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By Tom Campbell 

Mesoporous silica with a regular hexagonal array of pores has been synthesised by a 
liquid crystal templating route, using a variety of surfactants. The mesostructure in all 
cases is retained on surfactant removal. The structure of these materials is typified by the 
Brij76 surfactant-templated silica, for which the nitrogen adsorption data showed a type 
IV isotherm with no hysteresis, giving a specific surface area of 870m^g"', a pore volume 
of O.Tcm^g"' and an average pore diameter of 3.6nm. X-ray powder diffraction patterns 
for this silica show an intense peak at low 26 value corresponding to a dioo value of 
4.9nm, as well as secondary peaks indicative of a hexagonal array of pores and extended 
long range order. The hydroxyl concentration is found to be 1.21 OHnm'^. Heating in 
oxygen at temperatures up to 950°C reveals a slow decline in surface area and pore size 
up to 800°C, whereafter these values fall sharply to 300m^g"', and 2.2nm respectively at 
850°C. A similar effect on the (100) reflection intensity is noted by X-ray powder 
diffraction. The surface hydroxyl concentration undergoes a similar non-linear reduction 
with calcination temperature, but this occurs between 700 and 800°C. 

Uranyl nitrate hexahydrate and uranium tetrachloride have been supported on 
mesoporous silica, amorphous silica and alumina at 30wt% U. The temperature of 
supported uranium compound decomposition increases in the order amorphous silica < 
amorphous alumina < mesoporous silica < unsupported bulk material forming a UOs-type 
phase, which converts to UgOg at higher temperatures. The UaOg formation temperature 
has the opposite support dependence, and occurs at lower temperatures for the 
tetrachloride derivative materials compared to the nitrate analogues. 

The activity of these systems towards the catalytic oxidation of CO, and the selective 
catalytic reduction of NO with CO has been determined. For both reactions, the activity 
of supported uranyl nitrate materials increases with decreasing catalyst pre-treatment 
temperature, whereas the uranium tetrachloride derivatives typically achieve a maximum 
in activity after pre-treatment at 600°C in oxygen. Generally, the activity increases with a 
decrease in either the size of supported uranium oxide particles, or, for the tetrachloride 
derivatives, the amount of chlorine retained. For the NO reduction reaction, the most 
active catalysts achieve 100% selectivity towards nitrogen at 360°C, and 90% NO 
conversion at 450°C. This reaction was found to be zero order with respect to NO, and 
have an order of 1.4 with respect to CO. 

The organometallic complexes [(C5H5)3UC1], {N[CH2-CH2N(SiMe2'Bu)]3UOBu'}, and 
{N[CH2-CH2N(SiMe2'Bu)]3UNEt2}, have been deposited on mesoporous silica at 6wt% 
U. The supported species have been characterised, and the effect of thermal treatment 
investigated. 
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Chapter I Introduction 

The subject of catalysis may be easily divided into two broad areas, with the distinction 

between these subsections made with respect to the number of phases present in the 

catalytic process; one for homogeneous catalysis, and two or three for heterogeneous 

catalysis. Homogeneous catalysts often provide better (a) product selectivity and (b) 

activity than their heterogeneous analogues, but (c) separation of catalyst from products is 

often much more difficult in a single phase process. 

(a) This may be explained in part by the fact that solid surfaces have defects 

intrinsically present, and, sometimes, other material adsorbed on them. This indicates the 

presence of more than one type of site at which a reaction can take place, and the result is 

often the formation of more than one product. 

(b) This can be best reconciled in terms of contact area and mass transport between 

catalyst and reactant. Homogeneous catalysts are discrete molecular units, and as such 

have the maximum possible surface area available for reaction. The homogeneous nature 

of the system also implies a greater ease in mixing reactants and catalyst. 

(c) The catalyst is often the most cost intensive reagent in a process, and so, even if 

the product need not be completely pure (such as for general use polymers), it is very 

desirable to be able to recover and reuse it. For this reason the search for effective 

heterogeneous catalysts has intensified over time. 

The ideal scenario would then be to obtain heterogeneous catalysts with a single 

type of catalytic site, and very large surface areas, whilst allowing diffusion of reactants 

and products through the system at a rate which does not make mass transport the rate 

limiting step. In practice, the target of research in this area is to obtain the closest 

approximation to these properties. An estimate of 70% of all industrial chemicals produced 

have required a catalyst on at least one occasion during their manufacture,' and, due to the 

ease of separation of products from catalyst, heterogeneous systems account for the 

majority of those employed. 

The general approach of much of the work reported here is to disperse a 

heterogeneous catalyst on a well-defined, high surface area support, in an attempt to 

increase the activity of this catalyst by increasing the active surface area available for 

reaction. This chapter will introduce the nature of the support, the material that is to be 

dispersed on it, and the catalytic processes for which the activity of these systems is to be 

testedL 
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1.1 Porous Materials with Long Range Order 

1.1.1 Zeolite and Zeotype Materials 

The very large surface areas that are desirable may be achieved most effectively 

with the use of highly ordered porous materials, where much of the surface area is internal. 

If the pores are well defined this might also allow some shape and size selectivity of 

reactants and products. There are many porous materials with long range order, both 

naturally occurring and synthetic. By far the largest and most well understood group 

within this class of materials is the crystalline, open framework, aluminosilicate zeolite 

structures. The primary structure of zeolites consists of Si04 and AIO4 tetrahedra. These 

tetrahedra may then be vertex-linked via bridging oxygen atoms, excluding Al-O-Al 

bridges,^ to generate a large number of possible structures termed secondary building units. 

These secondary building units are then further joined together to produce the 3-D 

framework. Group I or II metal ions are also often incorporated, in order to balance the net 

negative charge caused by the presence of Al^^ as well as Si*^ in the framework. The 

general fonnula is then M'^x/n(A102)x(Si02)y.mH20, and an illustration of the type of open 

framework generated is given in figure 1.1, where MO4 tetrahedra are shown as solid 

shapes. 

Figure 1.1 The structure of zeolite P ' 

The regular fi-amework of pores in these materials affords excellent size 

selective adsorption properties, and zeolites have been extensively used as molecular sieves 

for many years.'* The same types of systems have been exploited as heterogeneous catalysts, 

and are used for many industrial processes such as the employment of zeolite A in the 
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cracking of crude petroleum/ and ZSM-5 in the formation of octane fi-om methanol.^ In the 

last twenty years the range of synthetic microporous materials has been extended beyond 

these aluminosilicates, to include a number of examples of other zeotype systems such as 

aluminophosphatesj silicoaluminophosphates,^ and gallophosphates.^ However, the limit of 

pore size of these materials infers intrinsic problems in their use for some catalytic processes. 

It introduces a size limitation on the reactants that may be used, and the rate of diffusion of 

solution phase reactants through the pore structure is prohibitively slow. For these reasons 

there has been a growing interest in the synthesis and use of mesoporous materials with pore 

sizes between 2 and 50nm.'^ 

1.1.2 Mesoporous Materials 

The synthesis of mesoporous materials has been investigated for over twenty years, 

but initially the structures produced had pores which were irregularly spaced and very 

broadly distributed in size." The traditional methods used to synthesise zeotype materials 

are not easily extended to create structures with much larger pores, as this would involve the 

formation of 30-40 member rings. The standard synthetic procedures do not have sufficient 

control over the eventual structure, and so a new methodology has been developed. In 1992 

Beck et al used the property of micelle formation in aqueous solution displayed by surfactant 

molecules to introduce a novel method of templating mesoporous m a t e r i a l s . A regular 

silicate or aluminosilicate structure is obtained as the inorganic framework is formed around 

the organic species in solution, and the size of the channels in the product can therefore be 

controlled by the choice of a templating molecule with an appropriate physical magnitude. 

By variation of the surfactant to silicon ratio, it was possible to obtain hexagonal (MCM-41), 

cubic (MCM-48), and lamellar (MCM-L) phases of the material, each displaying a very 

intense low angle X-ray powder diffraction reflection relating to large repeat distances of 20-

lOOA as well as secondary reflections by which the phase may be assigned. Removal of the 

organic template was achieved by calcination, and this resulted in materials with surface 

areas of -lOOOm^g"', and very narrow pore size distributions. The templates used were 

cationic surfactants [CnH2n+i(CH3)3N'̂ ] (n = 8-16) at 25 wt%. This amount of amphiphile is 

above the critical micellar concentration, but below that at which the surfactant will form a 

liquid crystal phase in aqueous solution. This will be discussed in greater depth below. 

Since this method was proposed, a large number of related synthetic strategies have 

been used in the formation of analogous materials, and these may be subdivided into five 
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categories. The first four apply to the charge-matching, electrostatic templating approach, 

and these have been achieved, and summarised, by Hue et al}"' 

Pathway one involves the direct co-condensation of a cationic surfactant (S"̂ ) with 

anionic inorganic species (F) to produce assembled ion pairs (S^'). This is the approach 

used by the Mobil g r o u p . I n the second pathway, known as the charge-reverse synthesis, 

an anionic template (S ) is used to direct the self-assembly of cationic inorganic species (I^ 

through S'l^ ion pairs. Pathways three and four involved counterion mediated assemblies of 

surfactants and inorganic species of similar charge. These counterion mediated pathways 

produced assembled solution species of the type (where X" = CI' or Br ) or S'M^T 

(where = Na^ or respectively. The viability of pathway three was demonstrated by 

the synthesis of a hexagonal MCM-41 silica with quaternary ammonium cations under 

strongly acidic conditions (5 to lOM HCl or HBr) to generate and assemble positively 

charged framework precursors.''' These four synthetic pathways are all based on strong 

electrostatic interactions between the surfactant and the charged framework, and this makes 

template recovery problematic. It has been found that ionic template recovery is possible, 

without high temperature calcination, providing that the exchange ions or ion pairs are 

present in the extraction p r o c e s s . H o w e v e r , this has a detrimental effect on both pore 

structure and surface area.'^ 

Pinnavaia et al have proposed a fifth synthetic route to ordered mesoporous 

materials via a neutral templating method.'^' This procedure involves the use of neutral 

primary amines as the templating surfactant (S°), and a nominally neutral inorganic 

precursor (1°). This methodology yields mesostructures with larger wall thickness and 

greater textural mesoporosity, but a lower degree of long range order, and smaller 

scattering domain sizes than the electrostatic routes. The neutral templating pathway 

allows for a greater ease of recovery of the surfactant by simple solvent extraction. This 

method has more recently been adapted with (poly)ethylene oxides as the templating 

materials and the introduction of metal ions into the synthesis mixture.'^ This does result 

in a subsequent increase in long range order, but this is essentially a duplication of the 

electrostatic methods described above. 

All of the five methods detailed above utilise surfactants at concentrations above the 

critical micellar concentration but below that at which a liquid crystal phase may be 

formed, and many of the examples of these routes involve hydrothermal synthesis. In 1995 

Attard et al made use of surfactants with well-defined lyotropic liquid crystal phase 
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diagrams to synthesise a purely siliceous mesoporous material.^° The concentration of the 

surfactant could then be chosen to produce the desired organic mesophase, and the silica 

framework produced is simply a cast of that phase. The surfactants used were octaethylene 

glycol monododecyl ether (CnEOg), and octaethylene glycol monohexadecyl ether 

(CieEOg), and the silica source was tetramethyl orthosilicate (TMOS). Aside from the 

greater control of silica mesostructure produced, this synthetic method has a number of 

advantages of those detailed above, including the fact that the procedure may be carried out 

at room temperature and pressure. Also, the particle size derived from this route is much 

larger than that of the low wt% surfactant methods, with monoliths rather than fine 

powders being produced. This makes handling of these substances much less problematic, 

and affords them great potential with regard to membrane applications. Due to the fact that 

this method provides long range order in solution without the participation of the inorganic 

material, it has also been shown to be applicable to the synthesis of mesoporous metals, 

such as platinum and tin.̂ ''̂ '̂̂ ^ 

The mechanism associated with the synthesis of mesoporous materials by the 

surfactant templating route has not, as yet, been comprehensively explained, but that 

proposed by Beck will be used to introduce the more important principles. A typical 

surfactant molecule has a polar, hydrophilic, head group, and a non-polar hydrocarbon, 

hydrophobic, tail. At very low surfactant concentrations, the amphiphile is present as 

monomer, with the individual molecule headgroup solvated, typically with water in this 

type of synthesis. As the amount of surfactant in solution is increased, eventually this 

concentration of monomer reaches a constant, maximum value. Above this value, known 

as the critical micelle concentration, a proportion of (he surfactant molecules form 

aggregates in solution. The concentration at which this occurs depends on the magnitude 

of the enthalpic and entropic terms associated with solvation, which, in turn, depend on the 

chemical structure of the surfactant. These micelles may have different shapes, once again 

depending on the shape and chemical nature of the amphiphile molecule. Further increases 

in concentration may cause an alteration in the shape of the aggregate, as the surface 

curvature is forced to change to minimise the free energy, and this may result in the 

formation of a liquid crystal phase if these micelles agglomerate to give a structure with 

some long range order. The micelle shape dependence on surfactant concentration is 

illustrated in figure 1.2. 
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increasing amph iph i l e 
concentrat ion 

Figure 1.2 The aggregate shape dependence on surfactant concentration. 

It has been proposed by KUnowski et af''^ that at low concentrations of the 

surfactant, such as that in the synthesis described by Beck et al,'^ the solution silicate 

species begin to condense on the surface of individual micelles, before these agglomerate to 

give the mesostructure. Once these groups of silicate covered micelles reach critical 

dimensions, then they precipitate out of the reaction solution, and this explains why the 

average particle size of silicas synthesised under these conditions is so small. 

In contrast, the synthetic route associated with the Attard method^" follows a 

mechanism whereby the long range order is established in the organic phase, and the 

inorganic framework is simply a cast of this phase. The presence of the liquid crystal phase 

may be confirmed by polarised light microscopy prior to addition of the silicate precursor, 

and it is shown to reform after the removal of the silicate hydrolysis products. The 

resultant material is formed as a glass, and the template may then be removed by 

calcination, or solvent extraction. This mechanism is illustrated in figure 1.3. 
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^ i) Formation of inorganic networ 
i, in 

ii) Removal of surfactant 

Surfactant + water + 
inorganic precursor 

Hi mesoporous 
material 

Figure 1.3 The formation of mesoporous silica from a liquid crystal template. 

In common to both mechanisms is the mesostructure dependence on the physical 

size of the surfactant molecule. Control of these dimensions is routinely achieved by 

variation of the amphiphile hydrocarbon chain length, but this may also be obtained by the 

inclusion of a compound soluble in the non-polar domain of the micelles formed. This 

results in a swelling of the surfactant aggregates, which in turn increases the dimensions of 

the pores in the inorganic material formed. Commonly used for this purpose are n-alkanes, 

and this is illustrated in figure 1.4.̂ ^ 

(a) (b) (c) 
Figure 1.4 The effect of n-alkane inclusion on micelle dimensions, (a) in the absence of alkane, (b) in the 

presence of n-hexane, (c) in the presence of n-decane. 

1.1.3 Modification of Mesoporous Materials 

Since 1992, the amount of research into ordered mesoporous materials has grown 

exponentially. A brief review of this work will introduce the methods used in their 

modification, and the potential applications to which they may be applied. The 

mesoporous materials may either be modified from a purely siliceous system by inclusion 

of other species, such as metals, in the synthesis mixture, or, alternatively, the chemical 
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variation may be introduced by adsorption of other material after template removal. 

Although only the second method has been employed in this work, both approaches will be 

briefly discussed. 

1.1.3.1 Modification of Mesoporous Materials by Isomorphous Substitution 

The aim of modification of mesoporous materials by variation of the initial reaction 

mixture is to achieve the isomorphous substitution of a desired metal for silicon within the 

framework. The majority of reports found within the literature relating to this subject are 

concerned with the inclusion of titanium and vanadium. Vanadium containing mesoporous 

materials have been synthesised using both the e l ec tros tat ic ,and the neutral templating 

methods^^ and have been found to be good catalysts for the selective oxidation of large 

organic molecules such as cyclododecane and 1-naphthol using diluted hydrogen peroxide. 

Titanium materials have also been synthesised via the electrostatiĉ '̂̂ "'̂ "'̂ ^ and neutral 

assembly^''^^ processes at low wt% surfactant, as well as a method modified from that 

proposed by Attard et aP using a true liquid crystal phase as a template.^"* The titanium 

mesoporous materials demonstrate catalytic activity comparable to that of titanium silicate 

for many processes, but have been shown to be far superior for the liquid phase peroxide 

oxidations of methyl methacrylate, styrene and 2,6-di-tert-butyl phenol.^' 

Interest in metal incorporated mesoporous materials is not limited to titanium and 

vanadium, and there are reports of examples where silicon has been substituted for 

aluminium(III),^^ boron(III),^® chromium(III),^^'^^ iron(III),^ coba]t(II),^ copper(II),'^'''^^ 

zinc(II)/^ gallium(IH),^'*^ zirconium(IV)/^ niobium(V),^ molybdenum(VI),^' tin (IV)'*^ 

and tungsten(VI).''^ Mesoporous manganosilicates such as Mn-MCM-41 (hexagonal), Mn-

MCM-48 (cubic) and Mn-MCM-L (lamellar) are also k n o w n , a n d the synthetic route to 

these materials is typical of this type of procedure. A known percentage of the metal 

(2%mol compared with the silicon) in the correct oxidation state is added to the synthetic 

mixture, which usually contains a source of silicate, a templating agent, and a solvent 

(often water). In the manganosilicate synthesis, the metal is introduced as MnCl2, the silica 

source is sodium silicate and the surfactant used is cetyltrimethylammonium chloride or 

bromide. 
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1.1.3,2 Modification of Mesoporous Materials by Surface Adsorption 

The type of material that has been adsorbed into the pores, and onto the surface of 

the mesostructure is quite varied, with an entire class of materials resulting from failed 

attempts to incorporate metals into the framework. The result is adsorbed metal, or metal 

oxide such as t i tanium,vanadium/' chromium,cobalt /^ copper,"' molybdenum, 

rhenium, tungsten, rhodium^^, or platinum.^^ 

A second approach is that of grafting transition metal complexes directly to the 

silicate framework. There are many examples of this type of metal modification of 

mesoporous materials which include the reaction of metal alkoxides,^^'^^ the attachment of 

rhodium carbonyl c o m p l e x e s , t r i m e t h y l s t a n n y l molybdenum materials 

(Me3SnMo(CO)3(Ti-C5H5)),^ rare-earth bis(dimethylsilyl)amides,^'' vanadyl 

triisopropoxide (0=V(0'Pr)3), chiral alkene polymerisation catalysts, and 

dicyclopentadienyltitanimn dichloride (TiCpzCl]).^' Maschmeyer <3/ directly grafted a 

titanocene-derived catalyst precursor to the pore walls of MCM-41, to yield a very 

promising catalyst for the epoxidation of cyclohexene and more bulky cyclic alkenes.®® 

An alternative to this route is the prior functionalisation of the silica surface with 

species such as a m i n o - , t h i o l - , ^ ^ alkyl,̂ ^ and phosphinate-^' organosilanes. The 

transition metal complex may then be bound to these sites. Copper and manganese 

phenanthroline complexes,^' cobalt (II) species,ruthenium porphyrins,^'* and chromium 

binaphthyl Schiff base complexes^^ have been supported in this way. 

An alternative to the modification of mesoporous silicate or aluminosilicate 

materials is the synthesis of mesoporous metal oxides and phosphates. Mesostructured 

titania has been synthesised by Antonelli and Ying,'® and Stucky et al, have synthesised 

mesoporous oxides of lead, tungsten, iron, molybdenum, tantalum, hafnium, zirconium, 

niobium and tin.̂ '̂̂ '̂̂ ® Mesoporous phosphates of aluminium^®'®' and zinc^^ have also been 

made. 

Many of the materials and processes described above concern the potential of these 

systems as heterogeneous catalysts, which is the most relevant application with regard to 

this work, but it has been demonstrated that mesoporous materials may have a large 

number of uses. They have been applied as chromatographic materials for chiral HPLC,®^ 

toxic metal adsorbents,^ high surface area electrodes,^^ supports for dyestuffs,^® 

deodorants,^' and ion exchange media.^^ 

10 
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1.2The Chemistry of Uranium 

The atomic spectra of the / elements are very complex, and it is often difficult to 

identify levels in terms of quantum numbers and configurations. In terms of chemical 

behaviour, the lowest energy configuration is of the most interest, and therefore, for the 

actinides, competition between Sf'ls^ and 5f''6dls^ configurations is of great importance 

in determining the reactivity of these elements. For elements in the first half of the/shell , 

of which uranium is one, it appears that less energy is required for the promotion 6,̂  

than for the comparable 4 / —> 5d promotion in the lanthanides. This results in a tendency to 

provide more bonding electrons, with a consequence of relatively higher valences in the 

early actinides. The chemistry of the second half of the actinide series more closely 

resembles that of the lanthanides. 

The yorbitals have a greater spatial extension relative to the 7̂ ' and orbitals than 

4 / to 65 and 6/?, which may be observed to result in some / covalent contribution to the 

bonding of some actinide compounds, whereas the bonding in lanthanide materials may be 

considered as purely ionic with no contribution from the inner 4 / orbital. In the actinide 

series, therefore, and especially for uranium, the energies of the ^ 7.;, and 7p are 

comparable. Since the orbitals may also overlap spatially, bonding may involve any or all 

of them, and this is indicated in the chemistry of these elements by the fact that the 

actinides are much more prone to form complexes than the lanthanides. The oxidation 

states of uranium are 3+, 4+, 5+, and 6+, with uranium (IV) and (VI) being the most 

common. 

1.2.1 Uranium Oxides 

The uranium-oxygen system is not only the most complex actinide oxide system, 

but it is also one of the most complex oxide systems known. Due to this complexity, and 

the importance of uranium dioxide as a nuclear reactor fuel, many studies of the uranium-

oxygen system over a wide range of temperatures have been made.^®''° Despite this effort, 

a full explanation and understanding of this binary system is far from complete. The 

oxides (in order of increasing 0 /U ratio) that have been reported at one time or another are: 

UO, UO2, U5O11, U4O9, U16O37, U3O7, UgOig, U2O5, U5O13, U13O34, Ug02i, Un029, UsOg, 

U12O35, and UO3. In addition, several polymorphs of many of these have been suggested.^' 

Different workers have assigned different stoichiometries to what undoubtedly constitute 

the same crystalline phases, and older work often refers to phases that are now generally 
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considered to have more complex stoichiometries. The result of these conflicting reports 

makes a definitive discussion of the uranium-oxygen system very difficult, but some 

general comments may be made. 

UO2 has a face centred cubic structure, and the oxides of uranium may be best 

understood if it is considered that addition of oxygen to UO2 produces incrementally 

increased distortion of the original fluorite lattice. The added oxygen can be distributed at 

random to produce a single phase of constant space group but of variable stoichiometry, 

lattice parameters, and density, such as UO2+X, or it can be distributed in an ordered 

fashion, forming cubic, tetragonal, or monoclinic superlattices still based on the fluorite 

structure. The stoichiometric range of a phase at a particular temperature is a measure of 

its ability to resist a change in long range order with the addition of randomly distributed 

oxygen atoms. Once this limit is reached, at least some of the added oxygen atoms must 

become ordered in a superlattice structure, with the production of a new phase, possibly 

also of variable composition. This behaviour continues from UO2 to approximately UO2.4, 

producing a series of phases with very similar densities (10.9-11.5 gcm" )̂. As further 

oxygen is added, an abrupt change to lower density ( -9 gcm" )̂ occurs. The phases in this 

region contain uranyl-type bonding, where there are two short collinear uranium-oxygen 

bonds, with 4-6 weaker U - 0 bonds in a plane approximately perpendicular to these shorter 

bonds. In this instance, the [UO2] uranyl-type unit is not necessarily a discrete uranyl 

group, as is often observed for uranium (VI) systems, but more likely bridging between 

uranium atoms. 

The trioxide, UO3, is best prepared by the thermal decomposition of uranyl nitrate, 

and UO2 or UsOg may be obtained from this by the reactions: 

3UO3 + I/2O2 

UO3 + UO2+ CO2 

1.2.1.1 Uranium Oxides as Heterogeneous Catalysts 

Uranium compounds have been reported as catalysts for a variety of applications. 

For instance, uranium intermetallics such as UNis have been used in Fischer-Tropsch 

processes and for hydrogen storage.^ '̂̂ '̂®'' Mixed oxides of uranium and a second metal 

have also found a wide range of catalytic activity. Uranium-molybdenum oxides have been 

12 



Chapter I Introduction 

reported as active for the selective oxidation of isobutene to methacrolein.̂ '̂̂ '̂̂ ^ This is 

illustrated in figure 1.5 

O 

O, + H2O 

Figure 1.5 Conversion of isobutene to methacrolein 

One of the best known catalytic systems for the controlled oxidation of alkenes 

consists of a uranium-antimony mixed oxide, which has been used industrially to produce 

acrolein and acrylonitrile from propene. 98,99 

O, + 

O 

+ H , 0 

N 

4 O2+ NH 

b) 

+ 3H2O 

Figure 1.6 Conversion of propene to a) acrolein and b) acrylonitrile over USb^Oio 

It has been proposed that this material has U(V) sites present in the structure, which 

is a very difficult oxidation state to stabilise in binary o x i d e s . B y relating data from 

surface-sensitive techniques to catalytic testing, a stepwise oxidation-reduction mechanism 

was proposed for this by Graselli et al for the oxidation of propene.'®' Such a mechanism 

involves the direct incorporation of lattice oxygen from the catalyst. Since oxygen is lost, 

oxygen vacancies are produced, resulting in a change of co-ordination of the uranium 

cations. The catalyst may then be re-oxidised by molecular oxygen. Oxygen transfer via 

the lattice is an important aspect of this reaction, as it shows that the lattice oxygen of 
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reducible oxides should serve as a more functional oxidising agent than 0%. This was 

emphasised by the use of a mixed bismuth-uranium oxide for the oxidative demethylation 

of toluene, where the absence of gaseous oxygen is required to achieve good 

selectivity.'''^'"'^ Bi2U06 was found to be able to lose 50% of its lattice oxygen without 

substantial structural modification.'"'' A further system of interest is nickel-uranium oxide 

which has been known for many years to be catalytically active for reforming hydrocarbons 

with steam to produce a fuel gas comprised of hydrogen, methane and carbon 

o x i d e s , a n d some interest has been shown in their ability to form methane from 

carbon monoxide and hydrogen. 

It is the properties of the binary oxides of uranium that are of particular relevance to 

this work, and in the 1970's binary uranium oxides were shown by Nozaki and Inami to be 

active for the dehydrogenation and dehydration of ethanol'°^, propan-2-o], and butan-2-

ol'"', and the dehydrogenation of ethylbenzene.'^' More recently, uranium oxide, in the 

form of U3O8, has been shown to be a very active catalyst for the total oxidation of volatile 

organic compounds (VOCs)."^ Chlorobenzene and chlorobutane were selected to 

demonstrate the effectiveness of this catalyst, as these compounds are difEcult to totally 

oxidise, particularly chlorobenzene, and chlorine containing VOCs rapidly deactivate 

industrial catalysts based on precious metals. The uranium oxide materials convert these 

VOCs at 100% to carbon oxides, water and HCl at industrially relevant flow rates and feed 

gas concentrations, and at a relatively low temperature of 350°C. Interestingly, supporting 

of the uranium oxide phase on silica actually reduced the activity of these materials for 

some substrates, whilst the addition of lmol% of chromium greatly enhanced the total 

oxidation of butane."^""'' The use of isotopically labelled oxygen in the gas feed 

confirmed that it is the lattice oxygen, rather than gas phase O2 that is incorporated into 

oxidation products."^ 

Also reported is the catalytic oxidation of carbon monoxide with oxygen using a 

binary uranium oxide. Studies were initially carried out by Nozaki et al with bulk, 

unsupported, uranium oxide (nominally UsOg),"® and the same research group found that 

supporting the oxide on alumina greatly enhanced activity, whereas using silica as a carrier 

suppressed catalytic performance."' This work was extended to include other support 

materials, such as TiOz and MgO, and suggested that the support destabilised the uranium 

precursor, uranyl nitrate, in favour of UsOg in the order Ti02>Si02>Al203. 
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Uranium oxides have also been studied previously with respect to the catalytic 

reduction of NO to N; with CO as the reductant. Nozaki et al performed catalytic testing 

on bulk, unsupported UsOg, and demonstrated that the addition of alkali metal oxides 

enhances the activity of this material."' The ease of reduction of these systems decreased 

in the order U-Cs>U-K>U-Na, and this was also the noted activity trend. The suggestion is 

that this ease of reducibility is of great importance in determining the catalyst activity. The 

active phase identified for all systems except U-Cs was UaOg, whereas a reduced form of 

this oxide, U3O7, was found for the caesium containing material. More recently. Wells et 

a/ investigated the effect of supporting the uranium oxide phase at 30wt% U on alumina.'^'' 

Catalysts were prepared from the calcination of supported uranyl nitrate prior to reaction. 

They found that supporting the uranium phase on a high surface area support gave a 

decrease in light-off temperature, and activity comparable with that of a 5wt% Pt/Y-Al203 

catalyst. They also suggested that the selectivity of the supported uranium material 

towards N2 was markedly better than that of the supported platinum material. The active 

phase was identified as UO2, and it was shown that materials calcined at 800°C prior to 

reaction performed better than those at 450°C. 

1.2.2 Organouranium chemistry 

This area of chemistry has been quite extensively studied, and this section is not 

intended to be a complete review of the subject, but more a brief outline of the areas of 

research which are of interest with respect to this project. Much of the work that has been 

done previously has centred on complexes of cyclopentadienyl species of differing degrees 

of co-ordinative saturation. Variation in the auxiliary ligands, including hahdes,'^' 

amides ,a lkyls , '^^ borohydrides,'^^ alkoxides'^ and even carbonyl'^^ species has allowed 

an expansion in the understanding of organouranium chemistry. The significance of this 

class of materials with respect to catalytic applications will be expanded upon in a later 

section. 

1.2.2.1 Uranium triamidoamine complexes 

Many of the organometallic compounds that have been employed up to this point in 

the project are based on triamidoamine complexes of uranium. For this reason it is 

necessary to give a brief account of the nature of this ligand type, and the complexes it 

forms, in order to demonstrate the rationale behind choosing this particular primary 
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coordination set. Triamidoamine ligands [(RNCH2CH2)3N]^" in which R is a bulky 

substituent, bind to a variety of transition metals and are able to stabilise oxidation states of 

III or higher. The early work on the synthesis of these ligands was done by Verkade et 

al'^^ and Schrock and co-workers'^^ and knowledge of their coordination chemistry has 

steadily grown over recent years. The usual mode of coordination is in a tetradentate 

manner, which creates a sterically protected 3-fold symmetric pocket. 

L 

R 

Figure 1.7 Representation of a (triamidoamine)uranium complex 

The ligand may be considered to occupy the three equatorial and one of the two 

axial sites of a geometry that approximates to a trigonal bipyramid. The second axial site 

may then be occupied by a wide variety of species (for uranium X= halide'^^, 0R'^°, Cp, 

R, OPCNMez)]'̂ ^). The syntheses of (Me3SiNHCH2CH2)3N'" and its 

pentane soluble trilithium salt™ from the inexpensive tris(2-aminoethyl)amine (tren) made 

the rapid development of triamidoamine co-ordination chemistry possible, and the presence 

of the bulky silyl groups has shown itself to be of great importance in dictating the ease of 

complexation and subsequent stability of the organometallic compounds. For example, the 

use of L^= [( Me2Bu'SiNCH2CH2)3N]^', facilitates the formation of L^UX complexes 

where X is a halide'^, whereas if the apical ligand is rather more sterically demanding, 

such as CsMes" or, then the silyl group that is to be used must be proportionally less 

spatially significant, e.g SiMes, if a stable compound is to form."' Using this tetradentate 

ligand as a basis it is possible to synthesise uranium complexes where the oxidation state of 

the metal centre may be formally assigned as III, (L^UOP(NMe2)3), IV (L^UCl), 

(L^lJNEt2), V (L^U=N-SiMe3), (L^U=0)'^\ or even as a mixed valence (III/IV) species 

[(L'U)2-p-Cl]. 

It has been shown that these complexes demonstrate novel properties and reactivity 

in the area of organoactinide chemistry. The alkoxido derivatives are catalysts for the 
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polymerisation of polar olefins such as methyl methacrylate'^^, the tetravalent complexes of 

the type L^UR undergo intramolecular C-H activation'^^, and the trivalent complexes 

accomplish the property previously unknown in actinide chemistry of reversibly co-

ordinating dinitrogen.'" This project has been inspired by a desire to investigate and 

develop these compounds as surface species by heterogenising the exciting behaviour that 

they display as isolated molecules. The volatile nature of these compounds has allowed the 

possibility of subliming the organometallic directly onto the inorganic oxide to accomplish 

the chemisorption process by vapour deposition. 

1.2.2.2 Supported Organoactinides as Heterogeneous Catalysts 

This area of chemistry has benefited from only a relatively small amount of 

investigation, but that which has been done has yielded some interesting results. Marks 

and co-workers reported that compounds of the type Cp2'Th(CH3)2/DA and 

Cp'Th(CH2C6H5)3/DA (Cp'= tj^-MesCs; DA= dehydroxylated y-alumina) are highly active 

catalysts for ethylene polymerisation'^^ and, per active site, rival the activities of the most 

active platinum metal heterogeneous catalysts for the hydrogenation of simple olefins.'^® 

The order of activity found for the latter transformation is Cp'Th(CH2C6H5)3/DA > 

Cp2'Th(CH3)2/DA > Cp3Th(CH3)/DA, which suggests the importance of precursor 

coordinative unsaturation in influencing ultimate adsorbate catalytic activity. They showed 

from '^C CPMAS NMR experiments that chemisorption involves methide anion transfer 

from the actinide centre to a Lewis acid site on the su r face .Ca t ion ic hydrocarbyl species 

may be expected to be highly electrophilic, and have been demonstrated as kinetically 

suitable for olefin hydrogenation and polymerisation. 

The thorium complex Th(r]^-allyl)4/DA has also been employed by the same group 

for the heterogeneous hydrogenation of arenes.''" The rate ordering follows the trend 

benzene>toluene»p-xylene»naphthalene. This trend is also found for conventional 

heterogeneous catalysts''*^, but in contrast, for this actinide system, partially hydrogenated 

products are not detected in incompletely converted reaction mixtures when the substrate is 

benzene, toluene, or p-xylene. The same complex has been shown to promote the highly 

demanding process of C-H activation in alkanes''", demonstrating rapid C-H/C-D exchange 

with turnover frequencies comparable to or exceeding those of conventional group 9 

heterogeneous activation catalysts. 
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1.3 The Selective Catalytic Reduction of NO 

The reduction of nitrogen oxide emissions has become one of the most important 

challenges in environment protection over recent years. NO and NO2 are major atmospheric 

pollutants, and play an important role in the photochemistry of the troposphere and 

stratosphere. In the troposphere, NO2 may be photolysed to yield NO and O, with resultant 

ozone formation. The nitrogen oxides also react with other species present in this level of the 

atmosphere such as formaldehyde, and organic hydroperoxides to create a photochemical 

smog containing ozone, CO, peroxyacetyl nitrates, alkyl nitrates and ketones. The 

dissolution of NO2 in atmospheric water contributes significantly to the environmental 

problems associated with acidified rain. In the stratosphere, NO derived species are 

responsible for further environmental impact in their role in the depletion of ozone. As well 

as these effects, the presence of a high concentration of atmospheric NO has the potential to 

contribute substantially to the phenomenon of global warming, as it has a very high 

greenhouse coefficient. As a reaction to the perturbation of local and global environment 

caused by the presence of NOx species, and the associated introduction of stringent 

governmental legislation regarding their abatement, there has been an increasing quantity of 

research conducted to develop systems capable of removing nitrogen oxides from both 

stationary and mobile source exhaust gas emissions. 

1.3.1 The Catalytic Reduction of NO in the presence of ammonia 

The catalytic reduction of nitrogen oxides in effluent residual gases from various 

industries, but particularly nitric acid plants, is often carried out with the use of ammonia or 

urea and a carefully chosen heterogeneous catalyst. More than one thousand systems of 

varying composition have been investigated with respect to this purpose.'"'^ Base metal 

oxides have been extensively studied, and all of the following materials show some activity 

towards this reaction: V2O5, Fe205, CuO, CrzOs, C03O4, NiO, Ce02, La203, PrgOn, Nd203, 

GdzOs, YbiOs. Of these, vanadia has demonstrated the most favourable combination of 

activity and selectivity. Deposition of the base oxide on a support has been shown to 

enhance catalytic performance, and the exact nature of this support material has also been 

shown as an important factor in determining the efficacy of the catalyst. Bauerle et al 

reported very good activity for V2O5 supported on Ti02 and AI2O3''''', and Shikada et al 

extended this investigation to systematically determine the promotional effect of titania.'''^ 

They reported that the order of activity for supported vanadia is Ti02-Si02>y-Al203>Si02, 
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and Pearson e/ aZ reported that the use of the anatase rather than rutile phase of titania further 

enhances activity.'"'® 

Supported chromia catalysts have also been extensively investigated with respect to 

the SCR of NO. Niyama et al studied the behaviour of chromia-alumina c a t a l y s t s , a n d 

reported good activity for lower chromia concentrations, and for pure CrzO]. Interestingly, 

: conversions were insignificant for intermediate loadings of chromium, which suggests a 

complex relationship between support interaction/interference and active phase dispersion. 

More recently, Baiker g/ aZ demonstrated that the initial activity of titania-supported chromia 

catalysts depends strongly on the catalyst pre-treatment conditions.''*^ Reductive pre-

treatment at temperatures below 720K. yielded materials with improved selectivity towards 

Nz formation at reaction temperatures below 420K. At higher temperatures a decrease in 

activity was observed, and this was attributed to the partial crystalhsation and particle growth 

of the chromia phase. The improved selectivity was considered to be due to the partial 

reduction of Cr(VI) and Cr(V) surface species to hydroxylated Cr(III), which is more active 

for ammonia chemisorption. However, a totally reduced surface is inactive, and maintenance 

of a partially oxidised state with the use of oxygen in the gas feed is essential for good 

activity. The notion of a partially oxidised, or partially reduced, surface as important in 

determining the activity of the catalyst is particularly relevant to this pioject. 

1.3.2 The Catalytic Reduction of NO in the presence of CO and % 

The investigation of the use of CO and H] in the catalytic reduction of NO was prompted by 

the need to eliminate nitrogen oxides from automotive exhaust emissions. The reaction of 

NO with CO is one of the most important occurring in a catalytic converter, as both reactants 

are undesirable pollutants: 

NO + CO CO2 + Nz 

An amount of hydrogen, from water-gas shift and hydrocarbon cracking, is also 

present in the exhaust stream, and this allows the possibility of a second route to NO 

reduction: 

NO + Hz Nz (or NH3, NzO) + HiO 

With the presence of oxygen in the exhaust gas, neither of the above processes may 

be considered selective towards Nz, as both NzO and NH3 (in the case of hydrogen reduction) 

are formed in substantial amounts. The oxygen excess prevents the total reduction of NO, 

and causes the concomitant oxidation of CO and Hz. This is not necessarily the case in 

systems where oxygen may be excluded, and in these conditions the reduction of NO may be 
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achieved with greater selectivity towards N2 formation. For this reason, the use of CO, H] 

and hydrocarbons as NO* reductants for use in stationary, as well as mobile, emission 

sources has been extensively investigated in recent times. 

Several categories of catalysts have been investigated for their activity towards this 

reaction, both in the presence and absence of oxygen and water. These include some base 

metal oxides, mixed metal oxide compounds, such as perovskites,'^° supported metal 

c a t a l y s t s , z e o l i t e s , a n d alloys.'^^ The study of base metal oxides (supported on 95% 

alumina, 5% silica), completed by Shelef and Kummer,'^ gave the following order of 

reactivity for the reduction by CO: Fe203X]uCr204>Cu20>Cr203>Ni0>Pt>C0304> 

Al203(5% Si02)>Mn0>V205. Good selectivity towards N2 and CO2 was shown for the 

supported iron and chromium oxide catalysts, particularly at higher temperatures (>575K), 

but a dependence on the inlet NO-to-CO ratio was very evident. For the other oxide 

materials tested, the oxidation of CO to CO2 by O2 is a much faster reaction than that 

between CO and NO, leading to a non-selective reduction. Stegenga ef 12/ demonstrated the 

effectiveness, and N2 selectivity, of an alumina-supported mixed copper-chromium oxide 

material towards this reaction, and suggested the importance of determining the optimum 

base metal to support r a t i o . T h e dispersion of the active species, as well as the nature of 

the support, is also an important factor in determining the catalyst stability, particularly 

with regard to H2O deactivation and SO2 poisoning. 

In summary, the type, structure and stability of the support material, the dispersion 

of the active phase and the interaction it has with the support, the pre-treatment of the 

catalyst, and the extent of active surface oxidation/reduction may all be expected to be key 

factors in determining catalyst activity, selectivity, and stability. 
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1.4 Project Aims 

This chapter has introduced three areas of chemistiy; mesoporous materials; the 

chemistry of uranium and its oxides, and the selective catalytic reduction of nitric oxide. 

Currently, there exist no reports within the literature regarding uranium species in 

mesoporous materials, few investigations relating to the use of uranium oxides in NO 

reduction c a t a l y s i s , a n d limited work on the use of mesoporous materials for NO* 

a b a t e m e n t . T h e aim of this project is then to attempt to combine the properties of 

mesoporous materials and uranium oxides, in order to design a new class of heterogeneous 

catalysts for the selective reduction of NO. The basis of this approach may be summarised in 

three sections: 

1) The synthesis and characterisation of mesoporous silica materials, and the investigation 

of the effect of thermal treatment on stability and surface structure. This work is 

described in chapter 3. 

2) The synthesis and characterisation of supported uranium materials. The characterisation 

and effect of thermal treatment on mesoporous silica, amorphous silica, and y-alumina 

supported uranyl nitrate and uranium tetrachloride is described in chapter 4. The 

characterisation of mesoporous silica supported organouranium compounds is dealt with 

in chapter 7. 

3) The catalytic testing of mesoporous silica, amorphous silica, and y-alumina supported 

uranyl nitrate and uranium tetrachloride, with regard to the oxidation of CO with oxygen 

to CO2, and the selective reduction of NO with CO, is described in chapters 5 and 6 

respectively. The dependence of the activity, and selectivity in the case of the NO 

reduction reaction, of these materials on the pre-treatment conditions employed is also 

investigated. A comparison with an alumina supported platinum catalyst is also 

conducted for the NO reaction with CO. 
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2.1 EXAFS 

2.1.1 EXAFS Theory 

When an X-ray of a particular wavelength impinges upon an atom it may be 

absorbed, which in turn causes the ejection of a core electron with an energy equal to the 

incident X-ray energy less its binding energy. This results in an outgoing photoelectron 

wave from the absorbing atom, which is modulated by backscattering 6om surrounding 

atoms. EXAFS, Extended X-ray Absorption Fine Structure, is the phenomenon of 

observed oscillations in the absorption coefficient as the outgoing and backscattered waves 

constructively, or destructively, interfere on the variation of the impinging X-ray beam 

wavelength. This occurs because the wavelength of the ejected photoelectron is dependent 

on its energy, and thus, the phase of the backscattered wave at the central atom will change 

with the energy of the incoming photon. ji(E)x is the absorbance and may be represented 

as the following: 

|i(E)x = [p(E)s + î(E)m + p(E)o + p(E)EXAFs]x Eq. 2.1 

where n(E)s is the sloping spectrometer baseline, p(E)m is the absorption due to the matrix 

in which the absorbing atom is imbedded, |i(E)o is the absorption that would be observed 

for a free atom, and n(E)EXAFs is the modulation in the absorption about p(E)o. The 

EXAFS intensity, denoted %(E), is isolated by subtraction of the background components 

and normalisation with respect to the free atom absorption: 

%(E) = p(E)EXAFs/KE)o = [M%E)/ p(E)o] -1 Eq. 2.2 

absorber 0 scatterer 

M l 
I • I 

Figure 2.1 A schematic representation of the outgoing and backscattered photoelectron wave 
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X-ray absorption spectroscopy is a powerful technique in the determination of local 

structure in a variety of different materials. EXAFS has advantages over other techniques 

of being element specific, and independent of the physical state of the material under study. 

This allows the extraction of chemical information from materials that are traditionally 

difficult to characterise, such as systems in the gas phase, in solution, or present as 

amorphous solids. The disadvantages include the fact that the oscillation of absorption 

coefficient is an inherently weak effect, requiring high X-ray flux to obtain a reasonable 

signal to noise ratio, 

2.1.2 Data Acquisition 

Electromagnetic radiation is generated when any charged particle is accelerated 

through a magnetic field. At very high energies, relativistic phenomena result in 

increasing mass and shrunken space, and an effect of this is to fold the radiation output into 

a narrow cone emitted tangentially from the particle beam. The result is highly intense, and 

highly collimated, electromagnetic radiation over a broad wavelength range. This is 

known as synchrotron radiation. EXAFS spectra were recorded at the Synchrotron 

Radiation Source at the Daresbury Laboratory on experimental station 9.2. The intensity 

of the radiation is ca. 10̂  that of a conventional laboratory X-ray source, allowing 

realistically short acquisition times, and the study of more dilute samples. Station 9.2 

employs a double crystal silicon (220) monochromator, which allows the required energy 

of the X-rays to be selected, and the desired energy range to be scanned. Two modes of 

data acquisition, transmission and fluorescence, may be used in recording EXAFS spectra. 

2.1.2.1 Transmission Mode 

Two ionisation chambers are used; lo is placed in front of the sample and It behind 

it in a linear arrangement. A mixture of noble gases with different X-ray absorption 

coefficients are used to fill these chambers such that lo absorbs -20%, and It -80%, of the 

radiation. As the wavelength of the X-rays used is varied over the region of interest, 

relative absorbance is measured as log I,/Io, 

It = lo exp(-nt) Eq. 2.3 

where is the absorption coefficient, and t is the thickness of the sample. Also 

p total(E) = p.b(E) + Ha'(E) Eq. 2.4 
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where p.b(E) is the absorption of the matrix, and (E) is the absorption of the absorbing 

atom 

In transmission mode solid samples are usually prepared by grinding the material to 

a fine homogeneous powder, and, if the sample is too concentrated with respect to the 

element of study, diluting with boron nitride to approximately 10wt% of the absorbing 

atom. This dilution may be required to prevent absorbance from being too high; ideally I, 

should be such that A ^ = l , whilst maintaining that the contribution of noise to the signal in 

this rear ion chamber is kept to a minimum in order to obtain a good spectrum 

2.1.2.2 Fluorescence Mode 

Data is collected in fluorescence mode for one of two reasons. Firstly, when the 

sample is too absorbing, and cannot be diluted without destroying its integrity. Secondly, 

when there is a low concentration of absorbing atom in the sample, and |ib(E) > Ma'(E); to 

remove the contribution from j-ib(E). The fluorescence intensity is a direct measure of the 

absorption probability for thin or dilute samples. Thus, an excitation spectrum of a ratio of 

I/Io versus photon energy is equivalent to an absorption spectrum of p versus photon 

energy. In order to maximise the fluorescence yield, the sample is placed at 45° to the X-

ray beam, and the detector is positioned perpendicular to the beam. A 13-element solid 

state germanium detector was used to measure total photon yield within a certain energy 

range. This range is selected to coincide with the sample fluorescence energy, but to 

exclude X-ray scatter, and is designed to maximise signal to noise ratio. 

2.1.3 Data Analysis 

Analysis of the EXAFS data is carried out in three stages. The first stage involves 

the calibration of the absorption spectra, and this is performed in a software program called 

EXCALIB', which is part of a suite of software available to Daresbury Laboratory users. 

The experimental data is recorded in the form of an ion chamber reading versus 

monochromator angle, and this must be converted to a spectrum of absorption against 

photon energy. The data from several different scans of the same sample may be averaged 

at this stage to enhance signal to noise ratio. Once this has been achieved, the background 

subtraction to separate the EXAFS from the remainder of the absorption spectrum is 

carried out in a PC program named PAXAS^. The program EXCURV98^ is then used to fit 

a theoretical model to the experimental data. 
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PAXAS" 

The programme removes the absorption due to the spectrometer by means of a 

subtraction of the pre-edge background, which is defined by three points. The first two 

points are found at the beginning and end of the pre-edge region, whilst the third point is 

chosen at the end of the post-edge region. This third point is usually weighted, and its Y-

coordinate is adjusted to achieve an approximately horizontal background subtracted 

absorption (BSA) once the 2"^ or S"' order polynomial based on these three points has been 

subtracted from the absorption spectrum. The absorption due to other elements, such as the 

sample matrix, is then removed by means of a post-edge background subtraction; typically 

involving coupled polynomials of order 6,7 or 8. Any systematic glitches due to 

monochromator flaws may be removed at this point, to avoid such features dominating the 

EXAFS. A poor post-edge background subtraction results in the distortion of the 

amplitude of the EXAFS oscillations, which leads to unwanted features at R values below 

lA in the Fourier transform. An important function of the background subtraction 

procedure is thus to minimise these peaks or features at low R values. In order to achieve 

this, a window limit in R space in the Fourier transform is selected to include only real 

coordination shells. The EXAFS contribution from these shells is calculated by a back 

transform process, and this may then be compared to the original EXAFS to ascertain 

which peaks in the Fourier transform are responsible for the shape of the EXAFS. The 

variables in the polynomial expression fitted to the post-edge region are then iterated to try 

and minimise the difference between the experimental and theoretical EXAFS. Once this 

has been achieved to a satisfactory level, the EXAFS spectrum is then ready for the next 

stage in analysis. Figure 2.2 illustrates the procedures performed in FAXAS 

absorbance 
pre-edge background 

• pre-edge subtracted absorbance 

post-edge background 

17400 17400 17500 
Photon Enagy (eV) 

17400 17400 <7#00 
Photon Eocigy (cV) 

a) b) 
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2 3 
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c) d) 

Figure 2.2 Uun edge EXAFS of UO?, diluted to 10wt% U in a boron nitride matrix a)pre-edge 

background subtraction, b)post-edge background subtraction, c)k^-weighted EXAFS, 

d)radial distribution curve from Fourier transform of EXAFS 

EXCURV98^ 

The curve fitting programme EXCURVE version 98 uses curved wave theory, and 

computationally fast algorithms to theoretically model the oscillations in the EXAFS, and 

to determine structural information. The phaseshifts associated with the photoelectron 

wave passing through the potential of surrounding atoms are calculated by ab initio 

methods, using X^ potentials and muffin tin radii potentials in the calculations. The nearest 

neighbour atom type is chosen for this calculation, to resemble the local chemical 

environment of the central atom. In EXCURV98 a theoretical spectrum is generated using 

a number of structure dependent parameters. These parameters are then refined using least 

squares iteration to optimise the fit between the theoretical, and the experimental spectrum, 

structural parameters : 

NS - The number of shells for which the model is calculated 

Nn - The number of atoms in shell n 

Tn - The type of atom in shell n 

An - The Debye-Waller factor for shell n, given as 2 a \ where CT is the mean square 

variation in interatomic distances 

Ef - The difference between the calculated Fermi level energy and the known values for 

the element, typically -15 to 5eV 
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AFAC-The energy independent amplitude factor which accounts for the reduction in 

amplitude to multiple excitations occurring at the central atom. It is different for 

each absorbing element, and is obtained from the analysis of model compounds 

VPI - The constant imaginary potential which describes the lifetime of the core hole, and 

accounts for inelastic scattering due to the neighbouring environment 

Lniax -The maximum angular momentum used in theory calculations 

Emin -The minimum energy used to calculate the theoretical spectrum 

Emax -The maximum energy used to calculate the theoretical spectrum 

The goodness of fit between the experimental and theoretical curve is measured in two 

ways: 

1) When refining a set of parameters EXCURVE seeks a minimum in the function known 

as the fit index, F l / For weighted data FI is described as: 

FI(EXAFS) = Zi[(ki)'(%î -%î )"] Eq.2.5 

The fit index is thereby calculated as the sum of the square of the differences between 

the theoretical and experimental data points. A good fit has an FI value of below 5 x 

10"*, although FIs of less than 8x10"^ are acceptable. 

2) The R-factor is calculated as the total sum of all the errors between all the data points, 

and gives the result as a percentage against the experimental curve.^ R is described as: 

R(EXAFS) = Zi X 100% Eq. 2.6 

The R-factor should not normally exceed 30%, although for dilute samples, where 

signal to noise is high, a value of approximately 45% is acceptable. Debye-Waller 

factors are acceptable if they lie between 0.003 and 0.03, though an estimate of best 

values is obtained from a spectrum of a model compound. Parameters that are highly 

correlated, such as Debye-Waller factors and co-ordination numbers, should not be 

refined simultaneously. EXAFS analysis can provide information on first co-ordination 

sphere distances, with an accuracy of +0.01 A, and co-ordination numbers, to 

approximately ±10%."'^ 

2.2 Powder X-ray Diffraction 

When a metal is bombarded with electrons of a sufficiently high energy, the 

generated radiation is a continuous range of wavelengths called Bremstrahlung, with a few 

high intensity, sharp peaks superimposed on this continuum. These peaks arise from the 
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collision of incident electrons with core shell electrons of the metal atoms. The collision 

may result in the expulsion of this inner shell electron, and an electron of higher energy 

drops into the vacancy, emitting the excess energy as an X-ray photon. If one of these 

peaks may be selected in isolation, then the result is a monochromatic X-ray beam of a 

wavelength that is of the same order of magnitude as the separation of lattice planes within 

a material. These X-rays may then be diffracted when passing through a crystal: 

d s i n 0 

figure 2.3 The dependence of X-ray path length difference on incident angle and d-spacing 

The path length difference of the two X-rays shown above is given as 2dsin0, where 

d is the interplanar spacing, and 9 is the incident angle. The wavelength of the X-ray for 

Ka radiation from a copper source is 1.54A, X. For many incident angles the path length 

difference is not an integral number of wavelengths, and the result is destructive 

interference. However, when the path length difference is an integral number of 

wavelengths, i.e. nX,, then the reflected waves are in phase, and interfere constructively. 

This applies when the Bragg law is satisfied; 

nX, = 2dsin9 Eq. 2.7 

When the sample is a powder, at least some of the crystallites will be oriented so as to 

satisfy the Bragg condition for each set of planes. The crystallites with this incident angle 

will lie at all possible orientations to the incoming X-ray beam, so the diffracted beams lie 

on a cone at an angle 28 to the direction of this incident beam. Using the Bragg equation, 

the 26 value of a particular reflection may be related to a d-spacing for the associated 

lattice plane. If the lattice plane indices from which this reflection originates are known, or 

37 



Chapter 2 Experimental Methods 

more often deduced, then information regarding the unit cell of the diffracting material can 

be obtained. 

Powder X-ray diffraction is a technique of use in the characterisation of any 

material with inherent long range order. It is routinely used for the identification of 

unknown powders, with the use of a dif&action peak database. It is also widely used for 

ascertaining the purity of a compound with respect to any other diffracting phase. The 

room temperature powder X-ray difR-action patterns were recorded on a Siemens 8-26 

D5000 diffractometer fitted with a Cu K a X-ray source. The diffracted beam is detected 

with a standard scintillation counter. The in situ calcination experiments were performed 

using a Philips Xpert MPD dif&actometer with Cu Ka radiation, in conjunction with an 

Anton Paar XRK cell. 

2.3 Isothermal Nitrogen Adsorption Analysis 

The adsorption of nitrogen on an oxide surface, which is the subject of interest here, 

may be considered to occur in two stages. The initial stage, at low pressures of adsorbate, 

is the formation of a monolayer on the surface. If this overlayer may act as a substrate for 

further adsorption, then the formation of multilayers at higher pressures will occur. The 

most widely used isotherm that is applicable to these phenomena is known as the BET 

isotherm, constructed by Brunauer, Emmett and Teller in 1938®: 

^ where z = - ^ Eq. 2.8 

In this expression, p* is the vapour pressure above a layer of adsorbate that is more than 

one molecule thick, and which resembles a pure bulk liquid. Vmon is the volume 

corresponding to monolayer coverage, and c is a constant which is large when the enthalpy 

of desorption, AdesH°, from a monolayer is large compared with the enthalpy of 

vaporisation, AvapH° of the liquid adsorbate: 

Eq.2.9 

when the coefficient c is large ( c » l ) , the BET isotherm takes on the simpler form 

V 1 

1 - z 
Eq. 2.10 

This expression is true for unreactive gases on polar surfaces, such as nitrogen on a silica 

surface, for which c « 10^ because AdesH° is then significantly greater than AvapH°. At sub-

monolayer relative pressures this expression can be used to find Kmon, as the total adsorbed 
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volume and relative pressure are measured. The volume can then be related to the number 

of moles of gas adsorbed, and if the area that each adsorbate molecule occupies on the 

surface can be determined, then this can be used to obtain a value for the surface area in 

m^. If the mass of the sample is known, then the specific surface area in m^g"' can be 

found. The BET isotherm fits experimental observation well over a restricted pressure 

range, but it should be noted that it tends to underestimate the extent of adsorption at low 

pressures, and overestimate at high pressures. 

The surface area of a heterogeneous catalyst is an important property of the materia] 

to be able to measure, as it is likely to have ramifications in terms of activity per mass unit. 

In porous materials it is also desirable to gain an estimate of pore size distribution, and one 

way in which this may be successfully achieved is by the manipulation of isothermal 

adsorption/desorption data. Several methods of manipulation have been reported in the 

literaturê '̂ '̂  '̂ '", but the strategy chosen for this work was proposed by Dollimore and 

Heal'^. A brief description of this is given below. 

If the amount of adsorbed material, at any point on the isotherm, is converted to 

liquid volume, and the amount lost in a desorption step is AV, then AV is the sum of 

capillaiy desoiption AVc, and multilayer desorption AVm-

AV = AVm + AVc Eq. 2.11 

The number of molecules in the multilayer varies over the surface, but for any relative 

pressure p/po, the average thickness t may be determined, and also the decrease in 

multilayer thickness At for the desorption step. If it is assumed that AV,n may be 

calculated, then AVc for the desorption step is obtained. This volume, AVc, is the capillary 

liquid lost between the beginning and end of a step between two relative pressures pi/po 

and pa/po- When capillary liquid is lost, multilayers are left on the pore walls, and thus the 

radius of the capillary condensate is less than the actual radius of the pores by the amount t. 

The capillary condensate radii, ru and rkz are related to pi/po and pi/po by the Kelvin 

equation: 

I n ^ = z S . c o s ^ Eq.2.12 

where y is the surface tension of the adsorbate 

V is the molar volume of the adsorbate 

6 is the angle of contact of adsorbate and adsorbent (taken to be 0°) 
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Note that a correction must be made to allow for the curvature of the pore walls, as the 

Kelvin equation assumes a flat surface, and overestimates the extent of multilayer 

desorption at a given relative pressure. The details will not be discussed here, but by 

developing these principles it is possible to obtain a value for the change in pore volume, 

AVp for each radius, or, rather for each range of radii from the beginning to the end of each 

desorption step, Ar. A plot of AVp/Ar versus pore radius gives a pore size distribution. 

Nitrogen adsorption measurements were collected at 77K, using a Micrometrics 

GEMINI III 2375 surface area analyser. Typically, 30mg of previously dried sample was 

used for the analysis. 

2.4 Temperature Programmed Plug Flow Microreactor Studies 

The large number of experiments performed using this equipment necessitates a 

brief description of its specification, characteristics, and capabilities. The microreactor is 

specifically designed to be suitable for the study of in situ reactions by the novel 

characterisation technique. Energy Dispersive EXAFS'^. This requires that the material to 

be studied be held in a configuration that allows the transmission of X-rays, which is 

achieved with the use of a quartz tube as a sample holder. This in turn demands a novel 

approach to the efficient introduction of gas into the sample bed. The remainder of the 

apparatus is similar to that which may be found in many conventional microreactors. A 

schematic diagram of the basic configuration is given below; 

flowmeter 

solenoid 
valves 

quartz tube 

Figure 2.4 A schematic diagram of the plug flow microreactor system 
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The passage of gas through the catalyst bed is indicated above. The current 

arrangement allows up to three different gases, or gas mixtures, to be used at any one time. 

The flow rate of each is set individually, with the use of UNIT UFC-llOOGI mass flow 

controllers. Solenoid valves are used to select or mix gases prior to entering the catalyst 

bed. 

The catalyst charge, typically ~20mg, is loaded into the centre of a 200mm long 

quartz tube with an internal diameter of 3mm. The powdered sample is held in place with 

two plugs of quartz wool, to give a catalyst bed length of 8-10mm. On each end of the 

quartz tube is glued a % " push on fitting. This allows the tube to be attached to the gas 

line without the need for screw threads, which would result in frequent breakage of the 

brittle quartz. One end is attached to the outlet from the solenoid valves, and through the 

other a type K thermocouple is simultaneously introduced to the centre of the catalyst bed 

as the seal with the second push on fitting is made. 

The vast majority of the gas exiting from the reactor bed passes out through the 

flow meter, and the total gas flow may be determined in this way. However, a proportion 

of the gas effluent may be allowed to enter the uhv chamber via the stainless steel capillary 

and the leak valve, where its composition can be analysed with the use of the mass 

spectrometer. 

All couplings and tubing throughout the system are of minimum volume. For 

example, Xe "fittings are used wherever possible; the stainless steel capillary is of 0.25mm 

internal diameter and is coupled to the reactor bed exit via a zero volume t-piece. This is 

done in order to minimise the dead volume of the microreactor, and thus reduce the extent 

to which a short pulse of gas entering the catalyst bed will lose time resolution as it travels 

through the system and into the mass spectrometer analyser. The capillary is differentially 

pumped, to prevent poor conductance through it increasing the response time of the mass 

spectrometer. The result is that a two-second pulse, at a total gas flow of 20ml/min, has a 

peak width at half peak height of approximately 20 seconds at the mass spectrometer. 

The mass spectrometer used is a Fisons Quartz 200AMU VG quadrupole 

instrument. There are two different methods available for the detection of ions. The 

simplest of the detectors is the Faraday plate. Ions exit the mass analyser, pass through a 

collimating slit, and strike a metallic plate. The current caused by this ionic bombardment 

is converted to a potential, amplified electronically, and transmitted to the readout device. 

The Faraday plate has the advantages of being very simple and dependable. The second 
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detector available is an electron multiplier. This is based on a dynodic strip, where a 

potential difference is maintained across the strip by a regulated power supply. The 

potential drop across the strip is typically about 2kV. Ions from the analyser bombard the 

cathode at one end of the strip, inducing the emission of electrons. A magnetic field is 

used to direct the emitted electrons in a cycloidal path back towards the dynodic strip. 

Upon striking the strip, the current is further amplified by the emission of several electrons 

for each impinging electron. The process is repeated many times along the length of the 

strip toward the anode, where the resulting current flow is monitored on an external circuit. 

The electron multiplier is the more sensitive of the two detectors, and has routinely been 

the detector of choice throughout this work. 

The heating system for this microreactor is a simple arrangement of twelve y4",75W 

cartridge heaters inserted into a brass block. The brass block is actually in two pieces that 

are screwed together, with a groove cut in each half to accommodate the quartz tube. A 

ceramic insulating hood is then placed over the block to reduce temperature fluctuation on 

heating, and allow higher temperatures to be achieved. An Eurotherm 902 series 

temperature controller is used to control the power output to these heaters, in order to 

achieve the desired heating rate. A maximum catalyst bed temperature of approximately 

700°C is obtainable. 
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2.5 Thermogravimetfic Analysis and Differential Thermal Analysis 

Any process that involves a change in mass of a solid may be studied by 

themiogravimetric analysis,(TGA). While performing a thermogravimetric study, the mass 

of the sample is measured as a function of temperature. The plot of the mass, or the 

percentage of the initial mass, as a function of temperature is a thermal curve. An example 

of this is given below: 

0 100 200 300 400 500 600 700 800 

Tempera ture/°C 

Figure 2.5 An example of a thermal curve obtained by thermogravimetric analysis 

The change in mass can be used for quantitative analysis, and the temperature at which 

the change takes place is useful for obtaining qualitative information on the processes 

involved. The apparatus that simultaneously heats the sample and monitors its mass is 

known as a thermobalance. The sample is placed in a small combustion boat on one pan of 

the balance, with counterweights on the second pan. An insulated wire wound furnace is 

used to heat the sample at the desired rate. 

Differential Thermal Analysis, (DTA), is the analytical technique in which the 

temperature differential between the sample and an unreactive reference material is 

monitored while the two substances are subjected to identical heating conditions. In this 

instance, the initial plot is of the temperature difference between sample and reference 

versus temperature. Unlike TGA, DTA does not require a change in mass of the sample in 

order to obtain meaningful information. DTA can be used to study any event in which heat 

is absorbed or evolved. Thermal curves obtained with DTA show peaks corresponding to 

processes where the temperature of the sample is increased or decreased relative to that of 

the reference material. Upward deflections designate an exothermic process, and 
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downward deflections indicate an endothermic event. In practice, the same apparatus is 

often used for both TGA and DTA, and they are, in this work, recorded simultaneously. 

The instrument is a Polymer Laboratories Simultaneous Thermal Analyser STA 1500, and 

the reference material used for DTA measurements was alumina. The sample was heated 

to 900°C at a linear ramp rate of 20Kmin"'. This heating rate was chosen as a compromise, 

in order to maximise the resolution of both techniques. A slower ramp rate would afford 

greater TGA resolution, but features in the DTA trace would tend to be smeared out, as the 

sample temperature has more time to equilibrate. 

2.6 Diffuse Reflectance Infrared Spectroscopy (DRIFTS) 

Obtaining the infrared spectrum of a solid by transmission of the beam through the 

sample requires that the material is diluted and pressed into a disc, or ground with a 

hydrocarbon oil into a mull and then held between two non-absorbing discs. However, this 

type of pre-treatment is not always acceptable as the material is not recoverable, and it may 

affect the nature of the sample being characterised. Diffuse Reflectance Infrared 

Spectroscopy, (DRIFTS), is an experimental technique that allows spectra of solid 

materials to be obtained without the need for the type of sample preparation described 

above. A schematic diagram depicting the path of the incident beam is given below; 

incident 
beam 

elliptical 

^ 0 detector 
7 

plane %, 
mirror 

Figure 2.6 A schematic diagram of the mirror arrangement used in the DRIFTS cell 
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The solid sample is loaded as a powder into a stainless steel crucible, and the 

arrangement of mirrors is adjusted to focus the incident beam onto the sample, and the 

reflected beam into the detector. The incident beam interacts with the particles in one of 

several ways. Firstly, the radiation can undergo mirror-like reflection from the top surface 

of the particles. This surface reflection is true specular reflection and is a function of the 

refractive index and the absorptivity of the sample. Secondly, the beam can undergo 

multiple reflections off many particle surfaces, still without penetrating the particles. After 

these multiple reflections, the resulting beam emerges from the sample at random angles 

relative to the incident beam. This reflection mode, called diffuse specular reflectance, is 

once again a function of the refractive index of the sample. The third mode of interaction, 

true diffuse reflectance, results from the penetration of the incident radiation into one or 

more sample particles and subsequent scatter from the sample matrix. The resulting 

radiation may emerge at any angle relative to the incident radiation and since it has 

travelled through the particles it now contains information about the absorption 

characteristics of the material. It is this interaction that provides the infrared spectrum of 

the sample. However, this diffuse reflection is optically indistinguishable fi-om diffuse 

specular reflection, and it is worth noting that the mixing of these different reflection types 

can lead to distortions in the final data. This is not a significant problem for many simple 

experiments, and will not be dealt with in detail here. Spectra were recorded using a 

Perkin Elmer 1710 FTIR spectrometer. 

2.7 Electron Microscopy 

In an electron microscope, a narrow beam of high energy electrons is directed at a 

specimen. Images may be formed either by electrons passing through a thin sample 

(transmission electron microscopy, TEM), or by secondary emissions from the surface of a 

thick sample (scanning electron microscopy, SEM). The obtainable resolution, which is 

the closest spacing of two points that can be distinguished through the microscope, is 

proportional to the wavelength of the light impinging on the sample. A beam of electrons 

at lOOkeV has a wavelength of 0.0037nm, compared to ~400nm for a conventional light 

microscope. The table overleaf shows a comparison between light and electron 

microscopy. 
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Type of microscopy Resolution (nm) Magnification Depth of Field (pm) 

Light (1 = 400nm) 150 10̂  <1 

Electron (for a 1 OOkeV 

electron beam) 

0.2 10̂  10 

Table 2.1 A Comparison of the capabilities of electron microscopy vs. light microscopy 

Transmission electron microscopy provides microstructural and ultrastructural 

information. The electron beam used in TEM is typically generated at 100-200keV, 

affording a resolution of 0.2nm and a magnification of 1x10®. On passing through a 

specimen, the primary electrons may be either be transmitted without being deflected, 

elastically scattered (e.g. diffracted), or inelastically scattered. The image formed in 

brightfield mode using the TEM is the result of variable transmittance across the sample 

area. Parts of the sample where the electron beam has passed through unperturbed will 

appear white. The image is darker where the inelastic scattering increases, which occurs 

when the mean atomic number and thickness of the sample increases (mass-thickness 

contrast). A darkfield image may be produced by the selection of a dif&acted beam, and is 

achieved by moving the detector off the axis of the impinging electron beam. The image 

produced is magnified by electromagnetic projector lenses and viewed on a scintillation 

screen. The specimen must, however, be very thin (<100nm) 

The collection of TEM images was carried out on a JEOL FX 2000 transmission 

electron microscope. The samples were prepared as follows. lO'^g of sample was crushed 

with a pestle and mortar for ca. 5-lOmins. Distilled water is then added slowly into the 

mortar and the sample ground for ca. 5mins, until a fine suspension of the material is 

observed. The fine suspension is then transferred to a specimen container, which is then 

placed in an ultrasonic bath and left for ca. 5mins. A small drop of the fine suspension is 

dropped onto a copper disc with a fine carbon grid. The copper discs are then placed in a 

vacuum desiccator for a minimum of 24h. All TEM images were obtained in brightfield 

mode. 

SEM images were obtained with the use of a JEOL JSM 6400 analytical scanning 

electron microscope. Powdered samples were coated with a thin layer of carbon by a 

spattering process prior to introduction into the microscope. This was done to avoid the 

accumulation of charge on the sample, which would cause distortion in the viewed image. 
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2.8 Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) 

The collection of NMR spectra of species in solution is a routine characterisation 

technique for many chemists. The extent to which a nucleus is interacts with an applied 

magnetic field, termed Bo, will depend on its relative orientation. In solution, molecules 

tumble very rapidly with respect to the NMR timescale, such that any orientation 

dependent parameters of these nuclei are averaged to their isotropic values. The intrinsic 

anisotropic nature of solids, where molecular motion is very restricted, results in an added 

level of complexity in their spectra. The very broad lines that are often evident in the 

NMR spectra of powders are derived fi-om three orientation dependent interactions. 

# Dipolar coupling;- This is the result of dipole-dipole interactions between the nuclei in 

the solid. Consider two nuclei a distance r apart, where, in the strong magnetic field Bo 

of an NMR spectrometer, both nuclear spins are quantized along the field direction (the 

z axis). The resonance frequency of one nucleus is determined by the net field in the z 

direction, i.e. Bo + b , where b is the z component of the dipolar field of the other 

nucleus. This doublet splitting is dependent on the distance between nuclei, r, and the 

angle between this intemuclear vector and the applied magnetic field, 9. In a single 

crystal this angle is fixed for any identical nuclear pair, but it in a powder the situation is 

more complex. Each pair of nuclei has a unique value of 0, but different molecules have 

different values. The result of a random distribution of orientations is very broad 

spectral lines. 

® Chemical shift anisotropy This is caused by an induced magnetic dipole in one part of 

a molecule shielding, or deshielding a nearby nucleus from the applied magnetic field. 

In solution, the rapid tumbling of molecules results in a single averaged chemical shift. 

This effect has the same distance and angle dependence as that of dipolar coupling, and 

again causes line broadening in anisotropic systems. 

# Quadrupolar interactions This occurs in nuclei with a nuclear spin quantum number 

(I) greater than !6. Nuclei with I > 'A possess a nuclear electric quadrupole moment, 

which interacts with an electric field gradient at the nucleus. This electric field gradient 
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is dependent on the orientation of the molecule with respect to the applied magnetic 

field, and this leads to line broadening in the same way as above. 

All three of the above phenomena contain a (3cos^9 - 1), angular dependence where 9 is 

the angle between the intemuclear vector and the applied field. If 9 is set to an angle of 

54°44\ p, then the expression (3cos^9 - 1) reduces to zero and these broadening effects 

may be removed, producing the equivalent of a solution NMR spectra. The angle is known 

as the magic angle, and this particular technique is known as magic angle spinning (MAS). 

This procedure narrows linewidths considerably for a number of nuclei. 

Figure 2.4 The magic angle, P, at 54°44' to the applied magnetic field, Bq 

A technique known as cross polarisation (CP) has also been used, where the magnetisation 

of one nucleus, in this case ^'Si, is enhanced from the magnetisation of nearby proton 

nuclei. The effect is actually twofold, as not only does the pulse sequence used enhance 

the signal to noise ratio of the ®̂Si NMR spectrum for each acquisition, but the silicon 

nuclei adjacent to protons are afforded a faster relaxation process, so the wait time between 

pulse sequences may be reduced. On a solid oxide sample, where the majority of protons 

are on the external surface of the particles, this actually has the effect of making CP MAS a 

surface sensitive technique. ®̂Si MAS NMR was performed on a Bruker AM300 NMR 

spectrometer. The samples were finely ground and loaded into ZrO; or SiN rotors and spun 

at 4.5 kHz. The ®̂Si chemical shifts are reported relative to tetramethyl silane Si(CH3)4. 

The spectrometer frequency for ^^Si MAS NMR is 59.628MHz. 
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Chapter 3. Synthesis and Characterisation of Mesoporous Silica 
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3.1 Synthesis of Mesoporous Silica 

The general synthetic route used to form a mesoporous silica was as follows. One 

mass equivalent of the chosen surfactant was dissolved in two mass equivalents of 

tetramethylorthosilicate, ((CH30)4Si). To this was added one mass equivalent of dilute 

hydrochloric acid, pHl.3. The methanol that was produced by the hydrolysis of the 

tetramethylorthosilicate was removed in vacuo at 30°C over a period of thirty minutes. The 

resultant gel was then left to condense to form a clear, colourless, glassy solid over a period 

of 1-2 days. The exact time taken for this to occur, and the temperature at which the 

condensation was allowed to proceed, varied with the surfactant chosen. The glass formed 

was then heated to 470°C under a constant 20ml/min flow of nitrogen, and held at this 

temperature for a period of 4h. Without cooling, the gas flow was changed to 20ml/min of 

oxygen, and the sample was held at the same temperature for a further 8h. This is the 

synthetic method first proposed by Attard et al} A schematic diagram of this route is 

shown below: 

i) removal of hydrolysis and 
condensation of silica 

ii) removal of surfactant 
by calcination in N2/O2 

H | surfactant phase in 
dil. HCl + (CH30)4Si 

Figure 3.1 Schematic diagram of mesoporous silica synthesis procedure 

Hi mesoporous silica 

A brief discussion of the strategy behind this synthetic route, and of the 

considerations to be taken, is appropriate. The basic principle is that the silica precursor, 

tetramethylorthosilicate, is hydrolysed in the presence of the surfactant. The hydrolysis 

product, in this case methanol, must be removed, as its presence in the reaction mixture 

will prevent the formation of the surfactant liquid crystal phase. Once this is achieved, then 

the polycondensation of the hydrolysed silicate species in solution proceeds around the 

surfactant micelles, yielding an inorganic cast of the organic phase. The pH at which the 

hydrolysis of the silica precursor is allowed to occur is carefully chosen. At a pH of 1.3, 
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the hydrolysis reaction is very fast, and is complete within approximately ten minutes. The 

polycondensation process to form the solid silica phase occurs over a period of several 

hours, so these two reactions are essentially decoupled. This is important, because if the 

hydrolysis is not complete as the condensation proceeds, then the methanol produced will 

disrupt the liquid crystal phase and the silica formed will not have the desired long range 

order. The integrity of the liquid crystal phase on removal of the methanol may be verified 

by observation of the gel under a light microscope. The microscope is fitted with a 

polariser and analyser, and one is rotated with respect to the other. A liquid crystal phase 

has a capacity to rotate the plane of polarised light that an isotropic phase does not have. 

Using this method it is also possible to identify liquid crystal mesophase present.^ It is also 

possible to observe that once condensation is complete, the monoliths produced are 

birefringent materials. This birefnngence is not removed on calcination. 

The choice of surfactant is influenced by a number of factors. Most importantly, 

the chosen surfactant must form the desired liquid crystal phase at an attainable 

temperature and percentage composition. All the surfactants used form a hexagonal liquid 

crystal phase at 50 wt% in water.̂ ''*'̂  The temperature chosen for the condensation 

reaction, at which this phase is stable for each surfactant, as well as the name and structure, 

is given below: 

Bnj76 

Bnj56 ,OH 

40°C 

40°C 

Triton XI00 

CigEOg 

CizEOg 

20°C 

20°C 

20°C 

cetyltrimethylammonium 

bromide (CTMABr) 

^N+ Br-
l\ 

20°C 
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Brij"76, Brij56, Triton XI00 and CTMABr were purchased from Aldrich. C]2EOs, 

CieEOg, and the tetramethylorthosilicate were purchased from Fluka. 

The nature of the templating process implies that the physical size of the surfactant 

chosen will have a direct effect on the dimensions of the pores within the final calcined 

structure.^ This does indeed allow some control of pore size by the choice of liquid crystal 

template. With the exception of cetyltrimethylammonium bromide, all the surfactants used 

are based on a non-polar hydrocarbon tail with a polar polyethylene glycol head. The use 

of non-ionic amphiphiles, as opposed to charged surfactants, should reduce the electrostatic 

interaction between template and silica matrix. This might imply less disruption to the long 

range order on calcination, as a result of easier removal of the surfactant/ 

3.2 Characterisation of Mesoporous Silica 

Several techniques have been employed in order to attempt to characterise these 

materials. The long range order in these silicas may be readily investigated by X-ray 

powder diffraction, as the ordered pore structure results in low angle reflections due to the 

very large repeat distances. The sample is ground for at least five minutes using a pestle 

and mortar before the diffraction pattern is collected. An example of this type of 

difliraction pattern is given below: 

(100) 

(110) (200) 

Angle/26 

Figure 3.2 An X-ray powder diffraction pattern of calcined Brij76 templated silica 
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In the diffraction pattern above, it is possible to observe not only the primary 

diffraction peak, centred at about 1.7°29, which corresponds to the (100) reflection, but 

also secondary peaks at higher angle. The primary peak alone does not allow the 

mesophase from which the silica is formed to be determined, and in the absence of the 

secondary peaks an assignment of a lamelllar, or even a cubic phase is equally valid to that 

of a hexagonal array of pores. However, the positions of these peaks may be indexed for 

the (110) and (200) reflections, and are shown to be consistent with a hexagonal unit cell. 

Figure 3.3 A representation of the unit cell in an H, mesoporous silica 

From the diagram above, it is possible to observe the relationship between the value 

obtained for the dioo spacing, and the pore to pore distance. The d-spacing is obtained from 

the Bragg Law: 

assuming n = 1 A, = 2dsin0 Eq. 3.1 

rearranged gives d = X/2sin9 Eq. 3.2 

The distance, r, from the centre of one pore to that of its nearest neighbour is then: 

r = dioo/cos30° Eq. 3.3 

It was observed that, independent of the surfactant used, the (100) reflection was of 

greater intensity, and at higher 29 value (smaller d-spacing) for the calcined material, than 

for that of the silica with surfactant still within the pores. This is characteristic of 

mesoporous materials synthesised in this way, and has been previously observed in the 

literature.^ One explanation given for this effect on peak intensity with template removal is 

that calcination promotes siloxane bond formation at the surface, increasing order within 

the oxide structure.^ This theory does not seem totally satisfactory, as it does not explain 

the shift in d-spacing observed. A more reasonable explanation is that these observations 
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