 composite seems to be the best choice for general acidic heterogeneous catalytic 

applications.
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4.3 General considerations concerning fractal dimension

Fractal materials have scale-invariant morphological features by definition and can be 

classified as mass fractals, pore fractals and surface fractals. The latter two are of considerable 

interest from the point of view of heterogeneous catalysis, since transport efficiency and 

catalytic activity may both be related to pore and surface self-similarity. While it is generally 

agreed that pore fractals are seldom found among common porous silica systems, the 

existence of surface fractality in the same materials is still heavily debated. We have 

performed a comprehensive study [S-8] involving all pore systems {-ME-, -NT- and -FO-) 

mentioned in this thesis in order to find out (i) if our sol-gel derived materials can be 

considered to be surface fractals or not, and (ii) if the everyday wear-and-tear is able to 

modify the self-similar behaviour of a potential silica catalyst.

The surface fractal dimension calculated by two methods and at three different 

mechanical pressure levels is given for Si-ME-C-0, Si-NT-C-0, Si-FO-C-O and Si-FO-HTC-O 

in Tables 12-15., respectively. It is easy to notice that the general fractal behaviour is 

independent of the details of the calculation, and that D is approximately 2 for nanotubes, 3 

for foams and ca. 2.5 for amorphous silica. The latter material did not exhibit any change in 

surface fractal dimension up to 9 ton/cm2, but in the case of nanotubes and foams a small shift 

towards D=2.5 could be observed. It should also be noted that the foam structure collapsed 

completely even at pressures below 1 ton/cm2.

Table 12. Calculated surface fractal dimension of mesoporous silica

Applied pressure 

(ton/cm2)

Wang method FHH equation

Adsorption Desorption Adsorption Desorption

0 2.38 ± 0.07 2.61 ±0.10 2.48 ±0.12 2.53 ± 0.08

3 2.41 ±0.03 2.67 ± 0.08 2.47 ± 0.04 2.52 ± 0.05

9 2.58 ± 0.05 2.64 ± 0.06 2.34 ± 0.07 2.39 ±0.11

Table 13. Calculated surface fractal dimension of silica nanotubes

Applied pressure 

(ton/cm2)

Wang method FHH equation

Adsorption Desorption Adsorption Desorption

0 2.02 ±0.11 2.08 ±0.14 2.15 ±0.04 2.07 ± 0.02

3 2.06 ±0.10 2.10 ±0.07 2.03 ± 0.06 2.11 ±0.12

9 2.16 ±0.05 2.23 ± 0.09 2.14 ±0.05 2.16 ±0.08
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Table 14. Calculated surface fractal dimension of calcined silica foam

Applied pressure 

(ton/cm2)

Wang method FHH equation

Adsorption Desorption Adsorption Desorption

0 2.89 ±0.11 2.97 ±0.15 2.92 ±0.17 2.99 ±0.10

3 2.86 ±0.17 2.98 ±0.18 2.93 ±0.19 2.86 ±0.14

9 2.79 ±0.15 2.81 ±0.15 2.84 ±0.12 2.85 ±0.16

Table 15. Calculated surface fractal dimension of hydrothermally treated 
and calcined silica foam

Applied pressure 

(ton/cm2)

Wang method FHH equation

Adsorption Desorption Adsorption Desorption

0 2.93 ±0.15 2.91 ± 0.09 2.98 ±0.12 2.93 ±0.16

3 2.90 ± 0.08 2.89 ± 0.07 2.88 ± 0.03 2.88 ±0.11

9 2.85 ± 0.06 2.83 ±0.13 2.77 ±0.10 2.82 ±0.14

The surface fractal dimension (D) of a solid is basically an indicator of the presence 

(or absence) of scale invariant surface features. The case of D=2 corresponds to adsorption on 

a smooth, flat surface. D=3 indicates space filling with the adsorbate, while cases of 2<D<3 

conform to adsorption on a fractal surface. The surface fractal dimension of freshly calcined 

silica nanotubes was found to be close to 2 independent of the method of calculation. No scale 

invariant features are present: the word “surface” can only be interpreted on one scale, and 

that is the pm dimensional scale of the tubes. (The surface area — and thus, the contribution 

to the surface fractal dimension measurable by adsorption techniques — of the aggregated 

silica phase is negligible [111] compared to that of the nanotubes.) This finding is consistent 

with the formation mechanism suggested in Section 4.2.1: the nanotubes are made of silica 

planes of roughly the same size, which is easiest to explain by assuming that a large number 

of planes are synthesised on the very same template sheet. While moderate mechanical 

pressure has no effect on the fractality of the nanotubes, applying a large pressure of 9 

ton/cm2 resulted in a minor increase in D. The increase is probably caused by physical 

fracture effects. The walls of the nanotubes break, and the revealed jagged surfaces have 

adsorption properties different from the original smooth tube walls. Since the majority of 

these planes remains intact, the overall observable result is the ~0.1 increase in the surface 

fractal dimension.
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The D~3 values obtained for the calcined silica foam indicate that this material also 

lacks fractal surface features, but because of a completely different reason. Here the 

adsorption process quickly changed to space filling, and therefore the formalism of Equations 

9. and 10. can no longer provide information about surface properties. Our foam proved to be 

extremely vulnerable to mechanical pressure, as even at 1 ton/cm2 it has lost its hollow 

structure and was pressed into a white powder. This denser material no longer exhibited space 

filling adsorption capabilities, instead, it started behaving as a fractal surface of D-2.8. In our 

opinion, this transition originates from the appearance of a new type of surface, which is made 

up of the tightly compressed shells of the foam pores.

The ordinary amorphous mesoporous silica sample was found to be a surface fractal in 

the sub-micrometer dimension by all calculation methods and at all pressures applied. Once 

again, the synthesis conditions, namely the possibility for the secondary aggregation of the sol 

particles seems to be responsible for this phenomenon. Effects of the mechanical pressure are 

hardly identifiable: the material was lacking morphology right after calcination, therefore 

even the 9 ton/cm2 pressure could only transform it from one amorphous, rugged state into 

another. From the practical point of view, such tolerance of mechanical pressure compensates 

for the lack of a refined pore structure and renders amorphous mesoporous silica a more 

appealing candidate for disk-shaped reactors and filters than any other silica species studied 

here.
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5 Summary

The primary goal of this PhD work was to perform basic research to explore the 

possibilities of a rapidly developing, modem and popular synthesis technique, the sol-gel 

method. Since this technique was not previously employed by our group, it was my objective 

to implement as many small, independent projects serving as potential starting points for 

long-term research plans as I could.

The studies were focused on functionalised silica matrices possessing meso- or 

macroporous channel system, and their possible applications in heterogeneous catalysis. 

Besides ordinary amorphous materials, we were able to build acidic centres into novel silica 

shapes: nanotubes and foams. We have utilised various techniques (N2 adsorption, TG, SEM, 

TEM, 29Si MAS NMR, NH3 TPD, AAS, XRD, IR, UV-VIS) for sample characterisation, 

applied semi-empirical molecular modelling and advanced data processing techniques (fractal 

dimension analysis, spectral decomposition), and tested most of the prepared solid acids in the 

chosen reaction of 1-butene isomerisation. Certain catalysts were found to be active in two 

research fields currently investigated at our Department: catalytic carbon nanotube synthesis 

and Diels-Alder type cycloadditions.

The major results of this PhD research are the following:

1. Concerning sol-gel derived structures in general:

• We have suggested a possible mechanism for the formation of angular silica nanotubes.

• We have proven the advantages of hydrothermal treatment in silica foam synthesis.

• We have performed a comprehensive study on the surface fractal properties of sol-gel 

derived silica species, and published surface fractal dimension data of silica nanotubes and 

silica foams for the first time in literature.

2. Concerning catalyst design:

• We were able to build acid centres into silica foams, thus synthesising a novel composite 

material not mentioned in the literature before.

• We have found that the effective acidity curve of H3PW12O40 — SiCh composites passes 

through a maximum as a function of acid contents.

• We have proven that sol-gel derived H3PW12O40 — SiCh composite catalysts are superior 

to their conventionally impregnated counterparts with respect to stability in polar solvents.

3. Concerning real-life applications:

• A sol-gel Co,Fe-SiO2 catalyst was found to generate multiwall carbon nanotubes in 

moderate quantities, yet with splendid quality.
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• Sol-gel H3PW12O40 — SiO2 composites were found to be effective catalysts of the Diels- 

Alder type cycloaddition reaction between 1,3-cyclohexadiene and 2-propenal.

If one outcome had to be named as the single most important result of this research, in 

my opinion it would be the synthesis of acidic silica foams. Their excellent formability and 

unique, open pore system make these materials promising candidates for novel, high liquid 

throughput disk-shaped and membrane reactors. We are currently planning an optimisation 

process similar to that performed on the ordinary mesoporous H3PW12O40 — SiO2 composites 

to find the optimal acid-to-silica ratio of the foams. Once the best catalyst is found, we shall 

focus our attention on utilising the experience obtained about Diels-Alder reactions, and move 

on to perform cycloadditions in fixed-bed continuous flow reactors. Our long-term goals also 

include building optical modifiers (e.g. carbohydrates) into the acidic foams and thus, to 

modify the stereoselectivity of the chosen Diels-Alder reactions.

Other research themes waiting to be exploited after being briefly touched here are high 

quality carbon nanotube synthesis on sol-gel derived catalysts, and theoretical studies on the 

relationship between the surface fractal dimension and the catalytic properties of sol-gel 

materials.
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9 Appendix

In this Appendix I shall present a comprehensive table containing data about each and 

every sample mentioned in this thesis.

hydrolysis of Al(iOC3H7)3

Label Matrix Modifier Properties Mentioned in Section

Co,Fe,Si,Ti-ME-AS-2.5 50 % SiO2
50 % TiO2

2.5 % Co
2.5 % Fe

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Co,Fe,Ti-ME-AS-2.5 TiO2 2.5 % Co
2.5 % Fe

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Co,Fe,Si-ME-AS-2.5 SÍO2 2.5 % Co
2.5 % Fe

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Fe,Ni,Si, Ti-ME-AS-2.5 50 % SiO2
50 % TiO2

2.5 % Fe 
2.5% Ni

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Fe,Ni,Ti-ME-AS-2.5 TiO2 2.5 % Fe
2.5% Ni

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Fe,Ni,Si-ME-AS-2.5 S1O2 2.5 % Fe 
2.5% Ni

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Co,Ni,Si,Ti-ME-AS-2.5 50 % SiO2
50 % TiO2

2.5 % Co 
2.5% Ni

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Co,Ni,Ti-ME-AS-2.5 TiO2 2.5 % Co 
2.5% Ni

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Co,Ni,Si-ME-AS-2.5 SÍO2 2.5 % Co 
2.5% Ni

Amorphous, mesoporous. 
As synthesised.

4.1.1.1

Co,Fe,Si,Ti-ME-C-2.5 50 % SiO2 
50%TiO2

2.5 % Co
2.5 % Fe

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

Co,Fe,Ti-ME-C-2.5 TiO2 2.5 % Co
2.5 % Fe

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

Co,Fe,Si-ME-C-2.5 SiO2 2.5 % Co
2.5 % Fe

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

Fe,Ni,Si,Ti-ME-C-2.5 50 % SiO2
50 % TiO2

2.5 % Fe 
2.5% Ni

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

Fe,Ni, Ti-ME-C-2.5 TiO2 2.5 % Fe 
2.5% Ni

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

Fe,Ni,Si-ME-C-2.5 SÍO2 2.5 % Fe 
2.5% Ni

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

Co,Ni,Si,Ti-ME-C-2.5 50 % SiO2
50 % TiO2

2.5 % Co
2.5 % Ni

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

Co,Ni,Ti-ME-C-2.5 TiO2 2.5 % Co 
2.5% Ni

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

Co,Ni,Si-ME-C-2.5 SiO2 2.5 % Co 
2.5% Ni

Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.1

“2.5% Co on silica” SiO2 2.5 % Co Commercial SiO2-60 from 
Acros Chemicals

4.1.1.2

"2.5% Co on alumina” A12O3 2.5 % Co A1(OH)3 obtained by 
hydrolysis of Al(iOC3H7)3

4.1.1.2

“2.5% Fe on alumina” ai2o3 2.5 % Fe A1(OH)3 obtained by 
hydrolysis of Al(iOC3H7)3

4.1.1.2

“2.5% Ni on alumina” ai2o3 2.5% Ni A1(OH)3 obtained by 4.1.1.2

Table 16. A summary of the materials mentioned in this thesis.
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Labe) Matrix Modifier Properties Mentioned in Section

Co,Si-ME-C-5.0 SiO2 5 % Co Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.2

Fe,Si-ME-C-5.0 SiO2 5 % Fe Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.2

Ni,Si-ME-C-5.0 SÍO2 5% Ni Amorphous, mesoporous. 
Calcined at 770 K

4.1.1.2

Si-ME-C-0 SÍO2 — Amorphous, mesoporous. 
Calcined at 723 K.

4.1.2.1

PW12,Si-ME-AS-5 SiO2 5 % H3PWi2O40 Amorphous, mesoporous. 
As-synthesised. Acid built 
in by sol-gel method.

4.1.2.1

PW12,Si-ME-AS-20 SÍO2 20 % H3PWI2O40 Amorphous, mesoporous. 
As-synthesised. Acid built 
in by sol-gel method.

4.1.2.1

PW12,Si-ME-AS-50 SiO2 50 % H3PW|2O40 Amorphous, mesoporous. 
As-synthesised. Acid built 
in by sol-gel method.

4.1.2.1

PW12,Si-ME-AS-80 SiO2 80 % H3PWi2O40 Amorphous, mesoporous. 
As-synthesised. Acid built 
in by sol-gel method.

4.1.2.1

PW12.SÍ-ME-C-5 SÍO2 5 % H3PWi2O40 Amorphous, mesoporous. 
Calcined at 873 K.

4.1.2.1

PW12,Si-ME-C-20 SiO2 20 % H3PWi2O40 Amorphous, mesoporous. 
Calcined at 873 K.

4.1.2.1

PW12.SÎ-ME-C-50 SiO2 50 % H3PW12O40 Amorphous, mesoporous. 
Calcined at 873 K.

4.1.2.1

PWl2,Si-ME-C-80 SiO2 80 % H3PW12O40 Amorphous, mesoporous. 
Calcined at 873 K.

4.1.2.1

PW12,Si-ME-lM-5 SÍO2 5 % H3PW12O40 Amorphous, mesoporous. 
Dried at 313 K. Acid built 
in by wet impregnation.

4.1.2.1

PW12,Si-ME-lM-20 SÍO2 20 % H3PW12O40 Amorphous, mesoporous. 
Dried at 313 K. Acid built 
in by wet impregnation.

4.1.2.1

PW12,Si-ME-IM-50 SÍO2 50 % H3PW12O40 Amorphous, mesoporous. 
Dried at 313 K. Acid built 
in by wet impregnation.

4.1.2.1

PW12,Si-ME-IM-80 S1O2 80%H3PWi2O40 Amorphous, mesoporous. 
Dried at 313 K. Acid built 
in by wet impregnation.

4.1.2.1

“pure PW12” H3PW12O40 — Commmercial, from
Aldrich Chemicals.

4.1.2.1

Al,Si-ME-C-20 SiO2 
A12O3

Si/Al=20 Amorphous, mesoporous. 
Sol-gel ref. material. 
Calcined at 873 K.

4.1.2.3

Si-NT-C-0 SiO2 — Angular nanotube.
Calcined at 773 K.

4.2.1.1

PW12,Si-NT-C-5 S1O2 5%H3PW12O40 Angular nanotube. Dried 
at 423 K. Acid built in by 
wet impregnation.

4.2.1.2

PW12,Si-NT-C-20 SÍO2 20 % H3PW)2O40 Angular nanotube. Dried 
at 423 K. Acid built in by

4.2.1.2

wet impregnation.

Table 16. continued.
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treatment at 413 K.

Label Matrix Modifier Properties Mentioned in Section

Si-FO-AS-O SiO2 — As-synthesised foam. 
Dried at 313 K.

4.2.2.1

Si-FO-C-O SiO2 — Foam calcined at 673 K 
after drying at 313 K.

4.2.2.1

Si-FO-HTC-O SÍO2 Foam calcined at 673 K 
after hydrothermal 
treatment at 413 K.

4.2.2.1

PW12.SI-FO-C-5 SÍO2 5 % H3PWi2O40 Foam calcined at 673 K 
after drying at 313 K.

4.2.2.2

PW12,Si-FO-HTC-5 SiO2 5 % H3PW12O40 Foam calcined at 673 K 
after hydrothermal
treatment at 413 K.

4.2.2.2

PW12.SÍ-FO-C-20 SiO2 20 % H3PW12O40 Foam calcined at 673 K 
after drying at 313 K.

4.2.2.2

PW12.SÍ-FO-HTC-20 SÍO2 20 % H3PWI2O40 Foam calcined at 673 K 
after hydrothermal
treatment at 413 K.

4.2.2.2

Al,Si-FO-C-20 SiO2 
A12O3

Si/Al=20 Foam calcined at 673 K 
after drying at 313 K.

4.2.2.2

Al.Si-FO-HTC-20 SiO2 
A12O3

Si/Al=20 Foam calcined at 673 K 
after hydrothermal
treatment at 413 K.

4.2.2.2

A/,Si-FO-C-5 SiO2 
A12O3

Si/Al=5 Foam calcined at 673 K 
after drying at 313 K.

4.2.2.2

Al,Si-FO-HTC-5 SÍO2 
A12O3

Si/Al=5 Foam calcined at 673 K 
after hydrothermal

4.2.2.2

Table 16. continued

80



Applications of the sol-gel method for the synthesis of novel catalytic materials Summary In Hungarian

10 Summary in Hungárián — Magyar nyelvű összefoglalás

Bevezetés
A modem kémia kezdetei óta az anyagtudomány fejlődésének egyik fő hajtóereje a 

vegyipar igénye a jobb ill. korábban nem is létező anyagokra, melyekkel az emberi élet 

általános minősége javítható. Mivel a mai vegyipari eljárások legalább 70%-a heterogén 

katalitikus folyamatokon alapul, nyilvánvaló, hogy az új, hatékonyabb heterogén 

katalizátorok fejlesztése örökzöld téma, melynek tudományos művelése folyamatosan 

szükséges.

A vegyipar figyelme napjainkban többek között a mezopórusos (20-100 Á 

pórusátmérő) katalizátorokra irányul. Ennek oka egyrészt az, hogy a nyersanyagkészletek (pl. 

kőolaj) csökkenése kikényszeríti a korábban nagy méretük miatt nem hasznosított (pl. 

elégetett, aszfaltba kerülő stb.) molekulák minőségi feldolgozását, másrészt pedig 

mezopórusos csatornarendszerekben már lehetséges lenne olyan nagyméretű biomolekulák 

immobilizálása/reagáltalása is, melyek méretüknél fogva eddig a homogén katalitikus 

eljárások privilégiumai voltak.

A mezopórusos tartomány meghódítására az 1990-es évek elején felfeledezett M41S 

katalizátorcsalád (melynek legismertebb képviselője az MCM-41) igen ígéretesnek tűnt. Noha 

a terület kutatása jelenleg is zajlik, mára kijelenthető, hogy az M41S család nem váltotta be 

teljes mértékben a hozzá fűzött reményeket. Az új mezopórusos anyagok és 

szintézismódszerek fejlesztése éppen ezért nem állt meg; ezeknek a kutatásoknak egyik ága a 

jelenleg harmadik reneszánszát élő szol-gél módszer olyan heterogén katalizátorok 

szintézisére való alkalmasságának tanulmányozása, amelyek noha nem kristályosak, de 

szerkezetük hosszabb távú rendezettséget mutat, azaz pórusrendszerük szabályos vagy ahhoz 

közeli.

Doktori munkám feladata új, kontrollált pórusrendszerű, szilikát alapú, katalitikusán 

funkcionalizált kompozit anyagok előállítása, jellemzése és katalitikus célú 

felhasználhatóságuk tesztelése volt.

Előzmények
Mai értelmezésünk szerinti szol-gél anyagokat először Ebelmann és Graham állítottak 

elő a XIX. század közepén. A tudományos érdeklődés a módszer iránt újra feltámadt a 

századforduló környékén (Ostwald, Lord Rayleigh) majd az 1960-as években (Roy). 

Heterogén katalitikus célú alkalmazásra az 1980-as évekig gyakorlatilag nem került sor, azóta 
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azonban a szol-gél módszeren alapuló publikációk és szabadalmak száma rohamosan 

növekszik.

A módszer egyik előnye az, hogy a készítendő anyag összetétele és tulajdonságai a 

nagyszámú szintézisparaméterrel igen széles határok között változtathatók, ezáltal 

lehetőségünk van az anyagok jellemzőinek szisztematikus előtervezésére és 

finomhangolására. Ezáltal az alkalmazások széles köre lehetséges, a kerámiaipartól az 

optoelektronikán át a gyógyszeriparig, beleértve természetesen a heterogén katalízis területét 

is. A szakirodalom szerint a szol-gél módszer elsősorban bonyolult kompozitok szintézisére 

használható, melyek funkcionalizálása három fő irányban történhet:

• Kompozit oxidmátrix előállítása, pl. AI2O3-SÍO2, La2C>3-SiO2, AI2O3-TÍO2 stb..

• Átmenetifémek beépítése egyszerűbb oxidmátrixba.

• Aktív molekulák (pl. savcentrumok, biomolekulák, gyógyszerhatóanyagok) beépítése 

egyszerűbb oxidmátrixba.

A készülő szol-gél anyag pórusrendszere első közelítésben az elemi összetételtől 

függetlenül befolyásolható. A hagyományosnak tekinthető, amorf mezopórusos anyagok 

mellett a legújabb eredmények szerint szol-gél módszerrel teljesen új, a természetben nem 

létező szilikátformák: nanocsövek és habok is előállíthatok.

Munkám során a szol-gél kémia három területével foglalkoztam részletesebben:

• SÍO2 bruttó összegképlettel leírható anyagi rendszerek pórusjellemzőinek befolyásolása 

és vizsgálata. A pórusok belső felületének tanulmányozása a felületi fraktáldimenzió 

alapján.

• Átmeneti fémekkel vagy heteropolisawal funkcionalizált SÍO2 és/vagy TÍO2 rendszerek 

készítése és jellemzése.

• A minták alkalmazhatóságának vizsgálata heterogén katalitikus tesztreakciókban.

Módszerek

A legtágabb értelmezés szerint a “szol-gél módszer" kifejezés használható minden 

olyan szintézismódszerre, amely folyadék halmazállapotból indul ki és gél halmazállapotú, 

azaz nem kristályos szerkezetű terméket eredményez. Jelen értekezés szóhasználatában (a 

nemzetközi szakirodalmi gyakorlatnak megfelelően) szol-gél módszeren félfém- és 

átmenetifém-alkoholátok kontrollált katalitikus hidrolízisét, valamint a keletkező gél 

utókezelését (öregítés, szárítás, kalcinálás stb.) értjük.

A kísérleti munka során nagyszámú szilikátalapú kompozitot készítettem szol-gél 

módszerrel. Az anyagok elemi összetételét egyrészt a szintéziselegy összetételének 
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változtatásával, másrészt a kész minták szintézis utáni kezelésével (impregnálás) 

szabályoztam. Mezopórusos csatornarendszer kialakításához a szintéziselegyhez etilén-glikolt 

adagoltam. A makropórusos szilika nanocsövek előállítása DL-borkősav templáton, a szilika 

habok előállítása pedig Triton X-l 14 nemionos tenziddel történt.

A következő mintacsoportokat tanulányoztam részletesen: (i) egy ill. két 

átmenetifémet (Co, Fe, Ni) tartalmazó mezopórusos SÍO2 és/vagy TÍO2, (ii) szol-gél 

módszerrel a falba épített heteropolisavat (H3PW12O40) tartalmazó mezopórusos SÍO2, (iii) 

szol-gél szilikaszintézis után, külön lépésben impregnálással előllított mezopórusos 

H3PW12O40 — SÍO2, (iv) szol-gél módszerrel készített szilika nanocső és ennek H3PW12O40 

impregnálással előállított származékai, (v) egy lépésben, szol-gél módszerrel készített, hab 

alakú H3PW12O40 — SÍO2 és AI2O3/SÍO2 kompozitok.

A minták jellemzéséhez felhasznált analitikai módszerek: N2 adszorpció, termikus 

analízis, XRD, AAS, FT-IR, piridin adszorpció mérése, diffúz reflexiós UV-VIS, TEM, SEM, 

ammónia TPD, 29Si MÁS NMR. A mintákat a következő heterogén katalitikus reakciókban 

teszteltem: (i) szén nanocsövek növesztése CVD módszerrel, (ii) 1-butén izomerizáció és (iii) 

az 1,3-ciklohexadién és az akrolein Diels-Alder típusú cikloaddíciós reakciója. A reakciók 

követése elektronmikroszkópiával, gázkromatográfiásán illetve IR spektoszkópiával történt. A 

felületi fraktáldimenzió kiszámítása a N2 adszorpciós-deszorpciós izotermákból történt a 

Frenkel-Halsey-Hill egyenlet illetve a Wang módszer alkalmazásával.

Eredmények
1. Új mező- és makropórusos szilikátbázisú kompozitok előállításával kapcsolatos 

eredmények
1.1 Két ismert szintézismódszer (a szol-gél habképzés, illetve a heteropolisav vagy A1 

beépítés) kombinálásával új, az irodalomban eddig még nem közölt anyagokat, szilárd 

savas szilikahabokat állítottunk elő reprodukálhatóan.

1.2 Méréseink alapján módszert dolgoztunk ki a savas szilikahabok Bronsted és Lewis 

savasságának tervszerű befolyásolására. Megállapítottuk, hogy a savas centrumok 

számát és típusát a savas funkciót biztosító anyag (szerkezeti A1 ill. heteropolisav) 

minősége és mennyisége mellett az alkalmazott utókezelés (hidrotermális kezelés és 

kiégetés) is meghatározza.
1.3 29Si MÁS NMR mérésekkel bizonyítani tudtuk a szilikahabok hidrotermális kezelésének 

előnyös voltát. A kalcinálás előtt hidrotermálisán is kezelt habok Q4/Q3 

szilíciumatomjainak aránya 1,8-szerese a kezeletlen habokénak. Több Q4 típusú Si-atom 
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jelenléte bizonyítottan nagyobb mértékű térhálósodást, ezért nagyobb mechanikai 

stabilitást jelent.

1.4 Részletes (IR, TPD, tesztreakció) vizsgálatok alapján optimalizáltuk a szol-gél 

módszerrel előállított mezopórusos heteropolisav-szilika kompozitok összetételét 

savasság szempontjából.

1.5 A szol-gél módszert szisztematikusan alkalmaztuk két átmenetifémet tartalmazó SÍO2, 

TÍO2 és SÍO2/TÍO2 kompozitok előállítására. Az anyagok diffúz reflexiós UV-VIS 

spektrumai alapján feltételezzük, hogy egyes szol-gél módszerrel beépített 

átmenetifémpárok esetén bizonyos elektronátmenetek csatolódhatnak. A csatolódásra 

kísérleti bizonyítékot a kétfémes szol-gél kompozitok Lewis savasságára megállapított 

kooperatív effektus szolgáltatott.

2. Az anyagok katalitikus alkalmazhatóságával kapcsolatos eredmények
2.1 Bizonyítottuk, hogy az általunk előállított heteropolisav—szilika kompozitok a 

hagyományos alumínium-szilikátokkal összemérhető katalitikus aktivitást mutatnak az 

1,3-ciklohexadién akroleinnel végbemenő Diels-Alder típusú cikloaddíciós 

reakciójában.

2.2 Megállapítottuk, hogy poláros oldószerekben a szol-gél heteropolisav—szilika 

kompozitok kisebb savasságuk ellenére is lényegesen jobb katalizátorok, mint az 

impregnálással készített minták. Míg víz-etanol eleggyel történő mosással az impregnált 

mintákból a heteropolisav gyakorlatilag teljesen eltávolítható (és ezért katalitikus 

aktivitásuk nagyságrendekkel lecsökken), addig a szol-gél mintákban a kémiailag 

rögzített savas funkció és ezáltal a minta katalitikus aktivitása a mosás után is 

megmarad.

2.3 Igazoltuk, hogy a szol-gél módszerrel előállított kétfémes szilikátok alkalmasak többfalú 

szén nanocsövek heterogén katalitikus szintézisére. A hagyományos katalizátorokkal 

szemben a szol-gél minták hátránya a kisebb nanocső kitermelés, előnyük viszont az 

elérhető nagy tisztaság és homogén falszerkezet.

3. Elméleti ill. módszertani eredmények
3.1 Az irodalmi módszer alapján előállított szilika nanocsövek anomáliás, szögletes 

keresztmetszetére választ keresve a nanocsövek képződését új mechanizmussal 

magyaráztuk. Ennek lényege, hogy a hidrogénhidakkal rögzített DL-borkősav 

84



Applications of the sol-gel method for the synthesis of novel catalytic materials Summary In Hungarian

molekulaegyütteseket nem közvetlenül a nanocső, hanem szilika lapok templátjainak 

tekintjük, a nanocsőképződést pedig másodlagos folyamatként fogjuk fel.

3.2 Morfológiai oldalról közelítettük meg a szol-gél anyagok fraktáldimenziójáról a 

szakirodalomban folyó vitát. Azonos elemi összetételű, de más-más szerkezetű (amorf 

mezopórusos anyag, nanocső, hab) anyagok esetén alapvetően különböző 

fraktálviselkedést tapasztaltunk.

3.3 A szakirodalomban elsőként vizsgáltuk a szol-gél szilikátok felületi 

fraktáldimenziójának függését az anyag mechanikai stabilitásától. Megállapítottuk, hogy 

az eredetileg nem fraktál makropórusos szerkezetek nyomás hatására összetörnek, és a 

közelebb kerülnek ahhoz, hogy felületi fraktálnak tekinthessük őket. A jelenséget mind a 

szilika nanocsövek, mind a szilika habok esetén értelmeztük.

3.4 Módszert javasoltunk a heterogén katalitikus Diels-Alder reakciók „in situ” IR 

spektroszkópiás követésére a C=O vegyértékrezgéshez rendelhető IR sáv 

finomszerkezete alapján. A módszer alapja, hogy a Diels-Alder reakció megszűnteti a 

karbonilcsoport és a C=C kettőskötés konjugációját, ezért az IR jel a magasabb 

hullámszámok felé eltolódik.

Az eredmények hasznosítása
A dolgozatban bemutatatott eredmények alapkutatási jellegűek. Véleményem szerint 

hasznosításuk nem közvetlenül a vegyipar valamelyik területén, hanem további, irányított 

kutatások megalapozásaként lehetséges.

A szol-gél anyagok felületi fraktáldimenziójával és annak nyomásfuggésével 

kapcsolatos eredmények reményeim szerint hasznosíthatóak lesznek a fraktalitás és a 

katalitikus aktivitás kapcsolatát feltáró elméleti munkákban. Munkám legfontosabb gyakorlati 

eredményének a savas szilikahabok szintézisének megvalósítását tartom, melyek a jövőben 

alapul szolgálhatnak majd pl. nagy áteresztőképességű ipari membránreaktorok 

kifejlesztéséhez.

Publikációk
Az értekezésben alapjául szolgáló saját eredményekről összesen 7 megjelent és 1 

közlésre előkészített dolgozatban, valamint 13 előadásban ill. poszterben számoltunk be 

nemzetközileg elismert folyóiratokban és konferenciákon.
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