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Abstract

The work described in this thesis is concerned with the synthesis and characterisation of 

a  variety of metal substituted microporous materials. The majority of this work is 

experimental, however computational techniques are also used in the characterisation 

work.

The synthesis of the ZSM-5 material was carried out under hydrothermal conditions, 

w ith and without the use of a template. XRD, N2 adsorption, SEM, NMR, TGA-MS and 

DRIFT FTIR techniques were used to characterise the materials in detail. The results 

obtained from the suite of techniques used suggest that the ZSM-5 materials prepared 

by this method is phase pure, crystalline and furthermore have a high number of acid 

sites and thus can be used for acid catalysed reactions.

Transition metal ions were incorporated into a dealuminated zeolite (3 by grafting and 

then this was converted to a specific zeolite (TS-1). XRD studies support the formation 

o f  the MFI structure and XAS measurements, that were used to study the local 

geometry, support the formation of tetrahedral Ti centres in the calcined and dehydrated 

materials. IP calculations were also carried out and the results obtained were compared 

with those obtained from experimental methods.

The location and characterisation o f the NTM'-diisopropylethylamine template within the 

microporous aluminophosphate structure, AIPO4- I 8 , using experimental and 

computational methods was also carried out. We show how such a combined approach 

enables the accurate structure resolution of the complex structure. The geometry and 

number of the NTSl-diisopropylethylamine molecules appear to be the same as that 

reported for TEAOH in AIPO4- I 8 .

The synthesis and characterisation of Fe substituted AIPO4- I 8 and AIPO4-5 was carried 

out. These materials were studied using XRD, SEM, EXAFS, Mossbauer spectroscopy, 

TGA-MS and IP calculations. XAS results combined with Mossbauer spectroscopy 

studies reveal that Fe is present, in the as-prepared catalyst, in the 3+ oxidation state in 

the FAPO-5 structure and as a mixture o f 2+ and 3+ oxidation states in the FAPO-18 

structure. Combined XAS/XRD measurements reveal that upon removal of the organic 

template the Fe ions are present in the 3+ oxidation state in a tetrahedral coordination 

environment in both catalysts; this is consistent with results determined by the 

computational calculations.
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Synthesis and characterisation o f metal substituted microporous materials

Chapter 1: Synthesis and characterisation o f metal 

substituted microporous materials

1.0 SUMMARY

This thesis is directed at the synthesis and characterisation of microporous 

aluminosilicate and aluminophosphate materials, which are inorganic and commercially 

used catalysts. The materials that have been investigated include aluminosilicates, Fe 

substituted aluminophosphates, and titanosilicates. In this chapter the chemistry and 

structure o f these materials will be introduced and their importance in industry as solid 

acids will be highlighted.
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1.1 A HISTORICAL OVERVIEW OF MICROPOROUS MATERIALS

Zeolites (aluminosilicates) have been studied by mineralogists from the 1600s and since 

the discovery o f stilbite in 1756 by the Swedish mineralogist Axel Fredrick Cronstedt 

m any more natural zeolites have been discovered. Cronstedt saw that the mineral, that 

he  named stilbite, visibly lost water when it was heated, and he named the class of 

materials, zeolites, from the classical Greek words meaning hoiling stones’^ I t  was 

not until the 1930s with the work of Barrer and Sameshima that attempts were made to 

synthesise zeolites In 1948, Barrer was the first to prepare a synthetic zeolite 

w hilst shortly afterwards Milton made the first zeolite which had no natural 

counterpart (zeolite A).

Zeolites were first commercialised in 1954, being used as refrigerant desiccants and 

in  the drying and sweetening o f natural gas: both making use of the hydrophilic nature 

o f  the zeolite. In 1962, Mobil Oil introduced the idea o f using zeolites for catalytic 

cracking and in this case it was zeolite X (faujasite) that was exploited first In 

addition to having a high density o f acid sites and exhibiting the high thermal stability 

required for catalysis (typically 550°C in the case o f the methanol to gasoline 

conversion), zeolites were found to be less susceptible to coking than many other 

catalysts

Exploring for a larger range o f molecular compositions, in 1982 the Union Carbide 

Laboratories discovered a new class o f molecular sieves, the aluminophosphate (AlPOs) 

Soon after the discovery o f AlPOs, it was found that, as with zeolites, the 

tetrahedra (see section 1.2.1) could be substituted by Si or other metals, thus silico- 

aluminophosphates (SAPOs) and metal aluminophosphates (MeAlPOs) 

followed.

1.2 AN OVERVIEW OF THE STRUCTURE AND PROPERTIES RELATED TO

MICROPOROUS SOLIDS

1.2.1 The structure of microporous solids

Aluminosilicates are made up o f [AlO^]^' and [Si0 4 ]'^'tetrahedra and aluminophosphates 

are made up o f [P0 4 ] ‘̂ and [A104]^' tetrahedra. These tetrahedra are linked together by 

com er sharing to form chains and rings, which lead to the 3-dimensional stmcture (see 

figure 1.2.1 (i))
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cage

Figure 1.2.1 (i) Assembly o f [8104]"̂ ' tetrahedra that are corner shared to form the 

cages and channels o f the zeolite framework

These tetrahedra can link in many different ways to form infinite crystalline lattices 

composed of repeating unit cells. A simple method of classification is to define a 

system of secondary building units (SBUs), which only denote the Si^  ̂ or O^' 

and/or Al^  ̂ positions in space, relative to each other Any extra-framework cations 

and water molecules are thus excluded. Generally, this is considered a much less 

cumbersome method than a full description of the often complex unit cell. For added 

clarity, the oxygen atoms are often omitted from the models produced using SBUs and 

they are simply inferred by the presence of a straight line between two T atoms (i.e. Si^  ̂

or Al^^ etc). A list of known used zeolite SBUs are shown in figure 1.2.1 (ii) below.

a O C
8

4-4 6-6

4 - 4-15-1

Figure 1.2.1 (ii) A range o f secondary building units (SBUs) identifiable in zeolite 

frameworks. Figure adapted from an original diagram by Meier et al. (1968)
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1.2.2 The properties of microporous solids

In a society where environmental concerns are constantly growing, new benign catalysts 

are much in demand. Microporous materials are one of the several groups of 

heterogeneous catalysts that are targeted to replace the toxic ones. Microporous 

materials have a 3-dimensional open framework structure with molecular sized cavities; 

a property that enables the material to discriminate and select molecules with high 

precision. These materials also find many applications as adsorbents due to their 

microporous structure.

The aluminium in the aluminosilicate (zeolite) structures causes the framework to be 

charged, which is balanced by the presence of cations, such as sodium or potassium, 

distributed at extra framework sites. The pores may also host water molecules, many 

coordinated to the cations, which can affect the overall properties of the zeolite 

structure. The presence of the hydrated and loosely bound cations within the zeolite 

structure gives rise to ion exchange properties (see figure 1.2.2 (i)).

Figure 1.2.2 (I) On the left an organic molecule is seen inside the cavity  ̂ of a zeolite. 

The ability to preferentially adsorb certain molecules, while excluding others, has 

opened a wide range of molecular sieving applications. The shape-selective properties 

o f zeolites are also the basis for their use in molecular adsorption. On the right, the 

loosely bound extra-framework metal ions are shown. They can be readily exchanged 

for other types o f metal ions when in aqueous solution. This ion exchange capability is 

exploited by the detergent industry in water softening. Alkali metals such as sodium or 

potassium prefer to exchange out o f the zeolite resulting in the uptake o f “hard” 

calcium and magnesium ions from the water
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Shape-selective properties

The dimensionality of the pore system is significant for the catalytic ability o f each 

phase. For example, an obstruction in a one-dimensional pore system can prevent the 

access to the internal catalytic sites, but a two or three-dimensional catalyst can offer 

alternative access pathways Variable pore sizes between structures allow shape 

selectivity to occur by the process of ‘molecular sieving’ (see figure 1.2.2.(ii)), a term 

introduced by McBain in 1932.

rOrtC'-’jH products

no ivjcno;

< h

Figure 1.2.2 (ii) Here tw>o categories o f shape selectivity are shown: (a) Reactant 

selectivity and (h) Product selectivity

1.2.3 Chemical composition

Zeolites

Zeolites, natural and synthetic, comprise o f [Si04 ]"̂ ' and [A104]̂  tetrahedra, where the 

Si/Al ratio ranges from one to oo. The principle is that A1 is distributed homogeneously 

However, Lowenstein found that two tetrahedral aluminium atoms cannot be 

separated by an oxygen atom alone unless one of the aluminium atoms has a 

coordination number > 4, this is known as Lowenstein’s rule If Si/Al=l then the
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strict alternation o f Si and A1 on T sites takes place. Dempsey’s rule states the 

aluminium is distributed so as to maximise Al-Al separation 

The composition o f an aluminosilicate zeolite is:

Non-framework cations Framework Sorbed species

.[Sii.,Al,02]’‘-.nH20

Another common feature in the pores or channels o f synthetic zeolites is the presence o f 

organic molecules, such as tetra-alkyl ammonium ions, which act to direct structure 

formation during synthesis Such ‘template’ molecules can be subsequently removed 

by calcining the zeolite under flowing oxygen, at a temperature high enough to 

decompose the organic, without disrupting the zeolite framework

A luminophosphates

Microporous materials consisting o f aluminium and phosphorus are called 

aluminophosphates. AIPO4 frameworks consist o f strictly alternating [A104]^‘ and 

[P0 4 ]^' units, giving a neutral framework [Al^^-0 -P^’̂ =Si'̂ '̂ -0 -Si'^ ]̂ with composition:

Framework Sorbed Species

[AlPO4J.yR.nH2O

where R is an organic species.

As a result o f the neutral framework there are neither extra framework cations nor acid 

sites. AlPOs obey Lowenstein’s rule for the avoidance o f Al-O-Al groupings and have a 

strict alternation o f Al^^ and P^^ tetrahedra Many of the AIPO4 frameworks are 

unique, although some have the same structure as zeolites, for example, AIPO4-2O = 

sodalite, AIPO4-17=erionite/offretite, AlP0 4 -24=analcime, AlPO4-34=chabazite and 

AIPO4-3 7=faujasite. Whilst there are also nine naturally occurring aluminophosphate 

minerals (berlinite (quartz analogue), variscite, metavariscite, augelite, senegalite, 

wavelite, trolleite, bolivarite and evansite) in which none are microporous The 

chemical composition and properties o f zeolites, silicates and AIPO4 molecular sieves 

are summarised in the table 1.2 below.
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Table 1.2: Chemical composition and properties o f molecular sieves [2]

Chemical composition
Zeolite (Si‘''-0 -A l"‘-0 - Si''')' Negatively charged framework, hydrophilic 

with ion-exchange properties
Silicates S i'''-0 - Si'^'-O- Si*'' Neutral framework, hydrophobic without any 

ion-exchange properties and acid sites
AIPO4 P'" -0 -A l‘"-0 - ? '' Neutral framework without any ion-exchange 

properties and acid sites

1.2.4 Nomenclature

A three-lettered nomenclature system was adopted to distinguish different zeolite 

phases. Nowadays a zeolite material is identified and given a name if  it has a unique 

framework topology, and not if  it has a different composition, or different cations. 

Natural zeolites were given the three lettered identification code according to their 

mineral name e.g. gismondine (GIS), analcime (ANA). In addition to letters used from 

the Greek alphabet (e.g. alpha (a), beta (P), omega (oo), phi ((j))) many industrial groups 

used their own name for their patented zeolites e.g. Mobil used ZSM (Zeolite Secony 

Mobil) and MOM (Mobil Composition o f Matter). In addition, one can find that 

academic research institutions use codes related to their institution, e.g. Davy Faraday 

Laboratory (DAP), Instituto de Tecnologia Quimica (ITQ). It is still common to 

describe the topology o f the framework and different codes to indicate the differences in 

composition e.g. ZSM-5 (MFI topology) is used for the aluminosilicate composition and 

S-1 (MFI topology) for the silicate polymorph Similarly, the AIPO4 frameworks are 

given a three letter code to distinguish its topology, e.g. AIPO4-5 and AIPO4- I 8 are 

designated AFI and AEI, respectively.

1.3 ISOMORPHOUS SUBSTITUTION IN MICROPOROUS MATERIALS

In this thesis, Al(III) or Ti(IV) was substituted in the place o f Si(IV) in the silicalite 

material, Fe was substituted for Al(III) in the aluminophosphate framework and their 

resulting local structure was studied extensively. The reason why metal substituted 

molecular sieves were targeted is illustrated below.
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1.3.1 Aluminosilicates and silicates

The aluminium atom in the aluminosilicate leads to a charge imbalance, which is 

compensated by a monovalent ion such as or Na”̂, These ions can be ion exchanged 

with an ammonium salt and then heated to high temperatures where a proton takes the 

place of the cation and thus an acid catalyst is formed (see figure 1.3 (i)).

Figure 1.3 (i) Schematic showing charge imbalance created by Af^-O-Sf^ is 

compensated by a i t  ion thus creating a Bronsted acid site.

By substituting metal ions in the silicate or aluminosilicate (zeolite) framework, exciting 

new properties can be introduced to the materials. When lower valent ions are 

substituted a charge imbalance is created (as described above), which can give rise to 

acidic properties. For example, if a Si^  ̂ is replaced by a Fe^^ Bronsted acidity can occur 

but also this metal ion has redox properties which can extend the catalytic properties for 

oxidative reactions. When a Ti"̂  ̂ ion takes the place of a Si^  ̂ ion a charge imbalance 

does not arise but the Ti"̂  ̂ itself acts as an active site on reaction with hydroperoxides 

The strength of acid sites (which result from substitution) is influenced by the 

nature of the trivalent ion and according to Chu and Chang et al. '̂^  ̂ the strength of the 

Bronsted acid increases as such: Al-MFI>Ga-MFI>Fe-MFI>B-MFI.

1.3.2 Aluminophosphates

As mentioned above, the ability of the AIPO4 framework to substitute metal ions offers 

new and exciting catalysts. Such materials have ion exchange properties and the 

potential for Bronsted acid sites. One or more of an additional 13 elements from the 

periodic table can be substituted for Al(III) or P(V) in the framework. In the case of an 

aluminophosphate there are two possible sites to 'play with' and therefore a larger field 

of experimentation is feasible to give rise to new and exciting catalysts. Metals 

incorporated include monovalent Li, divalent Be, Mg, Fe, Cr, Mn, Co, Zn, Ni 

trivalent B, Ga, Co, Fe, tetravalent Ge, Si, Ti, V and pentavalent As and V. The net 

result when M^^ is substituted for Al^  ̂ is a neutral framework structure and an anionic
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framework when substitutes for Al^^, thus the catalytic activity o f each metal 

substituted AIPO4 material depends upon the metal incorporated.

1,4 Synthesis of microporous materials

Barrer set the trend of zeolite synthesis when he reported the fundamental 

methodology, in which he explained that the crystallisation of the product depended on 

the following factors:

(a) Gel composition (silica: alumina: cation: organic structure-directing agent) (b) 

alkalinity (c) temperature (d) time and (e) nature of the starting material.

In general, the synthesis of a microporous material requires the hydrothermal 

crystallisation of a reactive gel at temperatures between 100-200°C. The gel consists of 

a silica or phosphorus source (for zeolites and AlPOs respectively), alumina source, 

water, organic (usually necessary) and sometimes cations or a fluoride source are 

necessary. The synthesis procedure is summarised in figure 1.4 (i).

Si (or P), O, Al, 
source, H2O, 
template and/or 
metal ions

\
Insert in

Insert stainless
in steel
Teflon autoclave
liner

Subject to 
high
temperature

OVEN
Recover, 
liter wash 

and dry 
powder

Figure 1.4 (i) Scheme o f the synthesis route taken to produce microporous material.

Below the details are given explaining the factors affecting the crystallisation product.

(a) The effect of gel composition: The chemical composition o f a synthesis hydrogel is 

usually expressed in the following form :

Aluminosilicates

a SiOz; (b+c)Al203; b M^G; c NyO; d R; e H2O
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Aluminophosphates

ldbO.2 P2O5; AI2O3; d R; e H2O

Where a,b,c,d and e represent the molar ratios.

The amount of Si (or P), Al, M and N (alkali metal ions) and R (organic template) is 

central to the successful crystallisation of a microporous solid. Alkali metal ions are 

only used in aluminosilicate synthesis.

(b) The role of a template: An organic amine or a quaternary ammonium salt is needed 

in most of the synthesis procedures of zeolites and AlP04-n materials. The organic 

molecules act as structure-directing agents (SDA) or as templates. In addition, they can 

also act as charge balancing cations. The templating theory claims that the framework 

takes the shape and size of the organic cation; the TO4 units are organised into a 

particular geometry around the organic molecules resulting in a foundation for further 

nucléation of crystal growth. For example, figure 1.4 (ii) shows how the triethylamine 

(TEA) fits inside the channel of AIPO4-5 (API), which may be taken as evidence of the 

templating theory. However, it should also be noted that some template species help to 

synthesise more than one zeolite framework type, whilst some structures can be made 

by more than one template (see table 1.4). The possibility of removing the template 

without destroying the framework should also be taken into account. Neutral molecules 

(H2O), cations and ion pairs can also act as structure-directing agents

Figure 1.4 (ii) Triethylamine within the AFI structure The views shown are (a) 

perpendicular and (b) along the channel direction.
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Table 1.4: Examples of SDAs used for the formation of selected microporous structures 

e.g. Either TPABr or n-propylamine can be used to make ZSM-5

Structure Type Examples of typical templates

Large Pore
Zeolite p TEACH

Zeolite Y TEACH, TPACH, crown ether

AIPO4-5 (AFI) TEACH, TPACH,TEA

MAPO-36 (ATS) Tri-n-propylamine

Intermediate pore

ZSM-5 (MPI) TPABr, n-propylamine, Di-n- 
propylamine, Di-n-Butylamine

ZSM-11 (MEL) TBABr, 1,7-Diaminoheptane

AIPO4- I I  (AEL) n-Pr2NH, iso-Pr2NH

AIPO4-3 I (ATO) n-Pr2NH
Small pore

Sodalite (SOD) TMACH

AIPO4- I4 (AFT) iso-Pr2NH

AIPO4- I 8 (AEI) TEA or TEACH or 
N,N-diisopropylethylamine

AIPO4-34 (CHA) TEACH or morpholine

It is important to note, that some zeolites do not need an organic template to form. The 

importance o f organic-free synthesis is highlighted in chapter 3. The organic-free 

synthesis o f the aluminosilicates ZSM-5 and mordenite (MOR) strongly depend on the 

SiOi/AhOg ratio, e.g. ZSM-5 was reported to be preferred at higher Si02 /A l203 ratios 

and lower Na20/Si02 ratios however, in chapter 3, a new method for the template free 

synthesis o f ZSM-5 is reported with a different outcome. However, in the case o f 

AlPOs, if  the gel is hydrothermally treated in the absence of a template, a dense 

aluminophosphate phase invariably forms which would appear to indicate a more 

straightforward chemistry for the formation of microporous aluminophosphates, 

whereby the template has a simple but crucial structure-directing role.
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(c) The effect o f alkalinity:

Zeolites

A higher pH is obtained by an elevated amount o f OH" ions that play the role of 

mobilising (mineralising) agents They help to accelerate crystal growth by bringing 

the aluminium and silicon to solution. The pH also influences the composition of the 

end product; the Si02 /Al203 ratio in the lattice is found to decrease with increasing pH 

of the synthesis hydrogel, since a high pH reduces the ability of the Si species to 

condense through enhanced protonation 

Aluminophosphates

In contrast to zeolites the aluminophosphate systems tend to form under mildly basic or 

acidic pH conditions.

(d) The effect o f temperature: High temperatures (100-200°C) are needed to carry out 

hydrothermal synthesis, however, temperatures above 175°C and prolonged heating 

may result in the formation of a more stable dense phase.

(e) Time and Ostwald’s law o f successive transformation.- A single reaction mixture 

may be able to synthesise several different zeolite phases, depending on the time over 

which the reaction is allowed to take place. Upon mixing the reagents for a zeolite 

synthesis, the system is in a disordered state which has higher entropy than the ordered, 

crystallised zeolite structure. If the gel crystallises to several different structures, it will 

first develop the form with the highest entropy from the highly disordered synthesis 

mixture Zeolites are metastable species, and the kinetically favourable state is 

formed first even if  it is not the thermodynamically most favourable. For example, 

zeolites A, X, and Y are metastable and were reported to turn into the gismondine- 

like zeolite, Na-P, while zeolite p has been observed to form gismondine and analcime. 

Similar transformations occur in aluminophosphate systems with large pores e.g. 

AIPO4-5 eventually forming a dense phase such as tridymite Such transitions obey 

Ostwald’s law of successive transformations.
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1.5 Hydrothermal crystallisation mechanism of zeolites

Here, the crystallisation mechanism of zeolites that were reported in references 

will be highlighted. While very little is known about the topic o f the crystallisation 

mechanism of zeolites, the mechanism of AIPO4 crystallisation is virtually unknown 

The alumina source in a gel of very high pH can be considered to consist basically of 

A 1(0 H)4’ species, the silicate solution is made up of a complex mixture o f  monomeric 

silica species along with more complex polymeric units and colloidal material. These 

species keep in balance within the solution by a series of polymerisation- 

depolymerisation equilibria as follows:

=T-0H + H0-T= < — > = T-0-T= + H2O 

5 T-O + HO-T= < = = = >  =T-0-T= + OH"

When the aluminate and silicate solutions are mixed, along with a suitable template 

where required, a gel precipitates whereby the complex system of silicate polymers is 

further cross-linked by the aluminate Once the gel has been formed and allowed to 

equilibrate (occasionally by ageing), it is heated to the required reaction temperature so 

that a solution-mediated reaction crystallisation process can occur In this process 

the OH' ions (and any F' ions, if present) act to depolymerise the silica units into smaller 

monomeric and oligomeric units. These units then undergo a cation assisted ordering 

process whereby structure formation is influenced both by the presence o f organic 

(template) molecules and/or inorganic cations and by the interactions between 

themselves, cations and water. While the precise mechanism of the synthesis remains 

uncertain, it has been proposed, among other theories, that formation and breakdown of 

these structures is a continuous process until a few structures become large enough to 

achieve stability

1.6 Catalvtic activitv

A good catalyst must have high activity, long-term stability and selectivity The 

catalytically active sites in microporous materials include acidic and basic sites as well 

as redox centres. The acidic sites are associated with the presence of protons (Bronsted 

acid sites as seen in figure 1.3 (i)) and the basic sites are associated with framework 

oxygen atoms The protonation of substrate molecules at the Bronsted acid sites of a 

zeolite is the initial step of hydrocarbon conversion and other reactions on acidic 

catalysts.
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In silicates the substitution of Si(IV) by trivalent metal cations provides an acid catalyst, 

but with a tetravalent metal ion a neutral framework persists. However, for example, on 

substitution o f tetravalent Si(TV) with tetravalent Ti(IV) a material with strong potential 

as a heterogeneous catalyst is achieved on addition to H2O2 or alkyl hydroperoxides e.g. 

titanium-silicate (TS-1) acts as a strong catalyst in epoxidation reactions 

In aluminophosphates, isomorphous substitution of by tetravalent metal cations (or 

Al̂ "̂  with divalent cations) is necessary to generate strong acid sites. The substitution of 

trivalent metal ions in the place of Al(III) do not generate acid sites, but sometimes 

redox metal centres are generated (e.g. Fe^̂  ions) the metal substituted 

aluminophosphates excel in the aerobic oxy-functionalisation o f saturated hydrocarbons
[27]

Objectives

The objective of this work was to synthesise and characterise microporous materials that 

may act as efficient catalysts. In chapter 3, a new route for the synthesis o f the solid 

acid catalyst ZSM-5 is introduced and a variety o f techniques were used to study them. 

In chapter 4, TS-1 prepared using a new synthetic route is reported and the local 

structure investigated using X-ray absorption techniques. A thorough investigation of 

the position and orientation of a template inside the AIPO4-I8 structure using a suite of 

techniques is discussed in chapter 5. Finally, in chapter 6, a study of the substitution of 

Fe ions in 2 different aluminophosphate structure types is reported.

Together this work emphasises how the coordination of the metal ions within the 

framework and their oxidation state is critical in determining the catalytic activity of 

both redox and acidic microporous solids.
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Chapter 2: Expérimental techniques and analysis

2.0 SUMMARY

In this chapter, the various techniques used throughout this thesis are described, and a 

background on the theory o f each technique used is introduced. The equipment used for 

each measurement is described in each corresponding experimental chapter.

2.1 INTRODUCTION

Various microporous materials have been synthesised throughout this thesis and 

examined using a variety of techniques. From X-ray diffraction (XRD) we obtained the 

average, long-range structure whereas X-ray absorption spectroscopy (XAS) provided 

detailed information on the local structure. Here, XAS was mainly used to investigate 

the local structure and oxidation state o f transition metal substituted microporous 

materials. Another spectroscopic technique used was FTIR (Fourier Transform Infra 

Red) which provides information on bridging hydroxyls o f the microporous materials. 

Mossbauer spectroscopy was used to determine the coordination geometry and 

oxidation state of Fe ions (only in the Fe substituted AIPO4 systems). The coordination 

chemistry o f the transition metals incorporated in the molecular sieves was also studied 

using computational methods. Thermogravimetric analysis (TGA) methods in 

combination with mass spectroscopy (MS) were also used to give an insight on the 

water coordination to metal sites and also on the number of template molecules per unit 

cell. Crystal size is very important to be determined since it has an affect on the 

catalytic activity o f the zeolite; scanning electron microscopy (SEM) was used to 

investigate the crystal size. Adsorption techniques allowed the pore dimensions to be 

determined. Finally, ^̂ Si and ^̂ Al MAS NMR spectroscopy were used to investigate the 

nearest neighbours of the Si0 4  tetrahedron and the coordination geometry o f  aluminium 

in aluminosilicate, respectively. To study the coordination of aluminium is vital because 

when they are present in a tetrahedral coordination an active hydroxyl species can be 

formed.
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EXPERIMENTAL TECHNIQUES

2.2 X-ray techniques

X-rays are typically produced by accelerating a beam of electrons to strike a metal (that 

is most commonly copper (Cu)) which results in the Is (K-Shell) electrons o f the metal 

being ionised. An outer orbital electron (2p or 3p) drops down to occupy the empty Is 

level and the energy released in the transition is given out as X-rays The spectrum of 

X-rays produced usually has two components: the broad Bremsstrahlung radiation 

which appears as a background over which the second component, sharp, intense 

signals characteristic of the metal are produced. X-rays used in laboratory XRD 

experiments are based on the above mentioned characteristic radiation.

XRD is one of the most widely used techniques in the area o f solid state chemistry, 

since a great deal of structural information can be obtained by standard laboratory 

equipment. This technique is mainly used for phase identification, crystallinity and 

phase purity o f the material produced. Laboratory X-ray diffi*actometers can be very 

useful in solving structures, although synchrotron radiation (SR) X-rays (with higher 

resolution and better-defined peaks) are favoured for structure solution and refinement, 

particularly for powder samples Powder diffi-action methods, using SR X-rays, have 

been extended to provide information on the location o f the organic template,̂ '̂̂  ̂

organic guests and metal ions using the Rietveld refinement method *̂ 1.

In metal substituted microporous materials, the catalytically active sites are usually the 

active metal centres. X-ray diffraction determines the average overall structure o f the 

catalyst, but it cannot determine the local structure around the metal centres since the 

amount of heteroatom is low, randomly substituted and usually without long-range 

ordering In such situations, the structural tool employed to study the local sites is X- 

ray absorption spectroscopy (XAS) which requires synchrotron radiation (SR).

SR is intense white beam radiation, travelling in curved paths in a magnetic field. 

Figure 2.2 (i) below shows a booster synchrotron which accelerates electrons to an 

energy o f 2 GeV. These fast moving particles then enter a large storage ring where 

they are forced to pass through a series of powerful bending magnets. The synchrotron 

radiation source (SRS) at the Daresbury Laboratory includes the multipole wiggler, 

which changes the radius of curvature o f the electron beam allowing the 

electromagnetic radiation to be shifted to shorter wavelengths. The advantages of 

synchrotron radiation are
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1. Higher intensity: typically 10  ̂ times more intense than those used in laboratory 

sources resulting in improved signal to noise ratio.

2. High collimation (rays are not converging or diverging) ensuring very narrow Bragg 

peaks with good line shape. The increased resolution means that detailed 

information is obtained and also the overlap of the peaks is notably reduced. These 

factors are very important when detailed structural information is required.

3. Tunability over a wide energy range with a continuous spectrum. Thus the white 

radiation can be tuned to give a specific wavelength over a wide range. Because of 

this, the scattering power of atoms can be studied and the contribution of the atom to 

the overall structure can be evaluated.

IW. ^

Figure 2.2 (i) The lay-out o f  the SR S at D aresbury Laboratories is shown.

2.2.1 X-ray diffraction (XRD)

Basic concept of XRD

Each crystalline solid produces a diffraction pattern which is unique and it is used for its 

identification. Crystals can diffract X-rays because the spacing in a crystal is similar to 

the wavelength in X-rays (~1Â). The electron cloud which surrounds the atoms scatters 

the X-rays randomly. Bragg suggested that the diffraction of X-rays can be explained in 

terms of reflection from imaginary planes, which extend throughout the crystal (see 

figure 2.2. l(i)) and thus the formulated the Bragg law shown in equation 2.2.1:

= 2dA*/sin0M/ Equation 2.2.1
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Where, 0 is the diffraction angle, X is the X-ray wavelength and d is the interplanar 

spacing. The planes are described by 3 indices known as the Miller indices, where the h 

index is relative to the a-axis, k index is relative to the b-axis and 1 index is relative to 

the c-axis.

X-ray
source X-ray

«Jclcctor

F igure  2.2.1 (i) The Bragg reflection fro m  a crystal p lane, with a spacing dhki.

Collection of XRD powder patterns

In this thesis only work on powder diffraction was carried out. The powder sample 

(which consists of small crystals that are randomly orientated) is finely ground and 

mounted on a flat plate or a capillary. The sample is then placed in the path of the 

monochromatic X-ray beam (centre of Goniometer) and diffraction occurs from the 

crystallite planes which are orientated at the Bragg angle, 0. The diffracted beams are 

detected by using a movable detector (a counter or film) connected to a diffractometer, 

see figure 2.2.1 (ii). To investigate the location of organic structure-directing agents 

inside the pores of microporous materials we require high resolution powder diffraction 

(HRPD) data. In this thesis HRPD data was collected at station 2.3, at the SRS source of 

the Daresbury Laboratories. Here, the sample is placed in a capillary tube, which is 

rotated during data collection, to reduce any influence of preferential alignment. 

Solutions are also possible from single crystal materials, here the data is collected by 

either rotating the sample and the reflections are collected either on film or by a 

computer controlled diffractometer. However this method was not used and it will not 

be considered further.

In both cases, the data is converted to intensity vs 20, giving the powder pattern.
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Detector

2Theta

Slits

Theta

Monitor
Sample

X-rays

Figure 2.2.1 (ii) A schem atic illustration o f  an X -ray diffractometer.

2.2.2 X-ray absorption spectroscopy (XAS)

XAS theory:

Absorption coefficients and Absorption edges

A monochromatic beam loses its intensity as it travels through matter. The loss in 

intensity is proportional to the incident intensity and the thickness of the sample, x. 

Equation 2.2.2.1 illustrates Lambert’s law.

It= lo Equation 2.2.2.1

Where:

|i is the linear absorption coefficient

lo and It are the incident and transmitted X-ray intensities, respectively and 

X is the thickness of a homogeneous sample.

Electronic transitions: When an electron in an occupied level is excited to an 

unoccupied level by the absorption of a photon, an absorption spectrum  is obtained, 

see figure 2.2.2 (i). The minimum energy required to eject an electron out of a particular 

atomic state is called the threshold energy Eo = hVo which is equal to the absolute 

value of the binding energy of the electron (see figure 2.2.2 (ii)).

Absorption coefficient: As the energy of the incident beam is increased the linear 

absorption coefficient, p, decreases until the essential energy is reached where the 

absorption coefficient increases abruptly.
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XANES

PRE EDGE 
PEAK

\

EXAFS

ABSORPTION EDGE

5000 5200

Energy/eV

5400

Figure 2.2.2 (i) A n X-ray absorption spectrum  o f  an as-prepared Ti-substituted  

silicalite.

N

M

L

K

Figure 2.2.2 (ii) Schem atic illustration showing that an X-ray photon excites a 

photoelectron fro m  the core level into an em pty state.

We see in figure 2.2.2 (i) that the spectrum is usually divided into the near edge region 

known as the XANES (X-ray absorption near edge) and the higher energy region known 

as EXAFS (extended X-ray absorption fine). EXAFS provides detailed infomiation on 

the local atomic structure and XANES on the oxidation state and coordination geometry 

of the absorber.
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XANES

The edge region of the XAS spectra (XANES) provides information on the coordination 

geometry and on the oxidation state. The pre-edge peak (see Figure 2.2.2 (i)) arises 

from electrons being excited from one energy level to another (see Figure 2.2.2 (ii)) 

within the atom. These transitions are governed by the selection rule Al=±l. The 

edge features are related to ls->3d (quadrupolar) and the main edge features are 

associated with ls->4p (dipolar) metal electronic transitions The Is—»3d

transition is forbidden by the Laporte selection rule, but it is allowed when the metal is 

in tetrahedral coordination since there is p-d orbital mixing. Even so, a pre-edge feature 

is still observed for octahedral geometry which according to Westre et al. is due to 

an electric quadrupole coupling mechanism. The nature o f the pre-edge peak 

distinguishes between tetrahedrally and octahedrally coordinated transition metals, in 

other words, the height and position of the pre-edge are related to the coordination of 

the metal ion (i.e. the pre-edge has the highest intensity when the central ion is in 

tetrahedral coordination).

EXAFS

The oscillations after the edge known as the Extended X-ray Absorption Fine 

Structure (EXAFS), are a measurement of the X-ray absorption coefficient, p, as a 

function o f photon energy, E, above the threshold ( E o )  of the absorption edge. When an 

electron is excited from a core level, the spherical photoelectron wave will travel 

towards the neighbouring atoms’ electron clouds, and consequently scatter. The 

outgoing and backscattered waves interfere with each other (constructively and 

destructively) giving rise to the oscillations that are seen beyond the edge in the 

experiment and this sinusoidal variation of p as a function of E is known as EXAFS. 

The amplitude and frequency of the resulting sinusoidal modulation depends on the type 

(and bonding) o f neighbouring atoms and their distances away from the absorber. A 

diagram of the process involved in the generation o f EXAFS is shown in figure 2.2.2 

(iii).
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<

Figure 2.2.2 (iii) A diagram m atic representation o f  the process involved in the 

generation o f  E X A F S oscillations. The outgoing electron wa\>es f i  om the central atom  

(red) are shown as so lid  circles and  the backscattered waves fro m  a  nearby atom  are 

shown as dashed  circles.

Quantum mechanically, the outgoing photoelectron can be represented by a spherical 

wave with wavelength, X given by equation 2.2.2.2. Equation 2.2.2.3 relates the 

photoelectron wave-vector, k, to E and Eo. E is the incident photon energy, k is the 

wave-vector, m is the electron mass and h  is Planck’s constant.

X—2nl\^ Equation 2.2.2.2

k=V2m//?“ (E-Eo) Equation 2.2.2.3

The tlindamental equation describing the background subtracted EXAFS is given by 

equation 2.2.2.4

X(k)=Sj=i n (N j/R /)exp  (-2aj^k^)F(k)sin(2Rjk + (|)(k)) Equation 2.2.2.4 

N j  is the coordination number of the jth shell of radius, R j. a j ,  is the Debye-Waller factor 

for the shell, k is the photoelectron wave vector, F(k) is the backscattering amplitude 

and (j)(k) is the phase shift.

EXAFS data is commonly refined by fitting a known model, this provides information 

on the distances of neighbouring atoms and the coordination geometry. Accurate 

coordination numbers are more difficult to determine than bond-lengths because the 

former is strongly correlated with the Debye-Waller factor. The Debye-Waller factor 

describes the effects of the thermal system Structural determinations via EXAFS 

depend on the possibility of resolving the data into individual waves corresponding to
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the various neighbours of the central atom. This is accomplished by the Fourier 

transform technique.

Fourier transform (FT) technique

The determination of the local structure via EXAFS depends on the possibility to 

resolve the data into individual waves that correspond to the different types of 

neighbours of the absorbing atom. This is achieved by the Fourier transform technique. 

The Fourier transform, in essence, decomposes or separates a waveform or function into 

sinusoids of different frequency which sum to the original waveform. It identifies or 

distinguishes the different frequency sinusoids and their respective amplitudes 

The Fourier transform technique provides a photoelectron scattering profile as a 

function of the radial distance from the absorber In such a radial distribution 

function, the positions of the peaks are related to the positions between the absorber and 

the neighbouring atoms, whilst the amplitudes of the peaks are related to the number 

and nature of neighbouring atoms. A typical Fourier transform (FT) is shown in Figure

2.2.2 (iv).

701 
60- 

m 50- 
1  40 -

I 30; 
 ̂ 20 -

0 1 2 3 4 5 6 7 8 9  10
R/A

F ig u re  2.2.2 (iv) Typical Fourier transform o f  calcined FAPO -5 where the  so lid  line 

represents the experim ental data and the dotted  line the com puted data
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Experimental set-up and data collection procedures 

XAS measurements -static studies

XAS data of the as-prepared and calcined catalyst systems were collected on Station 8.1 

(or 7.1) of the SRS of the Daresbury Laboratories, operating at 2 GeV with a current 

between 150-250 mA. A schematic demonstration o f station 8.1 and a photograph are 

shown in figure 2.2.2 (v) and 2.2.2 (vi), respectively. Data can be collected using either 

the transmission or the fluorescence mode depending on the sample; fluorescence mode 

is used when we have a very low number of absorbing atoms (wt%) in the sample. The 

experiment is set-up as follows:

1. The sample is placed in the X-ray beam whose energy is incrementally changed 

over a given range by altering the monochromator angle.

2. Two detectors, one before ( f  ) and one after (f) the sample measure the change in 

absorption of these X-rays. In the fluorescence mode the sample is placed at 45° to 

the detector ( I f )  and it measures the emitted photons.

3. When a beam of X-ray photons pass through a material, the incident intensity, lo 

will be decreased by an amount that is determined by the absorption characteristics 

of the material being irradiated.

Fluorescence detector 
I,

X-ray Beam

Ionisation 
Chamber, Ic

Sample Ionisation
Chamber

Si (220)
Monochromator

Figure 2.2.2 (v) A schem atic illustration o f  station 8.1 o f  the D aresbury SRS. This 

station is equipped  with a Si(220) and  (111) m onochrom ator and  Ion cham bers I„, f f o r  

recording the incident and  transm itted beams, respectively and  with a thirteen elem ent 

Canberra detector, f ,  fo r  recording the fluorescence data.
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Figure 2.2.2 (vi) Photograph o f  station 8.1 o f  the D aresbury Laboratories, show ing the 

position  o f  the sample, detectors and  monochromator.

In a typical transmission experiment, the incident and transmitted beam intensities were 

measured using ion-chambers filled with an Ar/He mixture. The fluorescence mode can 

be obtained by irradiating the sample and observing the emitted photons with a scanning 

monochromator, which gives a plot of If/lo vs energy unlike the transmission mode 

which gives ln ( lo / l t )  vs energy. As mentioned above, a difference between collecting 

absorption and fluorescence data lies in the geometry of the sample; for absorbance 

measurements the beam travels straight across the sample and the concern lies only with 

the reduction in its intensity. For fluorescence measurements, the sample is tilted at 45° 

to the incident beam and the fluorescence emissions are typically detected using a solid 

state detector array. This is possible because fluorescence is emitted in all directions 

from the sample Although fluorescence measurements are possible with the 180° 

'straight through' geometry, it is not preferred since 45° to the line of the beam, 

maximizes the angle seen by the detector.

Data collection

As-prepared: In a typical experiment, 100 mg of the catalyst was pressed into a disc of 

20mm diameter and mounted into the sample holder where XAS data was collected.

Calcined: The pelleted materials were placed in the furnace of the calcination  cell 

where the samples were heated at 5°/minute to 550°C. Nitrogen and oxygen was passed 

through for 2 and 4 hours, respectively to remove any organic contents. The set-up of 

the calcination cell allows the sample to be kept in a water-free atmosphere, see figure

2.2.2 (vii). The XAS data was collected at room temperature.
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Gas Inlet

Thermocouple
Inlet

Quartz cell

Furnace made 
of ceramic 
wool and 
kanthal wiring

Aluminium
body

Stainless
steel
sample
holder Gas Outlet < Kapton

window
(3)

(1) Where sample is heated

(2) Where sample passes through to enter the aluminium body

(3)Where sample is kept to record the EXAFS scans.

Figure 2.2.2 (vii) Schem atic o f  calcination cell used fo r  the calcination and  dehydration  

o f  the materials. In let and  outlet are quartz connections (J Young, Acton) with taps so 

the cell can be sea led  in a water-free atmosphere. Thus X A F S  o f  dehydrated materials 

can be collected w hilst they are still in the cell.
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In situ combined XRD and QuEXAFS measurements-dynamic studies

The high intensity of SR allows XAS and XRD experiments to be combined. These two 

important techniques help in the elucidation of the structure of catalysts 

Furthermore, an in situ  cell also allows for controlled environment and heating to occur. 

Combined XRD and QuEXAFS (Quick EXAFS) data were collected on station 9.3 of 

the Daresbury SRS. This set-up (see figure 2.2.2 (viii) for schematic illustration and

2.2.2 (ix) for photograph) facilitates the collection of powder diffraction and EXAFS 

data in the same experiment, which enables the local structure to be determined along 

with the long-range crystallographic order whilst heating the sample.

Fluorescence detector

Furnace ► XAFS

-> L -A
^  Ly--------- ^

X-ray Beam

Ionisation
Chamber,

S i (220)
Monochromator

Sample 
holder and 
pellet

Ionisation 
Chamber, I,

XRD

INEL
position
sensitive
detector

Figure 2.2,2 (viii) A schem atic illustration o f  the experim ental configuration o f  station

9.3 o f  the D aresbury Laboratories, show ing the possib ility  to collect QuEXAFS and  

X RD  data, sequentially.

Data collection: In a typical experiment, 40 mg of the sample was pressed into a disc 

and loaded into the in situ  cell (a smaller amount compared to the one described earlier, 

since the diameter of the pellets were smaller in this case ca 13mm). XRD and XAS 

data were collected sequentially during the entire calcination process. The sample was 

heated in flow of oxygen at a rate of 5°C/minute. 180 seconds and 372 seconds were 

used for measuring XRD and XAS data, respectively, yielding a total cycle time of 10 

minutes which includes the dead time associated with the movement of the 

monochromator to the specific angle for XRD measurements.
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Fluorescence 
detector

Ionisation
Chamber, It

INEL
position
sensitive

Ionisation Chamber,C

Figure 2,2.2 (ix) Photographs o f  the experim ental set-up in station 9.3 o f  the Daresbidry 

Laboratories.

Data analysis

Data analysis was carried out using a suite of programs created to convert the 

recorded data to absorption coefficient vs energy. Background subtraction was required 

to obtain the EXAFS oscillations on which curve fitting analysis was performed to 

determine the structural parameters.

Data processing (EXCALIB): A computer program for processing raw data was 

used to obtain absorbance vs energy. At this stage multiple scans may be added together 

to yield a single data set and any energy spikes (causing unexpected signals) can be 

removed.

Background subtraction (EXBROOK): To extract EXAFS from the background, the 

EXBROOK computer program was used This was used for isolating %(k) from the 

experimental data. The pre-edge slope arising from mass absorption, Compton and other 

scattering has to be subtracted first. The pre-edge is extrapolated from the entire 

background; this is illustrated in the figure 2.2.2 (x)a. After the pre-edge subtraction, 

the edge-energy, Eedge, is defined as shown in figure 2.2.2 (x)b. The atomic background 

(Ratomic) after the absorption edge, can be detemiined using a cubic spline, which is 

defined by 4 parameters: SM (smoothing parameter), W (weighting factor) and the start
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and end energy; these determine the number of points. The fitting through the 

experimental data is shown by the solid straight line in figure 2.2.2 (x)c below. The 

greater the data points the better definition the spline will achieve. The 4 criteria are 

checked by looking at the resulting values for the EXAFS oscillations and FT 

magnitude. %(k) is the summation of all the interference patterns scattered off all 

neighbouring atoms and %(E) can be obtained by the equation:

X(E) ~  (M'totarl̂ atomic)/l4atomic Equation 2.2.2.7

X(E) is converted to %(k) and it is multiplied by a power of k" (n=3 usually) to give 

k"(x(k)) where k is the wave vector. This was done in order to compensate for the 

attenuation of the EXAFS at higher values, and to prevent the larger oscillations at low 

k  values from dominating the spectrum

11400 11800 12200 12600 13000
E(eV)

11500 11540 11580
E 8V) -200 0 200 400 600 800 lOOt

E(eV)

F ig u re  2,2.2 (x) D ifferent steps o f  the data analysis (a) effect o f  the pre-edge  

subtraction on the spectrum; this gives the absorption p e r  atom, (b) edge position  

determ ination and (c) pre-edge subtracted E X A F S spectrum  where a line is seen going  

through the oscillations.

Curve fitting deriving the structural parameters ÆXCURV98): Finally, the last 

computer program used provides us with bond-distances and coordination geometry of 

the local structure. First the backscattering amplitude (F) and phase shift (which affects 

the frequency of the wave in k space) must be calculated. A model compound (with a 

known similar structure to that of the local structure of interest) is used and the 

structural parameters, R (interatomic distance) and (Debye-Waller factor) are refined 

to obtain the best fit. The parameters used to define the model may be refined (by least 

square parameters method) until the most adequate agreement with the experimental 

EXAFS data is obtained.
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Multiple scattering procedures

The method described above is known as single scattering but sometimes this is not 

sufficient for systems that have the next-nearest neighbour to the central atom close to 

180°, see figure 2.2.2 (xi). When we have such a configuration the outgoing 

photoelectron is scattered forward by the intermediary atom, resulting in a significant 

enhancement of the EXAFS amplitude, as shown schematically in figure 2.2.2 (xi). This 

enhancement is at its maximum at 180° and is reduced when the angle decreases to 

150°. Here, multiple scattering interactions must be taken into account to achieve a 

good fit to the data. When the multiple scattering procedure is used, a starting model is 

constructed either from coordinates obtained by the crystallographic database or from a 

coordinates obtained using energy minimisation calculations. In all cases Cl symmetry 

was used to achieve a satisfactory description of the system. On investigating the metal 

(M)-Si (or P) distance in an aluminosilicate (or an AIPO4), the Si (or P)-0 distance is 

constrained to a typical value. These methods have been successfully used in the past 

to derive the detailed structure of titanium centres in TS-1 and Ti-MCM-41 catalysts.

T2

.%

T1-0-T2 angle 180°
F ig u re  2.2.2 (xi) A schem atic representation o f  typical m ultiple scattering  

arrangem ents, show ing the second  neighbour and the central atom m aking a linear 

bond  angle.

2.3 Fourier transform infra red (FTIR) spectroscopy

FTIR spectroscopy is used to study the Bronsted acid sites of catalysts When IR 

radiation is passed through a sample some of the frequencies are absorbed whilst others 

are transmitted through the sample. If transmittance or absorbance is plotted against 

frequency, the result is an IR spectrum FTIR spectroscopy centres on a
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Michelson interferometer. An interferogram is a signal produced as a function o f the 

change o f path-length between two beams.

DetectorSample

Computer

AmplifierSource Interferometer

A/D detector

Figure 2,3 (i) Scheme o f  the components o f  an FTIR spectrometer, as seen in r e f  [25]. 

2.4 Nuclear magnetic resonance (NMR) spectroscopy

This technique is concerned with the magnetic properties of atomic nuclei Only 

nuclei that have the spin quantum number I>0 are NMR active. Under the influence of  

an external magnetic field the magnetic moment, p, of the NMR active nucleus aligns 

itself with the external field. The resonance produced for a solid is very broad mainly 

due to chemical shift anisotropy i.e. NMR interactions depend on the orientation o f the 

nuclei related to the magnetic field and in a solid different molecules have different 

orientations, thus the anisotropy is not averaged to zero (unlike in a liquid). In this 

situation, averaging the isotropic value may narrow the broad peaks. The averaging is 

carried out by quick spinning the sample around an axis so as to modify the shift 

anisotropy by a factor o f (3cos^0-l). Thus, if  the sample is spun at the so-called magic 

angle of 54°44 this term becomes zero.

MAS NMR

^̂ Si NMR is a very important tool for the study of zeolites, since it allows us to 

determine the ordering of the silicon and aluminium in the framework, this influences 

the catalytic activity High resolution solid-state ^̂ Si NMR is able to distinguish 

between the five possible Si (wAl) structure blocks, where n («=0-4) is the number of Al 

atoms connected to the central Si via oxygen bridges. Each Al tetrahedron adjacent to a 

Si tetrahedron shifts the ^̂ Si signal by 5-6 ppm down-field. As a result five distinct 

chemical shifts ranges are created between -85 and -115 ppm. The signals 

corresponding to Si(OAl), Si(lAl), Si(2Al), Si(3Al) and Si(4Al) approximately appear 

at: -112 ± 3, -104.9, -98.4, -92.0 and -85 ppm, respectively
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27Al MAS NMR

The Si(lAl), Si(2Al), Si(3Al) and Si(4Al) environments are difficult to probe for a 

zeolite with a high Si/Al ratio, consequently it becomes less useful to ascertain the 

tetrahedral Al inside the framework using ^̂ Si NMR, thus ^̂ Al NMR spectroscopy is 

used. The ^^Al NMR spectra which has a broad absorption at the chemical shift o f ~55 

ppm indicates that the aluminium has tetrahedral coordination however, a band between 

0  and -6  ppm corresponds to octahedrally coordinated aluminium

NMR of silicate solutions

^̂ Si NMR spectroscopy can also be used to study solutions and can give detailed 

information on the structural entities in silicate solutions For the presentation o f  

structure o f building units the Q" notation is adopted. Here, Q represents the Si atom 

bonded to four oxygen atoms (Si0 4  tetrahedron), and n is the number of atoms attached 

to the Si0 4  tetrahedron e.g. Q° is related to the monomeric orthosilicate tetrahedron 

Si0 4 . More notations of building units and silicate ions along with the ^̂ Si chemical 

shift ranges are shown in table 2.4.

Table 2.4: Notations o f building units and silicate ions in silicate solutions

notation Q“ Q' Q" Q'
Monomer End group Middle

group
Branching

group
Cross-
linking
group

Chemical 
shifts/0  ppm

-65 to -75 -78 to -85 -8 8  to -92 -95 to -102 -104 to -120

O

O Si 0  

O

0

0  Si OSi 

O

O'

SiOSi OSi

Q-

OSi 

SiO SI OSi

O'

OSi 
SiO Si OSi

OSi

2.5 Mossbauer spectroscopy

Like NMR spectroscopy, Mossbauer spectroscopy measures the transitions inside 

atomic nuclei Analysis gives information on the local structure such as oxidation 

states and coordination numbers. Unfortunately, only a limited number o f atoms can be 

used to produce y-rays suitable for use in Mossbauer spectroscopy work, the most 

widely used isotopes being ^̂ Fe*29 or * ̂ Ŝn*so. Here, the sample under investigation
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is irradiated by a highly monochromatic heam of y-rays, where the energy is varied. 

The y-rays are associated with a change of population of energy levels of nuclei and not 

a change with atomic mass or number The sample absorbs the y-rays and the 

spectrum obtained is a plot of absorption vs energy (see figure 2.5 (i)).

(b)

(a )

s a m p k

V
-V • +V

Figure 2.5 (i) Schem atic illustration show ing  (a) the M ossbauer effect; the  energy o f  

the y-rays is adjusted by m oving the em itter source, (b) Typical single line  spectrum  

obtained when source and sam ple are identical V is velocity o f  modulation.

The Mossbauer effect represents a phenomenon of recoil free emission, where all the 

energy changes in the nuclei are transmitted to the emitted y-rays which gives rise to a 

highly monochromatic beam of radiation. This radiation, in turn, is absorbed by the 

sample which must contain identical or similar atoms to those responsible for the 

emission. The nuclear energy levels of the absorbing atoms vary depending on the 

oxidation state or the coordination number of the element. Therefore, some 

manipulation of the y-rays is needed since resonant absorption occurs only when 

^^Fe29*-Fe separations in emitter and absorber are matched The y-ray source is 

moved away or towards the sample (by a few millimetres per second) and this has the 

effect of either increasing or decreasing the energy of the y-rays incident on the sample. 

In this way, the y-ray absorption spectrum of the sample is determined. When the 

emitter and the sample are not identical, the absorption peak is shifted. This chemical 

shift, Ô, arises because the nuclear energy levels have been modified by changes in the 

extra-nuclear density distribution in the atoms. Thus, chemical shifts are connected to 

the density at the nucleus of the outer S shell electrons and hence reveal the oxidation 

state, coordination number and bonding properties. In nuclei that have a nuclear 

quantum spin I>I/2, the distribution of positive charges inside the nucleus is non- 

spherical and a quadrupole momentum, Q arises. When we have a  quadrupole
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moment the nuclear energy levels split and the peaks o f the spectrum split. The 

separation o f the peaks (doublets are seen for ^̂ Fe and ^̂ Ŝn) known as the quadrupole 

splitting, A, is sensitive to the local structure and oxidation state o f the sample.

In this thesis, Mossbauer spectroscopy was used to investigate the oxidation state and 

coordination geometry of the Fe ions incorporated in two different AIPO4 structures.

2.6 Gas adsorption

The fractional coverage of the adsorbate, 0 at a particular temperature, depends on the 

pressure, P. The plot of this dependence is called an adsorption isotherm. Braunauer, 

Denning, Denning and Teller (BDDT) proposed that all adsorption isotherms can be 

classed into one o f five types shown in figure 2.6 (i). Type I isotherm indicates the 

filling of micropores rather than monolayer adsorption. Type II isotherm is seen when 

the materials are non-porous or macroporous; here the ‘knee’ is indicative o f the 

completion o f the first monolayer. Type HI isotherms are displayed when the adsorbate 

and adsorbent surface interactions are weak. Type IV isotherms have a characteristic 

hysterisis loop which occurs on pores of 15-1000Â, with wider pores type II behaviour 

is seen. Type V isotherms also have a characteristic hysterisis loop and they occur when 

the adsorbate and adsorbent surface interactions are weak but also result from narrow 

pores.

The pore-volume o f zeolites is measured by a variety of methods, however the most 

widely employed technique (also used in this thesis) is the adsorption o f  N 2. Two 

different procedures are used which determine the amount of gas absorbed by the 

sample: volumetric and gravimetric methods. Volumetric methods involve the 

measurement o f the removal of the gas from the absorbent and gravimetric methods the 

uptake of gas. Here, the latter method is used in order to calculate the volume of the 

microporous materials.

The microporous volume was determined using the graphic method introduced by 

Dubinin and Rudushkevich This method uses the adsorption potential by Polanyi 

[Equation 2.6.1] relates it to the micropore volume filling theory [Equation 2.6.2] and 

transforms that to [Equation 2.6.3] and finally to its logarithmic form [Equation 2.6.4] 

from which the so-called Dubinin-Rudushkevich plot is obtained
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F ig u re  2.6 (I) B D D T  classifications o f  the different types o f  adsorption isotherms 

exhibited  by real surfaces

A=RTln(Po/P)

2
PE o'

\nV = \ n V o - { i ^ ) [ \ n ^ f }

V  =  VoQxp{(— ^ ) R T [ \ n ^ ] f

Equation 2.6.1 

Equation 2.6.2 

Equation 2.6.3 

Equation 2.6.4

• A is the adsorption potential

• p is the scaling factor (similarity constant)

• V is the volume filled at relative pressure P/Po (in cm^g'*)

• Vo is the limiting adsorption pore volume (in cm^g’’)

• Eq is the characteristic energy of adsorption of a reference vapour and

• E is the characteristic energy for the given adsorbate

Plotting InV against [ln(P/Po)]^ gives us a linear plot, and the intercept provides us with 

the limiting adsorption pore volume (Vo).
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It was reported that by using this equation the micropore volume may be 

overestimated because the amount of N% adsorbed by external surface is not taken into 

account.

2.7 Thermogravimetric analysis (TGAI

Thermal analysis is defined as the measurement o f physical and chemical properties 

of materials as a fimction of temperature. The two main techniques o f thermal analysis 

are thermogravimetry (TG) and differential thermal analysis (DTA). Only TGA was 

used in this thesis and thus DTA will not be considered further. In TG the change of 

weight of the sample is measured with the change in temperature. In its simplest guise 

only weight changes were detected. However, in combination with mass spectroscopy 

the molecular species desorbing could also be identified.

2.8 Scanning electron microscopy (SEMI

Scanning electron microscopy (SEM) was first discovered in the 1960s and since then 

has moved out o f specialist laboratories and has become a standard structural tool. 

SEM instruments provide images of three-dimensional structures, which are too small 

to see using a conventional light microscope

The SEM instrument works using an invisible beam of electrons, which is produced 

using an electron gun. A V-shaped tungsten filament (electron gun) is heated 

electrically, which causes its excited electrons to escape. This process is called 

thermoionic emission. The filament is enclosed in a metal cylinder, which results in a 

beam 10-50 pm in diameter. A vacuum system is present to remove any gas molecules 

that may cause the electrons to scatter. Two lenses are present to decrease the diameter 

of the beam fi*om 50 pm to 5 nm, since the smaller beam diameter enhances the 

performance of the SEM. The beam finally hits the specimen, which later emits 

electrons that are collected by a detector, which in turn converts them into a small 

electric signal. To form an image of the specimen the beam is moved along a number of 

lines completing 1000 points, each scan consists of 1000 lines. The signal collected 

from each point is used to construct an image using the cathode ray tube (CRT) and is 

used to generate the signal to the recognisable form of a photograph The specimens 

examined in this thesis were all electrically non-conductive (negatively charged), which
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causes a problem to the image thus they were gold coated after drying to reduce the 

charge build up which repels or deflects the approaching beam, causing image defect.

SEM X-ray microanalysis instrumentation

Energy dispersive X-ray analysis (EDAX) is an analytical, non-destructive technique 

that detects most elements, quantitatively and qualitatively. An electron beam 

impinging on a sample causes electrons to be ejected, leaving atoms ionised or in 

excited states. If the X-ray energy is sufficient, electrons can be ejected from the 

innermost K shell which when electrons from an outer shell drop down into the level the 

emission o f an X-ray photon results. The energy released is unique to each element.

2.9 Chemical analysis: ED AX and ICP-AES

Chemical analysis was carried out to mainly investigate the Si0 2  and AI2O3 content. 

Here, EDAX and Inductively-Coupled Plasma Atomic Emission Spectroscopy (ICP- 

AES) were used. In EDAX, only the local area scanned by the electron beam is 

analysed However, when more accurate composition is needed, ICP-AES is used. 

ICP-AES gives us a bulk analysis with a more precise number, it works by vaporising a 

sample dissolved in acid; this produces a stream of excited atoms, which can be 

measured through the wavelength o f light.

2.10 Atomistic simulation methods

Furthermore, XRD provides average information on long range order. Experimental 

methods (such as EXAFS and NMR) do not give sufficient detail to accurately describe 

an active site or/and the environment o f complex unknown structures, however, 

computational methods have proven to be very successful in providing realistic insights 

for the elucidation of zeolites and aluminophosphates Moreover, they have been 

shown to be highly effective in obtaining information on the local structure o f metal 

substituted microporous materials i.e. calculating bond lengths and angles that are very 

close to the experimental values Thus these methods were used to help in the 

characterisation o f the zeolites and aluminophosphates synthesised in this study.
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Perfect lattice simulations

For extended solids and ionic systems a potential model is required to describe the short 

and long-range atom interactions. Combination o f potentials with ionic charges are 

used to describe the interactions and they are used to calculate and minimise the 

energy o f the system.

Interatomic potentials for ionic Born model systems

The total energy of the system is given by equation 2.10.1, which involves the 

summation o f the long-range Coulombic interactions and short range interactions 

described using a Buckingham potential (see equation 2.10.2) including Pauli repulsion 

and van der Waals interactions. The short range interactions can be ignored beyond a 

suitable distance (12-16 A), once their contribution is negligible. However, the 

coulombic summation between pairs of ions creates a problem as there is a slow (and 

conditional) convergence. This is avoided by the Ewald summation method, where part 

of the summation is carried out in reciprocal space The Morse function is often used 

to describe covalent character, such as the 0-H  interaction of the Bronsted proton. 

Finally, addition o f the three-body potential improves the description of systems with 

covalent character because it adds some bond-bending interaction.

E =  Ei<j qiqy/rij + V i Equation 2 .10 .1

qi ,qj charges on atoms i and j

rij separation o f atoms i and j

Below are some potential types:

The Buckingham potential

E  ij(r) =  Aij exp {-ry / p } - Cy/r ŷ  Equation 2 .1 0 .2

Ay, pij, Cy Buckingham parameters for the ion pair ij

The polarisable oxygen ions are modelled using the shell model by Dick and 

Overhauser which consist of rigid cores coupled to shells by a harmonic spring. 

The shell model is one o f the simplest and most successful models o f polarisability, 

allowing the coupling between short-range repulsive forces and ionic polarisation.
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Previous studies on zeolites, have shown that exclusion of this term may lead to 

discrepancies in the description of the models. The shell model consists o f  describing 

the atom as a core and a mass-less shell (representing a polarisable electron cloud), 

which are connected by a harmonic spring, see figure 2.10 (i). K1 and K2 are the spring 

constants, Y1 and Y2 are treated as variable parameters in the model and finally Xi + 

Yi = total charge of shell and the polarisability, a  = The shell model is only

used on ions that have significant fi'ee ion polarisability and whose electron clouds are 

therefore susceptible to polarisation.

Cation 
net charge 
X ,+  y,

Anion 
net charge

Core chargeCore charge

Shell charge K,Shell charge K,

Figure 2.10 (i) Schematic representation o f  the shell-model 

Defect simulations

Often, we need to consider only local structural changes and there are often treated 

using a ‘defect’ mechanism. Here, the Mott-Littleton method is used where the 

defect is treated as an isolated centre within an infinite lattice. This method is based 

upon the ‘two-region strategy’. The region surrounding the defect is divided in two; the 

outer and inner region, see figure 2.10 (ii). The inner region (region I), which contains 

around 100-400 ions, is treated explicitly by interatomic potentials. In the outer region 

(region II) the force exerted by the defect is considered to be weak thus it is treated 

using a dielectric response (the Mott-Littleton approximation).
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Region II

Region I 00

Figure 2,10 (ii) Scheme showing the two-region approach to defect calculations in bulk 

solids.

Energy minimisation methods

Finding the energy minimum of solids is the most important step The most 

commonly used energy minimisation method is to optimise at constant pressure, in 

which all atomic positions and unit cell parameters are allowed to be adjusted to reach 

an energy minimum. This is done by reaching a point on the potential energy surface 

where the forces on all the atoms are zero. To locate the energy minimum, both the 1̂  ̂

and 2"̂  derivatives of the energy have to be used. A minimum is characteristic to have a 

zero first derivative (i.e. all forces are zero). However if a saddle point (transition state) 

is reached the first derivative is also zero (see figure 2.10 (iii)). To avoid this, the 

rational function optimiser (RPO) method is used which ensures convergence to a 

true minimum. GULP (General Utility Lattice Program) (General Utility Lattice 

Program) was used throughout this work.

w

transition
state

load
minima

g lobal energy 
m in im um

Figure 2.10 (iii) A schematic representation o f  an energy diagram o f a surface showing 

possible minima and transition states.
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Combined Molecular Dynamics (MD), Monte Carlo and energy minimisation 

methods

In addition to energy minimisation methods, combined methods were used in order to 

explore favourable sites o f a template within the zeolite framework. These methods 

have been shown to locate the template within the framework and excellent agreement 

with experiment was found Zeolites are comprised o f large voids, making it

difficult to identify all possible locations by ‘eye’. Thus the docking method is used to 

ensure all possible sites are screened: the most probable locations can then be predicted.

The conformational space of the guest is first searched using molecular dynamic 

calculations producing a number of possible guest conformations. Unlike energy 

minimisation calculations where temperature plays no role, a Molecular Docking 

calculation supplies information on the trajectories o f the atoms as they move around. 

The MD trajectory is carried out at temperatures as high as lOOOK, to ensure suitable 

sampling.

A Monte Carlo simulation calculation generates configurations of a system by random 

sampling i.e. the guest is inserted at a random position and orientation inside the 

framework. The conformation adopted is accepted if  all the host-guest contacts are >1Â 

and if the non-bonding energy of the system is less than a certain threshold energy. This 

procedure is repeated for all the sorbate structures generated by the MD trajectory. 

These crudely docked guest molecules inside the framework are then energy minimised 

to obtain the most likely conformation. The flow chart below summarises the docking 

procedure

58



Experimental techniques and analysis

HOST STRU CTU RE

DOCKED MOLECULE

ENERGY MINIMISED DOCKED STRUCTURES

MONTE CARLO DOCKING O F MD SN A P SH O TS

ENERGY MINIMISATION OF PO SSIB LE  G U EST ORIENTATION

SAM PLE THE CONFORMATION OF MOLECULE BY HIGH TEM PERATURE 
MOLECULAR DYNAMIC CALCULATIONS. BUILD A TRAJECTORY

SUMMARY

In summary, this chapter described the techniques that were used in this study. Long 

range crystallinity was studied by X-ray diffraction techniques and the local geometry 

(active site) was investigated by X-ray absorption spectroscopy and computational 

methods. Computational methods in collaboration with high resolution X-ray diffraction 

methods assisted in the elucidation of template location and orientation. To study the 

acid sites FTIR spectroscopy was used. ^̂ Si MAS NMR was used to study Si and A1 

ordering and the coordination geometry of Al(III) inside the framework was examined 

using ^̂ Al MAS NMR spectroscopy. Mossbauer spectroscopy was used to probe the 

oxidation state and coordination geometry of the Fe ions inside the AIPO4 framework. 

Gas adsorption was used to study the pore structure of the zeolites and SEM to 

investigate the morphology o f the crystals. Finally, EDAX and ICP-AES were used for 

chemical analysis.
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Chapter 3: An alternative method to prepare ZSM-5 

material

3.0 SUMMARY

In this chapter, a novel synthetic route for the preparation of ZSM-5 with a low 

Si0 2 /Al203  ratio, with and without the aid of an organic structure-directing agent 

(tetrapropylammonium bromide) using a zeolite as a starting material is reported. 

Specifically, a simple hydrothermal treatment of the starting zeolite with an alkaline 

hydroxide solution (and/or tetrapropylammonium bromide) yields a ZSM-5 material. A 

detailed characterization of the ZSM-5 materials was carried out using a suite of 

techniques which include X-ray diffraction, nuclear magnetic resonance, Fourier 

transform infra red spectroscopy, adsorption methods, thermogravimetric analysis and 

scanning electron microscopy. We found that all the routes yield ZSM-5 materials with 

Al(III) ions in tetrahedral positions resulting in the formation of strong Br0 nsted acid 

sites (irrespective of the preparative method) suggesting that the material can be utilized 

for acid catalysis.
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3.1 INTRODUCTION

Highly acidic, shape-selective and thermally stable zeolites have been used for many 

decades in the cracking of carbon-carbon bonds, alkene isomérisation and 

polymerization, alkylation and other acid-catalyzed reactions In particular, pentasil 

type aluminosilicate zeolites have been widely studied due to their efficient catalytic 

properties. The firamework of ZSM-5 was reported to outline a 3-D system of 

intersecting, medium size channels.

The interest in a zeolite with both shape selectivity and acidity led to the development 

and introduction of ZSM-5 by the Mobil Corporation Similar to other silica-rich 

zeolites prepared, its shape-selectivity and remarkable thermal stability are some of its 

main advantages. High silica zeolites were first prepared in the late 70s The use of 

quaternary ammonium salts in the synthesis of zeolites resulted in a large number of 

new silica-rich zeolites. The role of the quaternary ammonium salts and other organic 

chemicals as templates has been extensively studied since However, the use of 

organic chemicals in the synthesis o f zeolites has certain disadvantages. On the one 

hand, because these chemicals are quite expensive, toxic and relatively high amounts 

are needed. On the other hand, they must be removed in order to firee the pores (usually 

by heat treatment) and create active sites in the zeolites. It has been found that a large 

range o f organic templates are able to prepare ZSM-5 and it can even be produced 

without the use of any organic template In some cases, the ZSM-5 catalyst 

synthesised without the aid o f a template was prepared by the seeding procedure, which 

requires pre-prepared ZSM-5 crystals.

It is well known that some zeolite minerals and synthetic zeolites are hydrothermally 

unstable at elevated temperatures. It has also been reported that some zeolites 

transform to other more stable structures. It is also known that at high pressures and 

temperatures zeolites may transform to denser aluminosilicates For example, zeolite 

Y has been shown to re-crystallize to zeolite P but it has never been reported, so far, 

to transform to ZSM-5 without the aid of additional ingredients. The hydrothermal 

conversion of Y-zeolite to other synthetic zeolites by using alkaline-earth metals has 

also been shown

The aim of this study was to endeavor to produce a ZSM-5 material with a low 

SiOi/AhO] ratio using other zeolites for the silica and alumina sources. The quality of 

the ZSM-5 materials produced was investigated using a suite o f techniques. The X-ray
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diffraction (XRD) technique was used to examine the phase purity of the final ZSM-5 

materials and also to follow the changes that occurred to the starting material at various 

stages of the synthesis, until the ZSM-5 material is formed.

Chemical analysis was used to determine the SiOz/AliOg ratio of the end product. The 

Si0 2 /Al203  ratio is important since the number of the tetrahedral aluminium was shown 

in ref. [11] to be proportional to the activity.

Scanning electron microscopy (SEM) enabled us to follow the morphological changes 

that took place with synthesis time and also to investigate how the use o f a template 

may affect the crystal size and shape of the ZSM-5 material. Investigation of crystal 

size is very important as it is known to affect the activity o f the ZSM-5 catalyst in 

various reactions

Magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy enables 

the determination o f the nature of Si and Al. For example, ^̂ Si NMR allowed the 

determination o f the ordering of aluminium and silicon in the fi*amework, which 

according to ref. [11] dictates the catalytic activity o f a material. ^̂ Al NMR was also 

used to determine the nature of the Al (coordination o f the Al sites) in the 

aluminosilicate, which in turn was also reported to affect the catalytic activity of an 

acid catalyst.

Fourier transform infra red (FTIR) was employed to study the nature of the acid sites o f  

the ZSM-5 materials prepared. The relationship between acidity and activity has been 

investigated extensively in the past and it was reported that the number o f  acid sites 

is proportional to the activity o f an acid catalyst.

N% adsorption was used to study the porosity of the ZSM-5 materials prepared. Porosity 

of microporous materials has been given adequate attention in the past, since their 

shape-selective property is controlled by their micropore structure 

Thermogravimetric analysis (TGA) equipment combined with a mass spectrometer was 

used to study the temperature at which the template was lost during heating and to 

determine the amount of template present per unit cell.
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3.2 STRUCTURE AND PROPERTIES OF THE STARTING MATERIALS 

(ZEOLITE Y AND ZEOLITE B) AND OF THE DESIRED PRODUCT (ZSM-5)

Zeolite P is a large pore, high-silica material first synthesised in 1967. It is an 

intergrowth of 2 or 3 polymorphs having 3D system, interconnected 12 membered ring 

(MR) channels and 6, 5 and 4 MRs Zeolite Y is a Na-aluminosilicate analogue of 

the natural faujasite that possesses 3D 12, 6 and 4 MRs. ZSM-5 has 10, 6, 5 and 4 MRs 

and two intersecting channels The schematics of the framework structures are 

shown in table 3.2.

Table 3.2: Displays the framework structure of ZSM-5, zeolite Y and zeolite p.

ZSM-5
Framework viewed along [100] sinusoidal channel
10 MR
(5 .3 x 5.6)A i&Si
projection along [010] 
10 MR 
(5.1 X 5.5) Â

Zeolite p
projection along [100] 
12 MR 
(6.6 X 6.7) À #
channel intersection viewed normal to [001] 
12 MR 
(5.6 X 5.6) Â

Zeolite Y
view along [111] 
12 MR 
(7.4 X 7.4) À

4
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3.3 EXPERIMENTAL DETAILS

3.3.1 Synthesis of ZSM-5

The synthesis of ZSM-5 was carried out using typical hydrothermal methods. The 

conversion of zeolite Y (with a Si0 2 /Al2 0 3  ratio of 80) or zeolite (3 (with a Si0 2 /Al2 0 3  

ratio of 75 or 300) to ZSM-5 was carried out by treating 1 gram of the starting zeolite 

material, in its H-form, with 30 ml of a 0.3M NaOH solution. The resulting mixture was 

stirred for ca 1 hour before transferring to a Teflon lined autoclave for hydrothermal 

treatment at 150°C for ca 24 hours. The initial gel ratio was (1- 

x)Si:xAl:0.56Na:104H20, x can be estimated considering the Si0 2 /Al2 0 3  ratio of each 

starting zeolite material used. In a separate experiment, appropriate amounts (0.21 

grams) of the structure-directing agent (SDA), tetrapropylammonium bromide (TPABr), 

were mixed to the turbid solution of zeolite Y or p dissolved in a 0.3M NaOH 30 ml 

solution, before introducing the solution to a Teflon lined autoclave. The initial gel ratio 

was (l-x)SiixAl: 0.56Na:0.05R: IO4 H2 O, x can be estimated considering the Si0 2 /Al2 0 3  

ratio of each starting zeolite material used. The final materials were washed, dried 

converted to the H-form and characterised by a suite of techniques. The final 

Si0 2 /Al2 0 3  ratios of the ZSM-5 materials are shown in table 3.4.2, page 76.

To convert the ZSM-5 materials to the proton form they need to be ion-exchanged. The 

solid obtained using the template-free method was three-fold ion-exchanged with IM  

ammonium chloride solution. It was calcined by heating at 550°C, in a flow of oxygen, 

for 4 hours. The template-produced solid was first calcined at 550°C in  a flow of 

nitrogen and then oxygen for 2 and 4 hours, respectively and then ion-exchanged as 

above. All the characterisation measurements were carried out on the H-form of ZSM-5. 

Seven different ZSM-5 materials were synthesised and investigated. For convenience 

they have been named according to the starting material and to the method used to 

prepare them. For example ZSM-5 prepared from using zeolite Y (as the starting 

material) has been named ZSM-5YT and ZSM-5YTF for the templated and non- 

templated synthesis, respectively. ZSM-5 prepared from zeolite p (75) has been named 

ZSM-5BT75 and ZSM-5BTF75 for the templated and non-templated synthesis, 

respectively. ZSM-5 prepared from zeolite p (300) has been named ZSM-5BT300 and 

ZSM-5BTF300 for the templated and non-templated synthesis, respectively.
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3.3.2 Characterisation techniques

X-ray diffraction data was collected on a Siemens D500 diffractometer using a Cu Ka 

radiation source with a wavelength,^ of 1.5418 Â. The powder sample was finely 

ground and mounted on a flat plate and XRD data was collected.

Chemical analysis o f the ZSM-5 materials was performed using Energy Dispersive X- 

ray Analysis (EDAX) and Inductively Coupled Plasma Atomic Emission Spectroscopy 

(ICP-AES). EDAX was collected on a Philips XL 30 ESEM (this technique does not 

give a bulk analysis).

The SEM images were collected on a JEOL JSM-840 model and a Hitachi S-570.

MAS NMR spectroscopy was performed using AMX600, MSL300 and Avance-500 

spectrometers for ^^Al solid state NMR, ^̂ Si solid state NMR and for solution ^̂ Si 

NMR, respectively. The speed used to collect the solid-state ^̂ Si and ^^Al MAS NMR 

spectra was 4.5-5.5 kHz and 10-13 kHz, respectively.

The DRIFT-FTIR (Diffuse-Reflectance Infra Red Fourier Transform) experiments were 

carried out on a Matteson spectrometer model Infinity with a MCT detector. This 

equipment has a diffuse reflectance accessory from SpectraTech. Only the proton form 

of the materials was used to collect FTIR spectra. A small amount o f powder samples 

was packed into a ceramic holder attached to a heater. The ceramic holder (containing 

the sample) was covered by a chamber (this allows the dehydrated materials to be kept 

under vacuum). The materials were heated to 400®C then they were cooled down to 

room temperature where scans were collected.

N] adsorption measurements were performed on the proton form of the materials. In this 

thesis, porous texture was characterised by N2 adsorption at 77 K in AUTOSORB-6 

equipment. Before the determination o f an adsorption isotherm each sample was 

previously degassed for 4 h at 523 K at 5 x 10 mbar. After degassing the sample is 

weighed and re-weighed after filling the pores with nitrogen. The microporous volume 

was determined using the graphic method developed by Dubinin-Radushkevich 

TGA data were collected using the templated ZSM-5 materials. They were heated in 

helium to a temperature o f 650°C. The model of the TGA instrument used is SDT 2960 

Simultaneous DSC-TGA. A Balzers (ThermoStar model) and a Quadrupole mass 

spectrometer was used for the MS-TGA study.
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The following scheme summarises in chronological order the synthesis, post synthesis 

treatment and the characterisation methods used for the ZSM-5 materials. Also the 

sections to follow in this chapter are noted.

+0.3MNaOH

And/or + template 
stir for 1 hour

3.4.1
3.4.3
3.4.4 
3.4.7

Hydrothermal synthesis

Ion exchange to proton form

Filter and dry

Stir for 1 hour

zeolite source: 
zeolite Y or zeolite p

3.4.2 Chemical 3.4.4 MAS NMR 3.4.5 FTIR 3.4.6 N2 adsorption 
analysis
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3.4 RESULTS

3.4.1 X-rav diffraction studies

Non-templated synthesis of ZSM-5: The XRD patterns of the solids extracted after 

hydrothermal treatment at 150°C for a specific period are shown in figure 3.4 .l(i). The 

starting zeolites are also shown in this figure. It is seen that during the initial stages of 

the synthesis, zeolite p (75) or zeolite Y (80) dissolve to form an amorphous material 

and later re-crystallise to ZSM-5. It is important to note that a fully amorphous phase 

was seen during initial stages of reaction for zeolite Y, which implies that the material 

was completely dissolved during the treatment. Whereas, in the case o f zeolite p, a 

resonance at 22.3° (characteristic of zeolite p) remained throughout the initial stages of 

the synthesis, although over a period of time a substantial decrease in intensity of this 

resonance was seen. It is also essential to mention that the yield of all products extracted 

between 0-16 hours was very small (i.e. < 0.01 grams) which means that the majority of 

the zeolite was dissolved and remained in solution. Prolonged hydrothermal treatment 

(>42 hours) resulted in the formation of a dense material i.e. tridymite and quartz when 

zeolite p and zeolite Y were used as the starting materials, respectively.

zedite-B
20 20° 25 
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Figure 3.4.1 (i) XRD patterns o f the starting materials (zeolite Y (A) and zeolite f  (B)) 

and the resultant solids extracted subsequent to hydrothermal treatment after (a) 4 (b) 8 

(c) 16 (d) 24 and (e) and >42 hours. The dense phase obtained is marked with an 

asterisk.
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We saw that zeolite Y and zeolite p can be transformed to ZSM-5 without the use of a 

template, but one has to be very careful because a dense phase may also form after 

prolonged heating or high temperatures. Figure 3.4.1 (ii) shows the XRD patterns of the 

solids extracted after hydrothermal treatment, for 24 hours, of zeolite p (300) in a 0.3M 

NaOH solution, at various temperatures. This figure illustrates that a higher temperature 

promotes the formation of the dense phase, whereas a lower one shows that an 

amorphous product still prevails, even after 24 hours.

Tridymite phase

175°C

150°C

80°C

5 10 15 20 25 30 35 40

2 0 '

Figure 3.4,1 (ii) XRD patterns o f  the solids extracted subsequent to hydrothermal 

treatment o f  zeolite p  (300) reacted with 0.3 M  NaOH solution, fo r  24 hours, at various 

temperatures.

To investigate the effect that the molar ratio of NaOH has on the final product, zeolite p 

(300) was added to alkaline solutions of various molar ratios but the hydrothermal 

synthesis time (24 hours) and temperature (150°C) were kept constant. Figure 3.4.1 (iii) 

shows that by using 0.1 M NaOH, the final product was amorphous while using 0.2M 

NaOH a poorly crystalline ZSM-5 formed, and finally given a higher molar ratio (0.3M) 

the desired crystalline ZSM-5 material is obtained.
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10 15 20 25

0.3 molar NaOH 

0.2 molar NaOH

0.1 molar NaOH

3530

2 0 '

Figure 3.4.1 (lit) XRD patterns o f  the solids extracted subsequent to the hydrothermal 

treatment, fo r  24 hours at 15CRC, o f zeolite f  (300) reacted in an alkaline solution o f  

various molar ratios.

On changing the cations from Na^ to K^, ZSM-5 was still produced but longer 

crystallisation times were needed. It is important to note that all the transformations 

described have been carried out using the H-form of the starting zeolites, however, the 

Na-form can also produce ZSM-5.

After examination of these various conditions described above (i.e. temperature, time, 

and molar ratio) the preferred procedure for non-templated synthesis of ZSM-5 was the 

reaction of a starting zeolite material with a 0.3M NaOH solution and hydrothermal 

treatment for ca 24 hours at 150°C. The resultant solid was characterised in detail using 

the suite of techniques described below.

Templated svnthesis of ZSM-5: One has to take care when synthesising ZSM-5 without 

employing a template, as a dense phase forms after prolonged heating (see figure 3.4.1

(iv)). However, the use of a template directs and stabilises the ZSM-5 material. Firstly, 

the time needed to obtain the desired material was shorter (4 hours) and it remained 

stable for a longer time (>42 hours) under hydrothermal conditions. The XRD pattern of 

ZSM-5 prepared after 4 hours with template is not shown as it is identical to that after 

24 hours, seen in figure 3.4.1 (iv).
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The idea to use a zeolite as a Si and Al source to prepare another zeolite material was 

extended and zeolite Y was used to prepare ZSM-11 and zeolite p.

Svnthesis and preliminary characterisation of ZSM-11: 1 gram of the starting zeolite 

(either zeolite Y (80) or zeolite p (75 or 300)) material was reacted with 30 ml 0.3M 

NaOH solution, the template tetrabutylammonium bromide (TBABr) was added and the 

final solution was stirred for 1 hour. The initial gel ratio was (l-x)Si: 

xAl:0.56Na:0.05R: lOTHiO, x can be estimated considering the Si02 /Al203 ratio of each 

starting zeolite material used. This mixture was subjected to hydrothermal treatment for 

ca 24 hours. The XRD pattern of ZSM-11 is shown in figure 3.4.1 (iv).

Zeolite V

Zeolite (3

I (a) or (b)

a
(c)

ZSM-11

I
I

10 30 40

S'

I
c

2010

28^degees

Figure 3.4.1 (iv) The fram ew ork  structure o f  starting zeolites and  the X R D  patterns o f  

the so lid  extracted after hydrotherm al treatm ent (at 150 °C) o f  zeolite  Y or zeolite p  + 

0.3M  N aO H  (a) fo r  24 hours (b) + TPABr fo r  24 hours (c) + TBABr fo r  24 hours and  

(d) fo r  >42 hours.
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Synthesis and preliminary characterisation of zeolite B: Zeolite Y was used as source 

for Si and Ai to prepare zeolite p using the traditional synthesis procedure by Camblor 

et al. The same synthesis was carried out using the conventional silica source 

(Degussa Aerosil 200). The preparation inyolves an aqueous synthesis gel, prepared by 

first dissolying 17.92 grams of TEAOH in 11.8 grams of water and adding potassium 

chloride (0.3 grams) and 0.133 grams of sodium chloride. Degussa Aerosil 200 (or 

zeolite Y) was added to this mixture, which was then stirred until it became 

homogeneous. Finally 0.06 grams of NaOH, 0.36 grams of sodium aluminate and 4 

grams of water were added and stiiTcd until a thick gel was formed. The batch 

composition was 0.92Na:0.05K:6.25R:Al;50Si;750H20 and 0.92Na:0.05K:6.25R 

:1.25Al;50Si:750H2O when using Degussa Aerosil 200 and zeolite Y as the source, 

respectiyely. This gel was then treated in an autoclave at 135 °C for 15-20 hours. The 

zeolite p prepared from the Degussa Aerosil 200  and zeolite Y source are designated 

BEA-Si and BEA-Y, respectively. The yield for both syntheses was ca 80%, and the 

Si02 /Al203 ratio was reported to be 6.6 when using Degussa Aerosil 2(X). The XRD 

patterns of these zeolites and commercial zeolite p are shown in figure 3.4. l(v).
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Figure 3,4.1 (v) XR D  patterns o f  com m ercial zeolite f ,  BEA-Si and BEA-Y.

Although we showed that zeolites other than ZSM-5 can be synthesised using zeolite Y 

or zeolite p as a source, only the ZSM-5 materials synthesised were investigated.
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3.4.2 Chemical analysis

The yield obtained for the ZSM-5 materials starting from the zeolites with a Si0 2 /Al203 

ratio of ca  75 was only 30%, while starting from the higher Si02 /Al203 ratio of 300, a 

yield of 18% was obtained. The yield increased to 40% for the templated ZSM-5 

materials. Chemical analysis may be able to give an explanation for the low yield 

obtained. All the ZSM-5 materials analysed were in the proton form. The Si0 2 /Al203 

ratio determined from the chemical analysis are summarised in table 3.4.2.

Table 3.4.2: Final Si02 /Al203 ratio of the proton form of ZSM-5 prepared with and 

without the use of template according to ICP-AES measurements and ED AX (bold 

print).

ZSM-5 from: Si02 /Al203

zeolite Y(80) 15.4 (15)

zeolite (3(300) 27.78 (27)

zeolite (3(75) 18.08 (20)

zeolite Y(80) TPABr 18.84 (21)

zeolite (3(300) TPABr 45.97 (60)

zeolite (3(75) TPABr 24.62 (31)

From Table 3.4.2, it is clear that irrespective of the Si02 /Al203 ratio of the starting 

zeolite material, the final ZSM-5 product has a Si0 2 /Al203 ratio between 15 and 25 for 

that prepared by the non-templated synthesis. However, it is interesting to note that the 

sample produced with template (TPABr) yielded a higher Si02 /Al203 ratio (between 21 

and 60). The lower Si02 /Al203 ratio obtained for the final ZSM-5 materials compared 

to the starting zeolite materials indeed suggests that not all the Si(IV) ions were 

involved in the formation of the final product and hence the lower yield seen for this 

synthesis procedure may be explained.

3.4.3 Scanning electron microscopy studies

SEM micrographs of the solids extracted after hydrothermal treatment of the starting 

zeolite with 0.3M NaOH at 150°C for 8, 16, 24 and >48 hours are shown in figure 3.4.3

(i), (ii) and (iii). An increase in crystal size with time was observed and also the 

materials subjected to prolonged hydrothermal treatment (>42 hours) revealed needle
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like crystals which can be associated with dense phase material. This is consistent with 

the XRD data shown in figure 3.4.1 (i).

All the crystalline ZSM-5 materials synthesised (with and without the use of a template) 

are compared in figure 3.4.3 (iv).

Figure 3.4.3 (i) SEM micrographs o f the products extracted after hydrothermal 

treatment o f zeolite (3 (75) reacted with 0.3M NaOH solution for specific periods o f  

(a)8, (b) 16 (c) 24 and finally (d )>42 hours .
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b

1

Figure 3.4.3 (it) SEM micrographs o f  the products extracted after hydrothermal 

treatment o f  zeolite Y (80) reacted with 0.3M  NaOH solution fo r  specific periods o f  

(a)8, (h) 16 (c) 24 and finally (d)>42 hours .
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Figure 3,4.3 (iii) SEM micrographs o f the products extracted after hydrothermal 

treatment o f  zeolite p  (300) reacted with 0.3 M  NaOH solution fo r  specific periods o f  

(a)8, (b) 16 (c)24 and finally (d)>42 hours .
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&

Figure 3.4.3 (iv) SEM  micrographs o f (a) ZSM-5BTF300, (b) ZSM-5BT300, (c) ZSM- 

5BTF75, (d) ZSM-5BT75 (e) ZSM-5YTF and (j) ZSM-5YT. All the bars are 2pm wide.
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The SEM pictures of the ZSM-5 materials prepared using zeolite P (300 or 75) as the 

starting material show smaller crystals when using a template in the synthesis compared 

those produced in the template-free synthesis. In contrast, the crystalline ZSM-5 

materials synthesised using zeolite Y, as the starting material, show larger crystals on 

adding a template in the synthesis compared to those produced in the template-free 

synthesis.

SEM micrographs of the solids extracted after hydrothermal treatment of the starting 

zeolite with 0.3M NaOH and TPABr at 150°C at various times are shown in figure 3.4.3

(v), (vi) and (vii). These figures show that on increasing the synthesis time the amount 

of crystalline material increases. Only on using zeolite Y (80) and zeolite p (75) as the 

starting materials, an increase in crystal size was also seen with increasing time. 

Although the XRD diffraction studies showed that a crystalline ZSM-5 material formed 

only after 4 hours of hydrothermal treatment (of all the starting zeolite materials reacted 

with alkaline solution and TPABr), the SEM micrographs demonstrate that the quality 

increases with synthesis time.

a

Figure 3.4.3 (v) SEM micrographs o f  the products extracted after hydrothermal 

treatment o f  zeolite P (75) reacted with 0.3M NaOH solution and TPABr fo r specific 

periods o f (a) 16 and (b)24 hours.
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b

Figure 3.4.3 (vi) SE M  m icrographs o f  the products extracted after hydrotherm al 

treatm ent o f  zeolite (3 (300) reacted with 0.3 M  N aO H  solution and  TPABr fo r  specific  

periods o f  (a)4, (h)8,(c)16 and  (d)24 hours.
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Figure 3.4.3(vii) SEM micrographs o f  the products extracted after hydrothermal 

treatment o f  zeolite Y (80) reacted with 0.3M  NaOH solution and TPABr for specific 

periods o f  (a)4, (b)8,(c)16 and (d)24 hours.
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3.4.4 MAS NMR 

Solution NMR

Figure 3.4.4 (i) shows a typical solution “̂ Si NMR of zeolite (3 dissolved in 0.3M NaOH 

solution (D2O). This figure clearly shows the presence of Q, Q% Q ,̂ and species 

suggesting that there appears to be a complete dissolution of the starting crystalline 

zeolite. Only ^^Si NMR of zeolite (3 (300) dissolved in NaOH solution is shown, as the 

other zeolites show exactly the same behaviour.
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Figure 3.4.4 (i) A typical solution NMR of zeolite P (300) in 0.3M NaOH solution. The 

broad signal is due to the glass sample holder.
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Solid state MAS NMR

and MAS NMR of zeolite Y, commercial ZSM-5 and the ZSM-5 synthesised 

from zeolite Y:

MAS NMR spectra of zeolite Y, commercial ZSM-5 (bought from Zeolyst 

Corporation) and ZSM-5 materials (prepared using zeolite Y) are shown in figure 3.4.4

(ii) A. ^^Si MAS NMR spectrum of commercial zeolite Y only has one sharp resonance 

at -107 ppm. According to ref. [18] this is characteristic of Si (OAl) in zeolite Y. 

Although it has a high Si02 /Al203 ratio (80), other signals were expected to be present 

at higher chemical shift values. The spectrum of commercial ZSM-5 has an intense 

resonance at ca  -112  ppm, indicative of a silicon with no aluminium neighbours, 

Si(OAl), a shoulder at -115 ppm, arising from Si(OAl) atoms in 4-membered rings, and 

finally a broad resonance from -104 to -106 ppm due to silicon with one aluminium 

neighbour; Si(lA l) located in the five-membered ring^*^’ and/or HOSi(OSi). The same 

features are observed in the spectra of the ZSM-5 materials prepared by the 

transformation method, using zeolite Y as the starting material.

^^Al MAS NMR spectra of the same zeolites are shown in figure 3.4.4 (ii) B. ^^Al 

NMR spectra provide very important information on the coordination of the A1 species, 

which could not be revealed by any other technique. ^^Al MAS NMR spectrum of 

zeolite Y shows broad resonances at 55 ppm and 0 ppm corresponding to tetrahedrally 

and octahedrally co-ordinated A1 species, respectively. (A reason that only the Si(4Si) 

environment was detected by ^^Si MAS NMR spectroscopy could be because the 

amount of Al(III) that is an integral part of the framework is actually lower than 

expected {ca SiO2/Al2O3=80)). From the ^^Al MAS NMR spectra of ZSM-5 materials 

prepared from zeolite Y (with and without the use of a template) after converting to the 

H-form, a resonance at ca 0 ppm, corresponding to extra framework Al(III) species, is 

seen. This implies that some Al(III) species have been extracted from the framework 

during the ion-exchange process. The as-prepared ZSM-5 synthesised using TPABr has 

a resonance with 2 peaks at ca  52 ppm (this is indicative of two non-equivalent A1 

tetrahedral sites) After ion-exchange the split resonance at ca 52 ppm is resolved to 

one, in addition this spectrum also shows the largest amount of octahedral Al(III) 

species. However, according to the absence of the resonance at 9+1 ppm and at 72 ±3 

ppm from the spectra it is concluded that aluminium is not present as an occluded AI2O3 

species expected for octahedrally and tetrahedrally co-ordinated Al, respectively
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S i(lA l) Si(OAl)

(A)̂ Si MAS NMR:
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Si(OAl)
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Figure 3.4.4 (ii) High-resolution (A) Si MAS NMR and (B) ~̂ Al MAS NMR spectra

of (a) commercial zeolite Y(80) (b) commercial NH4ZSM-5 (c)Na-ZSM-5YTF(as- 

prepared) (d) H-ZSM-5YTF (ion-exchanged) (e) Na-ZSM-5YTF (f) H-ZSM-5YT (ion-

exchanged). Chemical shifts are given in ppm with respect to TMS and [Al(H20)6] 

for ^̂ Si and ^̂ Al NMR, respectively.

5+
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and MAS NMR of zeolite B (300), commercial ZSM-5 and ZSM-5 

synthesised from zeolite B (300):

^^Si MAS NMR spectra of zeolite p (300), commercial ZSM-5 and ZSM-5 prepared 

from zeolite p (300) are shown in figure 3.4.4 (iii) A. The spectra of all zeolite 

materials have a sharp resonance at -112 ppm and a shoulder at -115 ppm, indicative of 

Si(OAl) and Si(OAl) in a four-membered ring respectively and finally a broad 

resonance from -104 to -106 ppm due to silicon with one aluminium neighbour, Si(lAl), 

located in the five-membered ring and/or HOSi(OSi) is seen.

^^Al MAS NMR spectra of the same zeolites are shown in figure 3.4.4 (iii) B. ^^Al 

NMR spectrum of commercial zeolite p (300) shows a resonance at ca 0 ppm 

characteristic of octahedrally co-ordinated Al(III). A resonance at ca 0 ppm for the 

ZSM-5 material prepared without a template was not present in the ^^Al MAS NMR 

spectra before or after converting to the H-form (ion-exchange). On the other hand the 

spectrum of the proton form of the ZSM-5 material prepared with a template does show 

such a signal after ion-exchange, which implies that some Al(III) species have been 

extracted from the framework during this process. The spectmm of the ZSM-5 material 

synthesised using the templated method shows a resonance at ca 52 ppm that is split, 

this suggests the existence of non-equivalent sites for tetrahedral aluminium 

Eventually these resonances are resolved into one resonance after ion-exchange (as it 

occurs when zeolite Y is used as a source). Similar to ZSM-5 synthesised using zeolite 

Y, aluminium is not present as an occluded AI2O3 species due to the absence of the 

resonance at 9±1 ppm and 72 ± 3 ppm in the ^^Al MAS NMR spectra due to 

octahedrally and tetrahedrally co-ordinated A l(III), respectively
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(A) MAS NMR : Si(lAl)   Si(OAI)

-80 -90 -100 -110 -120 -130 -140 ppm
Ô i/ppm

( B f ’Al MAS NMR:

Tetrahedrally
coordinated Octahedrally coordinated Al

° S T X l/p p m

Figure 3.4.4 (iii) High-resolution (A) MAS NMR spectra o f (a) zeolite p  (300) (b)

(ion-exchanged) (j) Na-ZSM-5T300 (B) Al MAS NMR spectra o f (a) zeolite f  (300)

jOO (^//Z5'M-JTF300 (zoM-gxc/zaMggaO (%) 7Va-Z6'M- 

5BT300, (f) HZSM-5BT300 (ion-exchanged). Chemical shifts are given in ppm with 

respect to TMS and [Al(H2Û)6]^  ̂for ^̂ Si and^^Al NMR, respectively.
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and MAS NMR of zeolite [3 (75), commercial ZSM-5 and the ZSM-5 

synthesised from zeolite B (75):

^^Si MAS NMR spectra of zeolite P (75), commercial ZSM-5 and the ZSM-5 

synthesised from zeolite p (75) are shown in figure 3.4.4 (iv) A. The spectra of all 

zeolite materials have a sharp resonance at -112 ppm and a shoulder at -115 ppm, 

indicative of Si(OAl) and Si(OAl) in a four-membered ring respectively and finally a 

broad resonance from -104 to -106 ppm due to silicon with one aluminium neighbour, 

Si(lAl), located in the five-membered ring and/or HOSi(OSi) is seen.

^^Al MAS NMR spectra of these zeolites are shown in figure 3.4.4 (iv) B. As seen for 

commercial zeolite p (300), the ^^Al MAS NMR spectrum of commercial zeolite p (75) 

also has a small resonance at ca 0  ppm, characteristic of octahedrally co-ordinated 

Al(III). This resonance is also seen in the spectra of the ZSM-5 materials from zeolite p 

(75) (irrespective of whether a template was used in the synthesis) after ion-exchange, 

which again may imply that some Al(III) species have been extracted from the 

framework during this process. In contrast to the previous results of the ZSM-5 

materials synthesised with a template, that synthesised from zeolite p (75) and a 

template did not show splitting of the resonance at ca 52 ppm.

As seen in the previous ^^Al MAS NMR spectra here we also see that, Al(III) is not 

present as an occluded AI2O3 species due to the absence of the bands at 9 ±  1 ppm and 

72 ± 3 ppm attributed to octahedrally and tetrahedrally co-ordinated Al(III), respectively
[17]
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(A)^  ̂Si MAS NMR:

Si(OAl)Si(lAl)

-1 0 0  -1 1 0  -1 2 0  -1 3 0  -1 4 0  DDi-80 -9 0

(B) "Al MAS NMR:

Tetrahedrally 
coordinated A Octahedrally coordinated Al

Ô ^̂ Al/ppm

Figure 3.4.4 (iv) H igh-resolution (A) "  Si M A S  NM R (B) "  A l M A S N M R spectra  o f  (a) 

com m ercial zeolite p  (75), (b) com m ercial N H 4-ZSM - 5  (c) Na-ZSM -5BTF75, (d) H ZSM -

C hem ical shifts are given in ppm  with respect to TM S and  [A l(H 2 0 )6 f^  fo r  ^^Si and^^A l 

NM R, respectively.
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3.4.5 FTIR spectroscopy

FTIR spectra were collected for all ZSM-5 materials in the H-form. FTIR spectra for the 

commercial ZSM-5 material collected are shown in figure 3.4.5 (i). This spectrum has 

many features, specifically bands at ca 3740, 3667, 3612 cm ' and a broad band at 

3450-3300 c m '\

3480-3300

sr/

3612

<

CO
c
B
c

I '------- 1------- '------- 1------- '--------1------- '--------1--------'--------1------- '------- 1------- '------- 1-------

4000 3900 3800 3700 3600 3500 3400 3300 

wavenumber/cm’

F igure  3.4.5 (i) An FTIR spectrum  o f  com m ercial dehydrated ZSM-5.

Before going further to examine the acidity in the ZSM-5 catalysts prepared by the 

transformation method, the bands that can be seen in the IR spectra of ZSM-5 materials 

are explained

ca 3740 cm ' is indicative of isolated silanols 

ca 3610 cm ' is Brpnsted acid site

ca 3660-3700 cm'' is usually assigned to OH species on extra framework Al(III) 

ca 3480 -3300 cm"' arises due to H-bonded silanols.

ca 3720 cm ' is indicative of terminal silanol groups
T  e r m in a l  
( 3 7 2 0 c m  ’)

I s o l a t e d  ( 3 7 4 0 c m - ’ )  H - b o n d e d  ( 3 4 7 5 c m - ')

B r o n s t e d  a c id  s i t e  
( 3 6 1 0 c m  ’ )

\ "
N I r T

/  \  S I S I S I

Sketch of isolated, H-bonded and terminal silanol groups and also of the Si-(OH)-Al 

group responsible for Brpnsted acidity.
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ZSM-5 catalysts from zeolite Y: FTIR spectra collected for ZSM-5 prepared using 

zeolite Y are shown in figure 3.4.5 (ii). The spectrum of ZSM-5YTF only has two 

bands; the sharpest band is located at 3610 cm'' assigned to the acidic bridging OH and 

the other small band at 3700 cm ' is related to hydroxyls on extra framework Al(III). 

The FTIR spectrum of ZSM-5 YT was recorded at lOÔ ’C since at room temperature all 

the bands disappeared; this was unexpected as all ZSM-5 materials were ion-exchanged 

using identical method explained earlier in this chapter. In this spectrum at least four 

weak bands are present; one at ca 3740 cm ' with a shoulder at ca 3720 cm"'(indicated 

by an asterisk), two smaller ones at 3695 cm ', 3602 cm ' (the latter must be Brpnsted 

acidity which is at a lower wavenumber since the spectrum was taken at 100°C) and a 

broad band at 3550-3300 cm ' assigned to H-bonded silanols, see references The

template free synthesis compared to the templated synthesis appears to be superior 

because the strongest band here is due to Brpnsted acid sites.

3695
3300-3550

3602

Z)
<

Ô5c
c

3610
3700

3743

O
/  \A I

Si

I ' I ' I ' I ' I ' I ' I ' I '

4000 3900 3800 3700 3600 3500 3400 3300 

wavenumber/cm'^

FrgMfg 3.4.5 (fO F ™  jpgcrm (a) Z5M-5y7F (6) Z5M-5IT.

ZSM-5 catalysts from zeolite [3 (300): The FTIR spectra of ZSM-5BTF300 and ZSM- 

5BT300 are shown in figure 3.4.5 (iii) and they show that Brpnsted acid sites are 

present for both ZSM-5 materials. The sharpest band seen in the spectrum collected for 

ZSM-5BTF300 is located at 3610 cm"', which is indicative of acidic bridging Si-(OH)- 

Al. The band at 3745 cm"' (indicative of isolated Si-OH) was almost absent. The 

spectrum collected for the ZSM-5BT300 material shows 5 bands, three small ones at ca 

3745, 3730, 3695, a predominant one at 3612 and a broad band ranging from 3550-3300 

cm "'. The band at 3612 cm"' is much more intense than the other weaker bands, which 

shows that the ZSM-5BT300 material have high Brpnsted acidity. The template free

92



An alternative method to prepare ZSM-5 material

synthesis appears to be superior compared to the templated one, since almost all the 

bands are due to Bronsted acid sites.

3 5 5 0 - 3 3 0 0A I ( O H )=)
<
(/)c

3 7 3 0

' 3745
c

4 0 0 0 3 8 0 0 3 6 0 0 3 4 0 0

(b)

(a)

w a v e n u m b e r / c m ' ^

ZSM-5 catalysts from zeolite 8 (75): The FTIR spectra that were collected for ZSM- 

5BT75 and ZSM-5BTF75 are shown in figure 3.4.5 (iv). The ZSM-5BT75 material 

shows an intense stretching hydroxyl band at 3610 cm'% characteristic of bridging Al- 

OH-Si groups, along with a small band at ca 3698 cm*' associated with the stretching of 

extra-framework Al-OH. As expected (considering the results of the other two ZSM-5 

materials prepared using the non-templated synthesis method) an intense band at 3610 

cm'^ is seen in the spectra of ZSM-5 prepared by non-templated method. However, a 

band at 3743 cm"' is also present which is indicative of isolated Si-OH groups. Strong 

Bronsted acid bands are seen for both materials.

3612
3698 —  (b)

3612<
(/)c
B

3743

c

4000 3900 3800 3700 3600 3500

W aven umber/cm'^

F igure  3 .4.5 (iv) FTIR spectra o f  dehydrated (a) ZSM -5BTF75 and (b) ZSM -5B T75
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3.4.6 N? adsorption studies

N2 adsorption-desoiption isotherms of the H-form of ZSM-5 prepared from zeolite Y, 

zeolite P (300) and zeolite p (75) are shown in figures 3.4.6 (i), (ii) and (iii), 

respectively. The isotherms exhibited for all ZSM-5 materials indicate the presence of 

narrow pores. It is clear from figures 3.4.6 (i), (ii) and (iii) that the ZSM-5 materials 

with the greatest volume are those prepared without a template. The commercial ZSM-5 

(Vpore = 0.15cnfg'^) has an intermediate value compared to the ZSM-5 material 

produced with a template and without a template using zeolite p (75 or 300) as the 

starting material. ZSM-5YT and ZSM-5YTF have a higher pore volume than the 

commercial ZSM-5. Finally, as expected the pore volume of all the ZSM-5 materials, 

irrespective of the preparative method, is lower than that of the commercial zeolite Y 

and p (Vpore =0.24 cn f g'  ̂ and 0.21 cm^g'\ respectively).

Ino
o
E
E

lo m m erc ia l  z e o l i t e -Y  (S i /A I= 8 0 )  
I  Z S M -5 Y T F

8

7

Z S M - 5 Y T6

c o m m e r c ia l  Z S M -5
5

4

3

0 .0  0 .2  0 . 4  0 .6  0 .8  1 .0

P /P o

F igure  3 .4 .6  (i) N 2 adsorptioii/desorption isotherms fo r  com m ercial zeolite Y, 

com m ercial ZSM-5, ZSM -5 produced  fro m  zeolite Y  by the tem plate-free m ethod  

designated  ZSM -5YTF  and by the use o f  TPABr, designated ZSM -5YT.
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fO
E
E

3

2

commercial zeolite-p 
Si/AI=300

ZSM-5BTF300 
, commercial ZSM-5

ZSM-5BT300

T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0

P/Po

Figure 3.4.6 (ii) % adsorption/desorption isotherms fo r  commercial zeolite P  (300), 

commercial ZSM-5, ZSM-5BTF300 and ZSM-5BT300.

fo
E
E

commercial zeolite-p 
(Si/Al=75)

ZSM-5BTF75

commercial ZSM-5 

ZSM-5BT75

3

2
0.0 0.2 0.4 0.6 0.8 1.0 

p/p.
Figure 3.4.6 (iii) N2 adsorption/desorption isotherms fo r  commercial zeolite p  (75), 

commercial ZSM-5, ZSM-5BTF75 and ZSM-5BT75.
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Table 3.4.6 includes the pore volumes obtained for each ZSM-5 zeolite, here we see that 

the values obtained for the seven zeolites studied range from 0.14-0.21 cm^g'\ which 

agree with values from the literature The commercial zeolite |3 and Y show a

greater pore volume (ca 0.4-0.8 cm ĝ'  ̂ higher) to the ZSM-5 material, which is 

reasonable taking into account that they are less dense, larger pore materials with 

12MRs. The template free method yields materials with a higher volume (ca 0.4 cm^g' )̂ 

compared to the ones prepared by templated methods.

Table 3.4.6: Pore volumes calculated for each ZSM-5 are summarised

ZSM-5 by the Templated 
Synthesis

Vdr 
/  cm^g^

ZSM-5 by the Template 
Free Synthesis

Vdr 
/ cm'^g'^

ZSM-5 from zeolite Y (80) 0.17 ZSM-5 from zeolite Y (80) 0.21

ZSM-5 from zeolite p (75) 0.14 ZSM-5 from zeolite p (75) 0.18

ZSM-5 from zeolite p (300) 0.14 ZSM-5 from zeolite P (300) 0.18

- 3 - 1*The volume o f commercial ZSM-5 is 0.15 cm' g

3.4.7 Thermogravimetric analysis (TGA) and mass spectroscopy (MS) of templated 

ZSM-5

The combined MS-TGA technique was used to identify the mass loss at specific 

temperatures and thus this information was used to investigate the amount of template 

that is present per unit cell. Intensity vs temperature plots o f the total mass loss and 

separate mass losses are shown in figure 3.4.7 (i) and (ii), respectively. In figure 3.4.7

(iii) a TGA plot o f the templated ZSM-5 materials is shown. The weight loss % of each 

ZSM-5 material is summarised in the table 3.4.7.
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Figure 3,4.7 Intensity vs temperature plot o f  H-ZSM-5BT300 showing (i) the total 

product given o ff (ii) showing different identified species being given o ff during water 

release and template decomposition.

 ZSM-5YT
ZSM -5BT300

-Z S M - 5 B T 7 5

102n
100 -

84-
T T T T T T

0 100 200  300  4 0 0  500 60 0

Temperature°C

Figure 3,4,7 (iii) TGA plots ofZSM-SYT, ZSM-5TB300 and ZSM-5TB75.

We can see from the plot of intensity vs temperature, water (in figure 3.4.7 (ii)) is lost 

between 40-250°C and the template decomposition occurs between 400-550°C. We 

estimate that the % weight loss is similar for all three ZSM-5 materials i.e. ca 13.5%. 

Thus, using information provided from data in figure 3.4.7 (iii), the mass o f the 

template and the framework structure is calculated.
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A unit cell of the siliceous analogue of ZSM-5, silicalite (S-1) has 192 oxygen atoms 

and 96 Si atoms. However, the number of Si changes on addition of aluminium. The 

relative molecular mass (RMM) of the unit cell has to be calculated, taking into 

consideration the Si0 2 /Al203  ratio of the final ZSM-5 product. The number of template 

molecules per unit cell was calculated using the steps explained below:

• The template mass loss after heat treatment of the ZSM-5 samples was 

identified. The number of moles was calculated by dividing mass of template by 

the RMM of template.

•  The final mass after heat treatment was considered to be pure ZSM-5 and this 

mass was divided by the estimated RMM of a unit cell and the number of moles 

of the unit cell was calculated.

• Finally the template per unit cell was calculated by dividing the number of 

moles o f the template by the number of moles o f the unit cell.

Table 3.4.7: Demonstrates the calculation used to find the amount o f template per unit 

cell.

ZSM-5TY
Si02/Al203=19

ZSM-5TB300
Si02/Al203=46

ZSM-5TB75
Si02/Al203=25

RMM 5756 5759 5757
Mass of zeolite left/mg 4.7 8.8 7.1
moles of template lost 0.00195 0.00326 0.0024
template per unit cell 2.4 2.13 1.95

From table 3.4.7, the amount of template per unit cell was estimated to be 

approximately 2 for all three ZSM-5 materials. The template molecules are thought to 

reside in the 10 MR channels. The number of Al(III) ions in the unit cell is 5, 2 and 4 

for ZSM-5TY, ZSM-5TB300 and ZSM-5TB75, respectively. The number of template 

molecules increases on increasing Al content. It has been reported that when the 

TPA^ cation can no longer completely compensate for the negative charge smaller 

cations are required.
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3.5 DISCUSSION

In this chapter, it was illustrated that zeolite P and zeolite Y on addition to an alkaline 

solution and when subjected to hydrothermal treatment dissolve and re-crystallise (over 

a  period of time) to form the ZSM-5 material. After prolonged hydrothermal treatment 

or the use of high temperatures a dense-phase material is obtained. This transformation 

pattern follows Ostwald rule, which states that, at high reaction times metastable 

molecular sieves transform to other more stable structures under certain conditions 

As shown in figure 3.5 (i) zeolite p and Y re-crystallise to a denser (still microporous), 

more stable phase.

FAU. 
12.7T/1000Â'

MPI
17.9 T/1000

Figure 3.5 (i) A scheme showing the structures o f  the less dense frameworks o f  (large- 

pore-12 MR) zeolite f  and zeolite Y going to the more dense structure (medium pore 10 

MR), ZSM-5.

The parameters that may affect the synthesis of ZSM-5 using the transformation method 

were also investigated. Here, it was seen that cations affect the crystallisation rate of 

ZSM-5. When KOH (rather than NaOH) was used, it resulted in a longer crystallisation 

time to produce crystalline ZSM-5. Thus, Na^ ions are preferred since they clearly assist 

rapid crystallisation of ZSM-5. On decreasing the temperature the crystalline material 

takes a longer time to form, but at the same time the microporous structure appears to be 

stable for longer time under hydrothermal conditions. However on employing high 

temperatures (>175°C) it is more difficult to control the stability of the microporous 

ZSM-5 material, since subsequent conversion to either tridymite or quartz phase 

material takes place. Thus the present study identifies that the most preferred
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hydrothermal conditions are: temperature of ca 150°C, time of ca 24 hours and molar 

concentration o f NaOH of ca 0.3M.

A t this stage it is possible to discuss the mechanism proposed in ref. [24] for the 

decomposition o f the framework. It was reported here that the silicon o f the framework 

can be dissolved by the OH* ion (to which the A1 centres are inert). The high pH of the 

solution increases the solubility of the Si, by ionising the silanol groups and hydrolysing 

the oxygen bridges but leaves the aluminium tetrahedrally co-ordinated to four OH 

groups. Finally as the pH increases the silanol functions become more and more ionised 

whilst the A1(0H)4* remains unchanged Thus according to ref. [25] the Si0 2 /Al203  

ratio of the re-crystallised aluminosilicate is expected to decrease with increasing pH. 

Once all the species are in solution, the OH species act as mobilising agents, increasing 

super-saturation, nucléation and crystal growth. The Na^ ion acts as a structure-making 

cation, where it interacts with the water molecule (because o f its high charge density) 

the original hydrogen bonding is broken and thus the water molecules re-arrange 

themselves around the ion̂ ^̂ .̂ However, with the use of a template it is possible to 

prepare a Si richer framework̂ '̂*̂ .

The chemical analysis results we obtained for the ZSM-5 materials agree with ref. [24] 

which reports that without the use o f a template an A1 richer framework is produced. 

This corroborates the higher yield obtained with the use of a template. It is clear that 

when zeolite Y (80) was used as a starting material the ZSM-5 produced had the lowest 

Si0 2 /Al203 ratio (for both the templated and non-templated synthesis) and the ZSM-5 

materials produced with a higher Si0 2 /Al203  ratio were those from zeolite P (300). 

Special care must be taken when preparing the ZSM-5 material in the absence of a 

template since a dense phase is formed when using high temperatures or prolonged 

heating. The dense phase was identified in XRD patterns and SEM micrographs. On 

using a template source, we were able to direct the synthesis route to a specific 

compound, for example on using TBABr, ZSM-11 was formed. Zeolite Y could not be 

converted directly to zeolite p using the 0.3M alkaline solution and TEACH alone, 

unless identical procedure to produce zeolite p as that reported in the literature by 

Camblor et al.̂ *"̂  ̂was used. (A thorough investigation was not carried out on preparing 

zeolite p using zeolite Y as the starting material, however, this has proven feasible and 

worth pursuing). A crystalline ZSM-5 material was prepared only after 4 hours of  

synthesis time on employing TPABr to the synthesis gel o f the starting zeolite in an
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alkaline solution. The SEM micrographs showed that the quality o f the ZSM-5 material 

prepared with a template increased with time.

SEM showed that when using zeolite p (either SiOz/AliOs 75 or 300) as a source, 

smaller cubic crystals were formed when a template was used in the synthesis, whereas 

in  the case of ZSM-5 prepared from zeolite Y larger crystals were formed when a 

template was used in the synthesis. Smaller crystals have been reported to have a 

larger surface area enable diffusion more easily, however, probably not enough to 

explain a larger pore volume. Smaller zeolite crystals are preferred since more of the 

zeolitic surface area is available on the exterior o f the zeolite However, a smaller 

external surface area was reported to provide higher shape selectivity The optimum 

crystal size is a compromise between selectivity and effectiveness.

The ZSM-5 materials produced were studied in great detail using ^̂ Si and ^̂ Al NMR 

spectroscopy since these techniques give insight on the ordering o f the A1 and Si in the 

framework and the coordination of the Al, respectively. In the ^̂ Al MAS NMR spectra 

o f  most ZSM-5 materials, after ion-exchange a resonance at ca 0 ppm appeared, this 

implies that during calcination the aluminium species of the framework were removed 

to cationic [A1(H20)6]^^ species and were not removed by washing. The most important 

information provided by the ^̂ Al NMR studied is that the vast majority o f the 

aluminium is in the framework, and very little amount o f extra framework species is 

present. This is also consistent with the FTDR. spectra. It is clear from the FTIR spectra 

that all the ZSM-5 materials prepared (except that from zeolite Y and a template) there 

is a strong band at 3610 cm"% indicative of the presence o f bridging hydroxyls 

responsible for Bronsted acidity. The FTIR spectra of ZSM-5YT and ZSM-5BT300 

show a band at ca 3725 cm'̂  and this band was identified in high silica zeolites as 

internal non-acidic silanol groups which exist in addition to external silanol groups. 

This again agrees with the chemical analysis results that the templated synthesis yields a 

Si richer framework. A band at ca 3700 cm*̂  (external A1(0H)3) was seen more often in 

the materials prepared using a template and the latter was corroborated by the ^̂ Al 

NMR spectra. The FTIR spectrum of the material with the weakest acidity was that of 

ZSM-5YT. This agrees with the ^̂ Al NMR results that showed the largest number of 

extra fiumework aluminium species in ZSM-5YT.

A greater amount o f extra framework aluminium species is seen for the H form o f ZSM- 

5 prepared by a template; this can be explained by the double calcination (one to
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remove the template and the second to convert into the ZSM-5 to its H form). Finally, 

the ZSM-5 material with the highest amount o f octahedral species (seen from the 0 ppm 

resonance in the ^̂ Al NMR spectra), is that using the starting material with the highest 

amount of octahedral species, zeolite Y.

The porous structure of the materials was measured using Nz adsorption where the non- 

templated zeolites showed a higher volume.

Concluding remarks

In summary, the results of the present study suggest that it is possible to prepare the 

ZSM-5 material with a low SiOz/AlzOs ratio without the aid o f seeding or templating 

agents; a novel approach which is likely to be useful for the production of 

environmentally benign catalytic materials. Thus given the promise o f this method we 

extended this approach to the preparation of an important metallosilicate, TS-1 (see 

chapter 4). In addition, what is certain, is that the novel synthesis used to prepare ZSM- 

5 has shown to be successful for preparing materials with high Bronsted acidity with a 

great majority o f Al(III) species in the framework sites, this does not apply to the 

commercially obtained zeolites. Using a zeolite as a Si and/or Al source is not a new 

idea, however it has not been practised. In this chapter we showed that by using a 

zeolite as a source to prepare other zeolites is very interesting, it may make available a 

material superior to the conventionally prepared one.
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Chapter 4: An Alternative auvroach to prepare TS-1

4.0 SUMMARY

The aim of this work is to synthesise the catalyst TS-1 (a titanium derivative of 

silicalite-1) by using an alternative route to that developed by the Enichem research 

workers in 1983 In this alternative new approach, titanium is firstly grafted on to a 

silica support; in this case dealuminated zeolite p, which is then used as the starting 

material to prepare TS-1. X-ray diffraction studies clearly showed only phase pure TS- 

1 (MFI related structure) material was produced by both templated and non-templated 

procedures. However, in situ X-ray absorption spectroscopy revealed that whilst the 

templated route controlled tetrahedral titanium centres in the dehydrated state; the non- 

templated procedure, although phase pure, contained titanium in both tetrahedral and 

octahedral coordination.
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4.1 INTRODUCTION

In a society where environmental concerns are rising, there is pressure directed towards 

the production and the use o f environmentally benign catalysts. In the preparation of 

many bulk chemicals, cleaner catalytic processes have already replaced undesirable 

ones. For example, liquid phase oxidation reactions performed with homogeneous 

catalysts have certain disadvantages, in particular in the area of separation and recycling 

o f  the catalysts Thus, there is a continuous and urgent need for the invention of new 

heterogeneous catalysts that can replace homogeneous ones. Similarly, a clean 

oxidation process requires oxidants that will also be economic and environmentally 

friendly by minimising the formation of side waste products or resulting only in by

products that are harmless. Although molecular oxygen will be the most preferred 

amongst other oxidants, it has been found that certain reactions could be performed 

more efficiently with peroxides . Terr-butyl hydrogen peroxide (TBHP) and 

hydrogen peroxide (H2O2) contain a high percentage o f active oxygen and in 

combination with early transition metals (e.g. Ti) react via peroxometal intermediates 

resulting in non-toxic by products such as water (in the case of H2O2) offering an 

interesting alternative route for oxidation reactions.

Titanosilicates have been found to be efficient heterogeneous catalysts that are able to 

oxidise alkenes in the presence of peroxides under relatively mild conditions. A great 

deal o f work has been devoted to the catalytic ability o f the titanosilicates, TS-1, 

(isostructural with ZSM-5), as the active Ti(IV) sites and the medium pore sizes (along 

the [010] channel 5.3 Â x 5.6Â) enables shape selective oxidation reactions TS-1 

provides high reactant selectivity of the ketones and it is used in the catalytic

oxidation of propylene to propylene oxide, this reaction accounts for the production of 

one million tons o f propylene oxide world-wide The first example o f a successful 

titanium containing catalyst was Ti(lV)/Si02 and it was commercialised by Shell in the 

70s, followed by the introduction o f TS-1 in the mid 80s The synthesis of TS-1, 

reported by Taramasso et al. involves the addition o f the titanium source to the gel 

mixture during the hydrothermal synthesis at high pH values. In a typical synthesis, 

tetraethylorthotitanate is mixed with tetraethylorthosilicate and the template, 

tetrapropylammonium hydroxide, was added very slowly to this mixture, at 0°C, to 

prevent the hydrolysis of the titania species. However, it has been noted that
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precaution must be taken to avoid the formation of insoluble TiOz that is usually formed 

at high pH values

Although this method of preparation yields a very good catalyst, wherein the Ti(TV) 

ions are isomorphously substituted for Si(IV) in tetrahedral positions throughout the 

framework, our aim was to explore an alternative route to the preparation of TS-1 by 

avoiding the use o f a titanium salt at the synthesis stage and thus to prevent any possible 

hydrolysis resulting in the formation o f TiO]. This was achieved by anchoring titanium 

centres to a large pore microporous zeolite and use this as starting material for the 

synthesis of TS-1 (using identical procedure to that described by Maschmeyer et al. 

o f  grafting titanium centres onto the walls o f MCM-41). This procedure requires the 

presence of hydroxyl groups at which the titanium species is grafted. Hence, 

dealuminated zeolites were used, since nests o f hydroxyls are generated during the 

dealumination process. To demonstrate the feasibility o f the method, high-silica zeolite 

P was used. It should be noted that it is unlikely that TiCpzCh can be anchored on to 

dealuminated ZSM-5, since the pore dimensions does not permit the easy diffusion of 

this molecule. A highly siliceous (without the presence o f aluminium) source was 

chosen as it is preferred that the TS-1 material has hydrophobic character. Hydrophobic 

character favours the adsorption of the organic substrates over the more polar water 

molecules present in the H2O2 solution since the organic molecules are kept in the pores 

near the Ti(IV) sites

In the 1980s it was proposed that Ti(IV) in the TS-1 catalysts was present as titanyl 

groups or as the corresponding hydrated system Later in 1993, this model was 

corrected using EXAFS to elucidate the nature o f the Ti(IV) species; in refs. [22],[23] it 

was reported that the titanium sites are tetrahedrally coordinated in the calcined, 

dehydrated framework. EXAFS and XANES spectroscopy has been used ever since in 

view of the fact that it offers direct proof o f the coordination o f TifTV) in a system 

In 1997, a detailed computational and EXAFS study was carried out by Sinclair et al.

to examine the nature of the Ti(IV) species after grafting to the surface o f MCM-41 

(all the grafted systems will be identified with an up arrow, for example grafted 

titanium/MCM-41 will be written as TitMCM-41). This work clearly showed that the 

species present in the grafted system were related to (=SiO)3TiCp rather than 

(=SiO)3TiCp2. After heat treatment (to bum off the organic molecules) the species 

formed is a tetrahedral titanium centre; a (=SiO)3Ti(OH) complex
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Past reports on the TS-1 catalyst using X-ray absorption, UV-Vis, Infra Red 

spectroscopy and computational studies were able to provide us with evidence that 

Ti(IV) resides in the tetrahedral coordination in the calcined dehydrated state of TS-1. 

However, in this thesis, only X-ray absorption spectroscopy (XAS) and computational 

methods were used to investigate the local structure around the active sites.

The information that can be provided for titanium in the framework by other methods 

are summarised below:

1. XRD measurements reveal that the unit cell volume increases linearly with Ti 

content

2. IR spectroscopy offers direct proof o f titanium in the framework interpreted by the 

presence o f the band at 960 cm'̂

3. UV-Vis o f TS-1 in vacuo shows a band at 48000 cm'  ̂which is interpreted as O—̂ Ti 

charge transfer transition in isolated and 4-fold [Ti0 4 ]and/or [TiOsOH] structures
[32-35]

EXAFS and XANES, as mentioned above, have been used extensively in the 

elucidation o f TS-1 in this chapter as they provide information on the coordination 

geometry and oxidation state of the titanium species.

Modem computer simulation methods have been successfully applied to model complex 

inorganic solids such as zeolites These methods give numbers that agree closely 

with experimental values for the lattice parameters, bond lengths and interatomic angles 

[28, 41] ggf-Qj-g substituting a Si(TV) with Ti(IV) the structure was energy minimised 

alone by using constant pressure energy minimisation calculations. The aim here was to 

examine the local Ti(IV) structure of a series of titanium substituted siliceous materials 

by using lattice energy minimisation techniques, to find the most stable configuration 

and compare the stmctural information obtained from the Ti K-edge XAS results of 

titanium centres in TS-1.

Scanning electron microscopy (SEM) was used to investigate differences in crystal size 

and morphology created by the different synthetic procedures, since it has been reported 

that particle size plays a major role in the catalytic performance in these materials 

Using theses methods we investigate the nature o f the titanium species in the TS-1 

materials prepared.
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4.2 EXPERIMENTAL DETAILS

4.2.1 Synthesis of Ti grafted zeolite B and TS-1

Synthesis of TS-1 bv Method A (conventional preparation^ This synthesis follows the 

method reported by Taramasso et al.^ l̂ Tetraethylorthosilicate (TEOS) (16.32 grams) 

and 0.25 grams of tetraethylorthotitanate (TEOT) were mixed together and heated to 

35°C in an oil bath. The mixture was cooled to 0°C in an ice-bath where 17 grams of 

tetrapropylammonium hydroxide (TPAOH) was added drop-wise to prevent hydrolysis. 

The final solution was then heated to 80°C to allow the ethanol to evaporate and the 

water was added to restore the initial volume; the final pH value o f the gel came to 

twelve. The batch composition was reported to be ITiOziVOSiOz: 1980H20:30R. The 

gel was then placed in Teflon lined, stainless steel autoclave to a fill level o f 1/3 to 1/2 

and heated to 175°C for 2 days. The resulting solids were then collected, washed and 

dried.

Synthesis of TS-1 using Titzeolite B as a source:

First we will discuss the grafting of Ti on the surface o f zeolite p and then the procedure 

to prepare the TS-1 material.

The following scheme summarises the new preparative route to TS-1 :

ITICP2 CI2  +  chloroform +  TEA

Silica source

Grafting procedure

TI grafted silica source

Calcine at 5 5 0 ^  In and O; In 2 and 4  hours, respectively

+  0.3M NaOH 
Method B

+  0.3M NaOH /TPABr 
Method C

+ TPAOH 
Method D

Hydrothermal treatment 

1
TS-1
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Grafting of Ti on the surface of zeolite P: As mentioned previously, the grafting of 

Ti(IV) to the starting materials was carried out as reported by Maschmeyer et al.

The anchoring of the Ti(TV) species on the zeolite was done under vacuum using 

Schlenk tubes and a round bottom flask; all glass apparatus were heated to 100°C 

overnight before they were used. The starting material, dealuminated zeolite p (5.53 

grams) was placed in a round bottom flask and heated to 200®C for 2 hours using an oil 

bath (in order to dehydrate the zeolite) and the zeolite was re-weighed (4.76 

grams). 0.24 grams o f titanocene dichloride (TiCp2Cl2) was dissolved in chloroform 

{ca 100 ml) and transferred (under vacuum) to the cooled down round bottomed flask 

containing dehydrated zeolite p. This mixture was stirred for 1-2 hours, until the colour 

turned red. Molecular sieves were added to ca 100 ml o f triethylamine (TEA) to remove 

any water present and the dried TEA was finally added (under vacuum) to the red 

solution in order to activate the surface silanols. This solution was stirred overnight 

(within a period o f two hours the colour of the suspension turned from red then orange 

and finally to yellow). Note, to remove water, the flasks were also flushed 3 times with 

argon and contents from one flask were transferred to another, under vacuum. After 

filtration a white solid was recovered, washed extensively with chloroform and heated 

in a furnace to 550°C for 2 and 4 hours in a flow o f nitrogen and oxygen, respectively to 

remove the entire organic contents. This solid will be designated Tifzeolite p. The 

dealumination o f zeolite p was not performed as part of this thesis and at this stage it 

was assumed that it was completely dealuminated. The Ti02/Si02 ratio of the final 

grafted material was estimated to be the same as the initial ‘gel’, ca 0.01.

Preparation o f TS-1 using Titzeolite p and NaOH (Method BV 1 gram of Tifzeolite 

p was dissolved in 30ml o f a 0.3M NaOH solution and stirred for 3-4 hours. This 

mixture (we assume the ratio to be 0.99Si:0.01Ti:0.56Na:104H20) was transferred to a 

Teflon lined stainless steel autoclave to a fill level o f 1/3 to 1/2 and subjected to 

standard hydrothermal conditions for 4-5 days at 150°C. The resulting solid was then 

collected, washed and dried at 100°C. The yield was ca 40% and results from ICP-AES 

analysis show a TiÛ2/  Si02 =0.04 and the Si0 2 /Al203  =47 (which suggests that the 

zeolite p used was not completely dealuminated).

n o



An alternative approach to prepare TS-1

Preparation of TS-1 using Titzeolite B. NaOH and TPABr (Method Q : 1 gram of 

Titzeolite p was dissolved in 30ml of a 0.3M NaOH mixture and stirred for 30 minutes. 

0.21 grams o f tetrapropylammonium bromide (TPABr) was added and stirred for a 

further 1-2 hours. This mixture (we assumed the ratio to be 

0.99Si:0.01Ti:0.56Na:0.05R:104H20) was transferred to a Teflon lined stainless steel 

autoclave to a fill level of 1/3 to 1/2 and subjected to standard hydrothermal conditions 

for 24 hours at 175°C. The resulting solid was then collected, washed and dried at 

100°C. The yield was ca 40% and results from ICP-AES analysis show a TiOi/ SiOz 

=0.04 and the SiOi/AliOs =60.

Preparation of TS-1 using Titzeolite B and TPAOH (Method DV 1 gram of Tijzeolite 

p was dissolved in 2 grams of TPAOH (40% solution) and was stirred for a further 1-2 

hours. This mixture (we assume the ratio to be 0.99Si:0.01Ti:0.37R:2.5H20) was 

transferred to a Teflon lined stainless steel autoclave to a fill level of 1/3 to 1/2 and 

subjected to standard hydrothermal conditions for 24 hours at 175®C. The resulting 

solid was then collected, washed and dried at 100°C. The yield was ca 40% and results 

from ICP-AES analysis show a Ti02/ Si02 =0.02 and the Si0 2 /Al203  =130.

4.2.2 Characterisation techniques

X-ray diffraction measurements were collected on a Siemens D500 diffractometer.

Ti K-edge XAS measurements were carried out on station 8.1 o f the Daresbury 

Synchrotron radiation source, which operates at 2GeV with a typical current in the 

range 150 to 250mA. Station 8.1 was equipped with S i ( l l l )  double crystal 

monochromator, ion chambers for measuring the incident and transmitted beam 

intensities and a thirteen element Canberra detector for recording the fluorescence data. 

In a typical experiment to obtain a calcined dehydrated material, 100 mg of the catalyst 

was pressed into a disc of 20 mm and mounted into the sample holder of the calcination 

cell (see page 43). The catalyst was heated to 550°C at 5°C/min in a flow of nitrogen 

first and subsequently oxygen for 2 and 4 hours, respectively to yield the calcined 

(activated) catalyst. The sample was cooled to room temperature and the cell was 

sealed prior to the Ti K-edge XAS measurements. Due to the material containing only 

1% w/w Ti, it was not possible to collect reliable XAFS data in the transmission mode,
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thus all data were collected in fluorescence mode The EXAFS analysis was carried 

out using the single scattering procedure.

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) was used to 

determine the elemental composition.

The SEM images were collected on a Hitachi S-570.

Interatomic potential (IP) calculations were performed employing the GULP program 

using potentials for the host lattice and the T i-0 interaction parameters from 

reference The parameters o f the interatomic potentials are listed in table 4.2.2 (i).

Table 4.2.2 (i): Potential parameters used (in the GULP code for Ti-substituted 

silicate calculations

Buckingham
Potential^

A(eV) P(A-') C(eVA")

1460.3 0.3205 10.66
877.34 0.3879 0.00

0^-0^' 22764 0.14900 27.88
0 ^ -0 '" ' 22764 0.14900 27.88
O^-H 1102.4 0.2500

3-body Potential" 
O -Si-0

K(eVrad')
2.09724

©o
109.47

Morse Potential" 
H -O '"

D(eV)
7.05

2.1986

Shell Model 
Potential

K(eVÂ'^)
74.92

Shell Charge(|e|) 
2.09724

Ions Sî "̂ T r 01.4- O^'(core) 0"-(shell)
Coulombic
Charges

4.0 4.0 -1.426" +0.86902 -2.86902

 ̂Oxygen and lydrogen components o f OH

^E(r)=Ae'^P-Cr-^

E(r)= De{ l-exp[-a(r-ro)]

' E (0 )= ik  (00-0)^ (for both O species)
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4.3 RESULTS

First the results of the starting titanium grafted zeolite p will be discussed and 

subsequently the results of the TS-1 material prepared from Tifzeolite p will be 

presented.

4.3.1 Ti grafted zeolite P 

X-ray diffraction studies

The X-ray diffraction pattern of the dealuminated zeolite p after grafting the TiCpiCb 

and calcining to remove the organic material is shown in Figure 4.3.1 (i). As mentioned 

in section 4.1, after calcination of the Cp-Ti grafted silicate materials the Cp molecule is 

replaced by an OH species

3

(/)c
I

5 10 15 20 25 30 35 40

28°

Figure 4.3.1 (i) XRD pattern o f  dealuminated zeolite (3 after grafting the TiCp2Ch and 

calcining to remove the organic material.

Ti K edge X-ray absorption spectroscopy

XANES study of starting Titzeolite B material : The intensity and position of the pre

edge (marked as A in figure 4.3.1 (ii) (a)) is related to the coordination geometry of 

titanium, i.e. BTS-10 (see figure 4.3.1 (ii) (b)), in which titanium is in octahedral 

coordination, has a pre-edge intensity o f ca 0.22 (the pre-edge intensity has arbitrary 

units) and its position is at 4970.36 eV, whereas Ti(OSiPh3)4, a model compound for 

Ti(IV) in tetrahedral coordination, has a high pre-edge intensity, due to loss of centro- 

symmetry {ca 0.81) and the pre-edge position is at a lower energy {ca 4969.16 eV)
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39,45̂ 7] a direct correlation has been estabiised between the pre-edge position and 

its intensity: tetrahedrally coordinated systems have a higher pre-edge intensity which 

appears at ca 1.3 eV lower than that o f an octahedrally coordinated titanium centres 

(that have lower pre-edge intensity). Similarly, the distinct shoulder on top of the main 

absorption edge (marked as B) is also related to the coordination geometry of the central 

atom When Ti(IV) is in tetrahedral coordination this feature B, almost

disappears. These correlations have been successfully employed in the past 

for the determination of coordination environment of several titanosilicate catalysts.

In the XANES spectra the pre-edge intensity vs position of the four titanium substituted 

materials is plotted in figure 4.3.1 (ii) (a) and (b), respectively. The materials seen are: 

as-prepared Cp-Tiîzeolite P, the same material after calcination and re-hydration, the 

calcined and dehydrated materials and the model compound of Ti(IV) in tetrahedral 

coordination (Ti(OSiPh3)4).

0.9n

de-hydrated HO-Ti-zeolitep g g _ Ti(OSiPhJ,

hydrated HO-Ti-zeolitep
0.7-

hydrated Cp-Ti-zeolitep 0 . 6 -

O)
■ de-hydrated HO-Ti-Zeolite-p

0.5-

Ti(OSiPh,
0.4-

hydrated HO-Ti-Zeolite-|

0.3-
hydrated Cp-Ti-Zeolite-p 

■ ETS-100 . 2 -

4920 4960 5000 5040

Energy/eV
4969.0 4969.5 4970.0 4970.5

Energy/eV

Figure 4.3.1 (ii) (a) Ti K  edge XANES plots spectra (b) Variation o f  the intensity vs the 

position fo r  various Ti containing materials: according to Sankar et al. the error 

bar o f  pre-edge position o f  various Ti substituted silicates was estimated to be O.SeV.

It is clear the pre-edge intensities of the as-prepared Cp-Tifzeolite p and the hydrated 

HO-Titzeolite p are much lower than that of the calcined (dehydrated system).
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Although feature B is similar for both dehydrated Titzeolite p and the model compound 

Ti(OSiPh3)4, there is a significant difference in the pre-edge intensity, with the 

dehydrated HO-Ti t  zeolite p being lower than the model compound. However, the 

position o f the pre-edge intensity is identical to that o f the model compound (see figure

4.3.1 (ii) (b)), suggesting that the titanium centres are in tetrahedral coordination. It 

appears that the local environment of the dehydrated HO-Titzeolite p system is not in 

the same environment as that o f the tetrahedral symmetry present in the model 

compound. The pre-edge intensities o f the as-prepared Cp-Titzeolite P and hydrated 

HO-Titzeolite p are higher and the pre-edge positions are lower compared to ETS-10, 

suggesting that the hydrated HO-Titzeolite p material does not generate the type of 

octahedral coordination seen for ETS-10 type materials. Similar discrepancies have 

been noted for several other titanosilicates and it has been interpreted as due to 

differences in symmetry.

EXAFS of Titzeolite B: It has been shown in earlier work that when Ti(IV) is grafted to 

the surface of silica, the local geometry o f the Ti(IV) species was tripodal (see

figure 4.3.1 (iii)). The Ti(IV) centres in calcined and dehydrated Ti|MCM-41 were 

proposed to be in tetrahedral coordination^^ '̂ Thus, it is expected that the

local structure o f Titzeolite p behaves in a similar way to that o f other titanium grafted 

systems, since identical preparative procedures o f TitMCM-41, have been used in this 

work. Structural models, as shown in figure 4.3.1 (iii), have been constructed for the 

refinement of the EXAFS data, however the Si-O(Si) distances are similar to the Si- 

0(H ) distances and thus they were not refined separately, also the Si-O(H) are referred 

to as Si-O(Si) in the EXAFS analysis results. Simple analysis by restraining all the 

closely related distances and their Debye-Waller factors was performed. Our main 

concern is whether titanium is present in tetrahedral coordination upon calcination, 

similar to the one found for the titanium grafted MCM-41 material, since it will be used 

as the starting material for the synthesis of TS-1. The EXAFS of Cp-Ti jzeolite p 

material that has been calcined and hydrated was fitted to an octahedral tripodal model 

(three Ti-O(Si), one Ti-OH and 2 water loosely bound water molecules, see figure 4.3.1 

(iii)). The Ti-O(Si) bond distance o f 1.827 Â and the longer Ti-0(W ) o f ca 2.35 Â are 

typical o f Ti(IV) inside the fiumework at octahedral coordination. The most important 

result here is, after dehydration, the EXAFS data o f this material could be fitted to four
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Ti-0 bond distances of 1.807 Â, which is consistent with the XANES finding that 

Ti(IV) is in tetrahedral coordination in the calcined dehydrated catalyst. The best fit 

between the experimental and calculated EXAFS data and the associated Fourier 

transforms are shown in figure 4.3.1 (iv) and the results given in table 4.3.1 (i) (page 

117).

A B C

0  H 
#  °
0
0 Si
Ù C

Figure 4.3.1 (in) Structural models used fo r  the E XA FS analysis o f T i  K -edge EXAFS  

data (A) H ydrated  Cp-Ti]zeolite P gra fted  system (B) hydrated H O -Ti]zeolite  

P ; octahedral coordination (tripodal with 2 loosely hound water molecules) hydrated  

and  (C) ca lcined  de-hydrated H O -Ti^zeolite P; tetrahedral coordination (tripodal 

m odel fo r  the ca lcined  and  dehydrated system).
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Figure 4.3.1 (iv) Ti K-edge EX A F S data and  the associated  Fourier transforms fo r  (a) 

H O -Ti ]zeolite P (hydrated) (b) H O -Ti ^zeolite p  (dehydrated). R ed  lines represent the 

calculated  EXA FS and  the black curve show s the experim ental data.
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Table 4.3.1 (i): Structural parameters determined from Ti K-edge EXAFS of hydrated 
HO-Titzeolite p and dehydrated HO-Titzeolite p

System R' 2q2 2o2

Ti-O(Si) Ti-O(Si) T i-0(W )A Ti-0(W)
A A" A"

hydrated HO-Titzeolite p 1 .827x4 0.015 2.192 0.015

2.465 0.021

dehydrated H O -Tit zeolite p 1.807x4 0.012 - -

0(S i) represents the oxygen atoms that bridges Ti(IV) and Si(IV) (or H) sites 
^0(W) represents the oxygen atoms of the loosely bound water molecules coordinating 
to the Ti(IV) sites

4.3.2 TS-1 synthesised bv conventional method (method A) and synthesised from 

the new preparative route using Ti grafted zeolite B (methods B-D)

X-rav diffraction studies

X-ray diffraction patterns were collected for all the TS-1 materials, to examine the 

phase purity (see figure 4.3.2 (i)). As mentioned before, TS-1 was also synthesised 

using the conventional procedure and this material was used as the reference to compare 

the crystallinity and purity o f TS-1 prepared by other methods. From figure 4.3.2 (i), it 

is clear that irrespective o f the preparation method, reflections related to the MFI 

structure are present and no other extra reflections related to other phases appear. 

However, the TS-1 material prepared by non-templated method is poorly crystalline.
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Figure 4.3.2 (i) XRD patterns o f TS-1 prepared by (A) method A (conventional 

preparation) (B) method B (prepared from Titzeolite p  and NaOH), (C) method C 

(prepared from Titzeolite f a n d  NaOH/ TPABr) and (D) method D (prepared from 

Titzeolite P and TPAOH).

Ti K edge XANES and EXAFS for conventionally prepared TS-1 (method A)

First we show the results of the TS-1 samples prepared by conventional method, since 

we used this result as our reference to compare the TS-1 prepared by other methods.

XANES of TS-1 prepared by the conventional method: Ti K-edge XANES of as- 

prepared, calcined (dehydrated) and hydrated forms of TS-1 are shown in figure 4.3.2 

(ii) (a). As noted before for the titanium grafted zeolite p system, the as-prepared and 

hydrated TS-1 system shows a lower pre-edge intensity compared to the dehydrated 

material and the model system Ti(OSiPh3)4 , suggesting that water interacts with the 

Ti(IV) centres upon exposure to atmosphere. However, the plot of pre-edge intensity vs 

position shown in figure 4.3.2 (ii) (b), suggests that the octahedral coordination 

generated by the interaction of water molecules with titanium centres does not generate 

the same octahedral coordination seen in ETS-10 type materials. Although feature B is
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similar for both dehydrated TS-1 and the model compound Ti(0SiPh))4, there is a 

significant difference in the pre-edge intensity, with the dehydrated TS-1 being lower 

than the model compound.

0. 9
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Figure 4.3.2 (ii) (a) Ti K  edge X A N E S p lo ts  and  (b) p re-edge intensity’ vs energy  

positions o f  TS-1 prepared  by conventional methods: as-prepared, calcined, calcined  

and  re-hydrated, they are also com pared with the m odel com pounds o f  Ti in tetrahedral 

and  octahedral coordination.

EXAFS of TS-1 prepared bv the conventional method: The local structure of the TS-1 

catalyst was previously reported to be a tetrapodal model (see figure 4.3.2 (iii)) and 

such a model was used as a starting point to refine the EXAFS data for our TS-1 

material. The results from the EXAFS analysis of the as-prepared TS-1 materials are 

shown in table 4.3.2 (i) (see page 123) and those of the calcined TS-1 materials are 

shown in table 4.3.2 (ii) (see page 125), where the latter are compared with results 

obtained from interatomic potential calculations. The best fit between the experimental 

and calculated EXAFS data and the associated Fourier transforms are shown in figure

4.3.2 (v) (see page 124) and 4.3.2 (vi) (see page 126) for the as-prepared and calcined 

materials, respectively. The calcined and dehydrated catalyst has shorter T i-0 bond- 

distances compared to the as-prepared materials. Thus, it is evident that upon 

calcination two loosely bound water molecules are desorbed from the octahedrally
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coordinated titanium centres resulting in a four coordinated, tetrapodal site. The 

calcined material exposed to atmosphere yields an average coordination number of five, 

which suggest that a mixture of Ti(IV) species exist in tetrahedral and octahedral 

geometry. This is also consistent with the XANES results since the pre-edge position is 

more similar to that for a tetrahedral system than for a 5 coordinated one

D E

o H

•
o

o Ti

© Si

Figure 4.3.2 (iii) Structural models used fo r  the analysis o f  the TS-1 EX A F S data (D) 

tetrahedral coordination (tetrapodal model) and  (E) octahedral coordination  

(tetrapodal m odel with two loosely bound water molecules).

XANES of TS-1 prepared using Titzeolite p: The Ti K edge XANES plots of TS-1 are 

shown in figure 4.3.2 (iv) (A) and (B). All the materials show an increase in pre-edge 

intensity after calcination and dehydration compared to the as-prepared TS-1. The pre

edge intensity o f the as-prepared and calcined TS-1 materials synthesised without the 

use of a template has a lower intensity than that o f the other two TS-1 materials 

(prepared with template) and the shoulder on the top of the main absorption edge, is 

higher for the TS-1 material prepared without template. In figure 4.3.2 (iv) (C), the pre

edge intensity vs position for the various TS-1 samples are plotted along with those 

model systems. The pre-edge position of the as-prepared TS-1 material synthesised 

without template is also at a higher position compared to the materials prepared with a 

template. The lower pre-edge intensity and the higher position of the pre-edge implies 

that the TS-1 material prepared without template has less tetrahedral Ti(IV) species in 

the framework. The pre-edge peak intensity and position of the two TS-1 materials 

prepared with a template (one using TPAOH and the other using TPABr) have no 

significant differences between them.
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Figure 4.3.2 (iv) Ti K  edge XANES o f TS-1 prepared using Ti |  zeolite p  as the starting 

material: (A) as-prepared TS-1 and (B) calcined TS-1 prepared using (a) no template 

(b) TPABr and 0.3M NaOH and finally (c) only TPAOH and finally (C) pre-edge 

intensity vs energy position fo r  various the TS-1 materials prepared using (a) no 

template (b) TPABr and 0.3M NaO H  and (c) finally TPAOH.
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EXAFS of TS-1 prepared using Titzeolite B: The best fit between experimental EXAFS 

and the calculated data of all the as-prepared TS-1 materials are shown in figure 4.3.2 

(v) and the results of the analysis are given in table 4.3.2 (i). The as-prepared TS-1 

materials synthesised with template (either TPAOH or TPABr/NaOH) have shorter Ti- 

O bond distances (ca 1.88 Â) compared to the TS-1 material synthesised without a 

template (ca 1.95 A). Moreover, the Ti-0 bond distances o f the as-prepared TS-1 

materials prepared with a template and using Tijzeolite p as the starting material are 

very similar to those o f TS-1 material prepared by the conventional preparation (method 

A). The EXAFS analysis revealed that we have six-coordinated Ti(IV) centres in the 

as-prepared materials. It is important to note that the as-prepared material synthesised 

using TPAOH yielded an average coordination geometry o f five, which would suggest 

that some Ti(IV) species are four coordinate and others are six coordinate.

After calcination and de-hydration the materials yield a four-coordinate species, which 

means that the two water molecules are desorbed firom the Ti(IV) centres during the 

heat treatment (as seen previously). The bond lengths obtained o f the calcined materials 

are shown in table 4.3.2 (ii), where they are compared with results obtained firom 

interatomic potential calculations. TS-1 materials prepared using method C and D (with 

a template and using Titzeolite p as the starting material) are again similar to those of 

the TS-1 material prepared by the conventional preparation (ca 1.80À). However, the 

calcined material prepared firom Titzeolite p without the use o f a template yields longer 

T i-0  bond distances (ca 1.9À). The longer T i-0 bond-lengths o f the calcined TS-1 

material prepared without a template implies that in this material a mixture of Ti(IV) 

species in octahedral and tetrahedral coordination co-exist. However, the Ti(IV) species 

in the materials prepared with a template are all inside the fi-amework in tetrahedral 

positions.

The best fit between the experimental and calculated EXAFS data and the associated 

Fourier transforms for the calcined TS-1 catalysts are shown in figure 4.3.2 (vi) (page 

126) and the results are given in table 4.3.2 (ii) (page 125).
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Table 4.3.2 (i): Structural parameters determined from Ti K-edge EXAFS of the as-prepared TS-1 synthesised by the conventional method 

and using the Ti grafted zeolite p as the starting material.

System R
Ti-O(Si) Â

2a2

Ti-O(Si)
R
Ti-0(W) A

*2ct̂
Ti-OCW) A^

TS-1 as-prepared 1.866 X 4 0.01 2 .361x2 0.017

TS-1 calcined and re-hydrated̂ "̂ ^ 1 .818x4 0.01 2.53 X 1 0.009

TS-1 as-prepared 1.950x4 0.009 2.433 X 2 0.024

TS-1 as-prepared 1 .875x4 0.011 2 .381x2 0.025

TS-1 as-prepared 1.882x4 0.014 2.406 X 1 0.02

Prepared by only using 0.3M NaOH 
Prepared by using 0.3M NaOH and TPABr 
Prepared by only using TPAOH 

*2a^ is the Debye-Waller factor
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Figure 4.3.2 (v) Ti K-edge EXAFS data and the associated Fourier transforms fo r  TS-1 prepared hy conventional preparation (a) as- 
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(Red lines represent the calculated EXAFS and the black curve shows the experimental data).
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Table 4.3.2 (ii): Structural parameters derived from computational (Interatomic Potentials (IP)) and Ti K edge EXAFS data for the 

calcined dehydrated TS-1 catalysts synthesised by conventional method and using the grafted zeolite p as starting material.

System R
Ti-O(Si) Â

2a^
Ti-O(Si)

TS-1 calcined and dehydrated 1.804x4 0.008 X 4

^TS-1 calcined and dehydrated 1.956x3 0.006
1.800 X 1 0.009

TS-1 calcined and dehydrated 1.798 0.009

TS-1 calcined and dehydrated 1.805 0.004

^TS-1 (IP) 1.756

 ̂ The calcined TS-1 material prepared by the non-templated route: all Ti-0 bond-distances refined together do not yield a reasonable 
Debye-Waller factor. It was only possible to refine 3Ti-0 and 1 Ti-0 bond-distances separately.
^Average Ti(IV)-0 distances are given in the table. Individual distances for the oxygen that bridge the Ti(IV) and Si(IV) sites are 1.754 
1.752 1.761 and 1.755 A.

Prepared by conventional method 
Prepared by only using 0.3M NaOH 
Prepared by using 0.3M NaOH and TPABr 
Prepared by only using TPAOH
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4.3.3 Scatmiug electron microscopy (SEM) studies

The SEM images taken of all the TS-1 samples: prepared by the conventional method 

and from Ti^zeolite P The SEM micrographs (see figure 4.3.3 (i)) reveal that large 

crystals are obtained using method C (from Ti|zeolite P and TPABr and NaOH). The 

TS-1 material synthesised by method C showed flat blades that are over 2 pm long and 

1 pm wide. On using method B (from Tijzeolite P and only NaOH) a mixture of sizes 

were seen but the TS-1 material prepared using TPAOH (Method D) consists of small 

crystals {ca 0.5 microns) (even smaller crystals) than those prepared by the 

conventional route {ca 0.7 microns).

/MW

F igure 4.3.3 (i) SF M  m icrographs o f  fS - I  m aterials p repared  hy different methods. The 

bar on a ll 4 m icrographs are ca 2 am. (a) C onventional preparation fo r TS-I (top left) 

Ti \zeolite j3 prepared  with (h) no tem plate (top right) (c) TPABr - N aO H  (bottom left) 

an d  fin a lly  (d) TPAOH no N aO H  (bottom right).
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4.4 DISCUSSION

First we discuss the results of the titanium containing zeolite p prepared by grafting and 

subsequently those of TS-1 prepared by the three different procedures. The XRD pattern 

of hydrated HO-Titzeolite P, showed that the framework kept its integrity after grafting 

of Ti and calcining to remove the Cp species.

The XANES spectra of the hydrated, as-prepared material; Cp-TiTzeolite p, revealed a 

small pre-edge intensity and the feature B on the main absorption edge clearly indicated 

the presence of non-tetrahedrally coordinated titanium centres. The similarity of this 

XANES features with the one reported for titanium grafted MCM-41 suggest that 

the same Ti species (the so-called “half sandwich” structure, see figure 4.4 (i)) exist in 

this system. After calcination, it is clear from both EXAFS and XANES that tetrahedral 

titanium centres are produced. Upon exposure to atmosphere, both the decrease in the 

pre-edge intensity of the XANES and increase in average T i-0 distances clearly indicate 

that water molecules interact with the titanium centre yielding a distorted octahedral 

coordination The models used for the analysis, obtained from the XANES and EXAFS 

of the titanium grafted zeolite p, are schematically shown in figure 4 .4 (i) (a-d).

+ [(C2H5)2
TiCy,
EtsN

DehydrationCalcination
ex situ

Dehydration

Hydrothermal 
synthesis of 
zeolite P to 
ZSM-5

Figure 4.4 (i) Schematic representation o f  the preparation o f TS-1 (e-f) via grafting Ti 

onto the walls o f zeolite p  (a-d). The models that represent Ti grafted on the walls are 

represented by those proposed in the literature and used to refine the

materials in this chapter.
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The XRD patterns of TS-1 materials prepared by the conventional preparation and by

the new preparative route (using Titzeolite p as the starting material) show that we

have phase pure TS-1 materials. However, the material prepared by method B (using

T if  zeolite p and only NaOH in the synthesis) shows poorly crystalline ZSM-5 material,

longer synthesis time would improve the crystallinity but the danger o f a dense phase

forming arises.

The chemical analysis showed that Ti02/Si02 was higher in the final product than in the 

starting material. The low yield in combination with the chemical analysis results 

suggest that not all the silica species were incorporated in the final material but most of 

the titania species were.

Our primary concern is the coordination number o f the Ti(IV) species, which we study 

by comparison of the pre-edge intensity in the XANES spectra o f all the TS-1 materials 

prepared by different methods, including the conventional method. This study clearly 

showed that depending on the method o f preparation, the pre-edge intensity and main 

edge features vary suggesting that the titanium centres in all these materials are not 

identical. The pre-edge intensity o f the as-prepared TS-1 (by conventional method) 

shows the highest (0.4) pre-edge intensity compared to the one prepared using TPAOH 

(0.38) or using TPABr and NaOH (0.35) or the non-templated method using NaOH 

(0.12). The average Ti-0 distances support the information that the material which 

shows the least XANES intensity has the highest T i-0 distance o f ca 1.95A. These 

results can be rationalised by considering that titanium in all these materials exists in 

two types o f coordination geometry: one type of site is tetrahedral and inaccessible to 

water molecules (hydrophobic) and the other site is distorted octahedral containing four 

oxygens o f the framework and two oxygens from water molecules (hydrophilic sites). 

When we have a higher number o f hydrophilic sites the pre-edge peak intensity is 

lower.

Upon calcination, TS-1 materials synthesised by templated methods yielded a pre-edge 

intensity in the range o f 0.6 and 0.7 (which is much higher than the hydrated systems) 

and an average T i-0 distance o f ca 1.80Â. These bond distances are typical o f Ti(IV) in 

tetrahedral coordination, this is also corroborated by the high pre-edge peak seen in the 

XANES plots. The EXAFS and XANES results found here are very similar to that 

reported for a variety of titanosilicate catalysts However, the calcined

dehydrated TS-1 material prepared from the non-templated method yields an average 

T i-0 distance o f ca 1.92 A, and the pre-edge intensity is lower compared to those of the
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templated TS-1 materials. Thus, a similar model is unlikely to be present in the case of

TS-1 prepared by non-templated procedure, since the T i-0 average distances are much

higher and the pre-edge position and intensities resemble more closely a mixture of

oxides containing both tetrahedral and octahedral (different from the distorted geometry

described above and more similar to titanium oxides) geometry. Therefore, whilst these

results suggest that this method of preparation is promising for the preparation o f TS-1

without the use of any organic template molecule, it is also evident that further

optimisation is required to obtain the same material as obtained by the conventional

method.

The average T i-0 bond-lengths {ca 1.756Â) obtained from the IP-based energy 

minimisation calculations are slightly shorter than those found by experimental 

techniques for calcined dehydrated TS-1 materials (prepared by templated methods) a 

similar discrepancy in the bond distances was present in similar calculations by Lewis et 

al. on the Fe(III)-doped ZSM-5 catalyst The lattice parameters after optimisation did 

not change. All T-sites were examined and the most stable was found to be T9.

The TS-1 material with the largest crystals is that produced using method C 

(Titzeolitep, 0.3M NaOH and TPABr). TS-1 prepared by method A (conventional 

preparation) and method D yield small crystals o f ca 0.7 pm and ca 0.5 pm, 

respectively. Smaller crystals can be explained by the absence o f Na"̂  ions which is 

known to inhibit nucléation The crystal morphology o f the TS-1 prepared by

method B (only using NaOH) is not homogeneous and consists o f large crystals (similar 

to those seen when using TPABr) and others that are as small as ca 0.1pm. This 

distribution could be due to the crystallisation taking place at lower temperatures (150°C 

rather than 175®C): conditions known to result in small crystals. Therefore, for catalytic 

applications and considering only size, the preferred preparation is that using TPAOH 

and no Na"̂  ions.

Concluding Remarks

In summary we have demonstrated that it is possible to prepare TS-1 by initially 

creating a titanosilicate system using the grafting procedure and employing it as the 

source for titanium and silicon to prepare other microporous titanosilicates. Both XRD 

and XAS results clearly support the formation o f the MFI structure and titanium centres 

in tetrahedral coordination in the dehydrated system, respectively. It appears that the 

templated procedure yields a more hydrophobic material than the non-templated
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procedure. Further studies are necessary to optimise the condition for the preparation of

TS-1 by the non-templated method. The present study also suggests that it is possible to

control the particle size by altering the preparative procedures, and for a particular

method (using TPAOH and no NaOH) even smaller crystals were obtained compared to

those from the conventional method. Preliminary studies using other silica sources for

grafting titanium and converting them to form TS-1 clearly indicated that the procedure

described here can be extended effectively for the preparation o f TS-1 using less

expensive silica source.

REFERENCES

1. T.Taramasso, G.Perego, and B.Notari, in U.SPatent 4,410,501. 1983.

2. R.A.Sheldon, Redox molecular sieves as heterogeneous catalysts fo r  liquid 

phase oxidations, in 3rd World Congress On Oxidation Catalysis. 1997. p. 151- 

175.

3. I.W.C.E.Arends, R.A.Sheldon, M.Wallau, and U.Schuchardt, Oxidative 

transformations o f  organic compounds mediated by redox molecular sieves. 

Angewandte Chemie-Intemational Edition in English, 1997. 36: p. 1144-1163.

4. A.Bhaumik and T.Tatsumi, Selective dihydroxylation over titanium silicate 

molecular sieves. Journal of Catalysis, 1998.176: p. 305-309.

5. M.G.Clerici, G.Bellussi, and U.Romano, Synthesis o f  propylene and hydrogen 

peroxide catalyzed by Titanium silicate. Journal of Catalysis, 1991.129: p. 159- 

167.

6. R.Murugavel and H.W.Roesky, Titanosilicates: recent developments in 

synthesis and use as Oxidation catalysts. Angewandte Chemie-Intemational 

Edition in English, 1997. 36(5): p. 477-479.

7. L.Y.Chen, G.K.Chuah, and S.Jaenicke, Propylene epoxidation with hydrogen 

peroxide catalyzed by molecular sieves containing framework titanium. Journal 

o f Molecular Catalysis A, 1998.132(2-3): p. 281-292.

8. X.Zhang, Z.Zhang, J.Suo, and S.Li, Catalytic monoepoxidation o f  butadiene 

over titanium silicate molecular sieves TS-1. Catalysis Letters, 2000. 66: p. 175- 

179.

9. G.Petrini, A.Cesana, G.D. Alberti, F.Genoni, G.Leofanti, M.Padovan, 

G.Paparatto, and P.Roffia, Deactivation phenomena on Ti-silicalite, in Zeolites 

and Microporous Crystals. 1991. p. 761-766.

131



An alternative approach to prepare TS-1

10. T.Tatsumi, K.Yanagisawa, K.Asano, M.Nakamura, and H.Tominaga, Titanium

silicalites As shape-selective oxidation catalysts, in Zeolites and Microporous 

Crystals. 1994. p. 417-424.

11. C.B.Khouw and M.E.Davis, Catalytic activity o f  titanium silicates synthesized in 

the presence o f  alkali-metal and alkaline-earth ions. Journal o f Catalysis, 1995. 

151(1): p. 77-86.

12. D.R.C.Huybrechts, L.D. Brycker, and P.A.Jacobs, Oxyfunctionalisation o f  

alkanes with H 202 on TSl. Nature, 1990. 345: p. 240-243.

13. R. A. Sheldon, New catalytic methods fo r  selective oxidation. Journal of 

Molecular Catalysis, 1983. 20(1): p. 1-26.

14. R. A.Sheldon, I.W.C.E.Arends, and H.E.B.Lempers, Activities and stabilities o f  

redox molecular sieve catalysts in liquid phase oxidations, A Review. Collection 

Of Czechoslovak Chemical Communications, 1998. 68: p. 1724-1742.

15. G.Perego, G.Bellusi, C.Como, M.Taramasso, F.Buonomo, and E.Esposito, 

Titanium silicalite: A novel derivative in the pentasil family. Studies in Surface 

Science and Catalysis, 1986. 28: p. 129-137.

16. A. J.H.P.Van der Pol and J.H.C.Van Hoof, Parameters affecting the synthesis o f  

titanium silicalite. Applied Catalysis A: General, 1992. 92: p. 93-111.

17. T.Maschmeyer, F.Rey, G.Sankar, and J.M.Thomas, Heterogeneous catalysts 

obtained by grafting metallocene complexes onto mesoporous silica. Nature, 

1995. 378: p. 159-162.

18. T.Tatsumi and N.Jappar, Properties o f  Ti-beta zeolites synthesized by dry-gel 

conversion and hydrothermal methods. Journal of Physical Chemistry B, 1998. 

102(37): p. 7126-7131.

19. H.Yamashita, K.Ikeue, T.Takewaki, and M.Anpo, In situ XAFS studies on the 

effects o f  the hydrophobic- hydrophilic properties ofTi-Beta zeolites in the 

photocatalytic reduction o f  CO2 with H2O. Topics in Catalysis, 2002.18(1-2): p. 

95-100.

20. A.Corma, M.Domine, J.A.Gaona, J.L.Jorda, M.T.Navarro, F.Rey, J.Perez- 

Pariente, J.Tsuji, B.McCulloch, and L.T.Nemeth, Strategies to improve the 

epoxidation activity and selectivity ofTi-MCM-41. Chemical Communications, 

1998: p. 2211-2212.

21. K.U.Ingold, D.W.Snelgrove, P.A.MacFaul, R.D.01droyd, and J.M.Thomas, 

Hydrophobic/hydrophilic effects on the titanium (TV)-catalyzed epoxidation o f

132



An alternative approach to prepare TS-1 

cyclohexene by tert-alkyl hydroperoxides: 2- methyl-1-phenyl-2-propyl

hydroperoxide (MPPH) versus tert-butyl hydroperoxide (TBHP). Catalysis

Letters, 1997.48(1-2): p. 21-24.

22. S.Pei, G.W.Zajac, J.A.Kaduk, J.Faber, B.LBoyanov, D.Duck, D.Fazzini, 

T.LMorrison, and D. S. Yang, Reinvestigation o f  Titanium Silicalite by X-Ray- 

Absorption Spectroscopy - Are the Novel Titanium Sites Real. Catalysis Letters, 

1993. 21(3-4): p. 333-344.

23. L.Bonneviot, D.T.On, and A.Lopez, Hydration Effect on Titanium Linkage to 

Silicalite Framework. Journal o f the Chemical Society-Chemical 

Communications, 1993(8): p. 685-687.

24. G.Sankar, J.M.Thomas, G.N.Greaves, and A.J.Dent, Use o f  multiple scattering 

in determining the local structure around metal ions substituted in zeotype 

catalysts. Journal De Physique Iv, 1997. 7(C2): p. 239-240.

25. D.Gleeson, G.Sankar, C.R.A.Catlow, J.M.Thomas, G.Spano, S.Bordiga, 

A.Zecchina, and C.Lamberti, The architecture o f  catalytically active centres in 

titanosilicates (TS-1) and related selective-oxidation catalysts. Physical 

Chemistry Chemical Physics, 2000. 2(20): p. 4812-4817.

26. R.D.01droyd, J.M. Thomas, T.Maschmeyer, P.A.MacFaul, D.W.Snelgrove, 

K.U.Ingold, and D.D.M.Wayner, The titanium(IV)-catalyzed epoxidation o f  

alkenes by tert-alkyl hydroperoxides. Angewandte Chemie-Intemational Edition 

in English, 1996. 35(23-24): p. 2787-2790.

27. R.D.Oldroyd, G. Sankar, J. M.Thomas, and D.Ozkaya, Enhancing the 

performance o f  a supported titanium epoxidation catalyst by modifying the 

active center. Journal of Physical Chemistry B, 1998.102(11): p. 1849-1855.

28. C.M.Barker, D.Gleeson, N.Kaltsoyannis, C.R.A.Catlow, G.Sankar, and 

J.M.Thomas, On the structure and coordination o f  the oxygen-donating species 

in Ti up arrow MCM-41/TBHP Oxidation catalysts: a density functional theory 

and EXAFS study. Physical Chemistry Chemical Physics, 2002. 4(7): p. 1228- 

1240.

29. P.E.Sinclair, G.Sankar, C.R.A.Catlow, J.M.Thomas, and T.Maschmeyer, 

Computational and EXAFS study o f  the nature o f  the Ti(IV) active sites in 

mesoporous titanosilicate catalysts. Journal o f Physical Chemistry B, 1997. 

101(21): p. 4232-4237.

133



An alternative approach to prepare TS-1

30. R.Millini, E.P.Massara, G.Perego, and G.Bellusi, Framework composition o f

Titanium silicalite-1. Journal o f Catalysis, 1992.137(2): p. 497-503.

31. G.Ricchiardi, A.Damin, S.Bordiga, C.Lamberti, G.Spano, F.Rivetti, and 

A.Zecchina, Vibrational structure o fT i silicate catalysts: A spectroscopic and 

theoretical study. Journal of American Chemical Society, 2001.123: p. 11409- 

11419.

32. S.Bordiga, S.Coluccia, C.Lamberti, L.Marchese, A.Zecchina, F.Boscherini, 

F.Buffa, F.Genoni, G.Leofanti, G.Petrini, and G.Vlaic, EXAFS study o fT i-  

Silicate: Structure o f  Framework Ti(IV) in the presence and absence o f  reactive 

molecules (H20, NH3) and comparison with Ultra Violet and IR results. Journal 

of Physical Chemistry, 1994. 98: p. 4125-4132.

33. L.Marchese, T.Maschmeyer, E.Gianotti, S.Coluccia, and J.M.Thomas, Probing 

the titanium sites in H-MCM41 by dijfuse reflectance and photoluminescence 

UV-Vis spectroscopies. Journal of Physical Chemistry B, 1997.101(44): p. 

8836-8838.

34. C.Lambetri, S.Bordiga, D.Arduino, A.Zecchina, G.Spano, F.Genoni, G.Petrini, 

A.Carati, F.Villain, and G.Vlaic, Evidence o f  the presence o f  two different 

framework Ti(IV) species in Ti-Silicate-1 in vacuo conditions: an EXAFS and a 

Photoluminescence study. Journal o f Physical Chemistry B, 1998.102: p. 6382- 

6390.

35. A.Corma, H.Garcia, M.T.Navarro, and F.Rey, Observation o f  a 390~nm 

emission band associated with framework Ti in mesoporous titanosilicates. 

Chemistry of Materials, 2000.12(10): p. 3068-3072.

36. J.M.Thomas and G.Sankar, The role o f  XAFS in the in situ and ex situ 

elucidation o f  active sites in designed solid catalysts. Journal o f Synchrotron 

Radiation, 2001. 8: p. 55-60.

37. J.M.Thomas and G.Sankar, The role o f  synchrotron-based studies in the 

elucidation and design o f  active sites in Titanium-silica epoxidation catalysts. 

Accounts of Chemical Research, 2001. 34(7): p. 571-581.

38. G.Sankar, J.M.Thomas, and C.R.A.Catlow, Combining X-ray absorption with X- 

ray diffraction fo r  the structural elucidation o f  catalysts. Topics in Catalysis, 

2000.10(3-4): p. 255-264.

39. G.Sankar, C.R.A.Catlow, C.M.Barker, D.Gleeson, and N.Kaltsoyannis, The 

three-dimensional structure o f  the Titanium-cantered active site during steady-

134



An alternative approach to prepare TS-1 

State catalytic epoxidation o f  alkenes. Journal o f Physical Chemistry B, 2001.

105(38): p. 9028-9030.

40. R.G.Bell, R.A.Jackson, and C.R.A.Catlow, Computer simulation o f  the 

monoclinic distortion in silicate. Chemical Communications, 1990(10): p. 782- 

783.

41. D.W.Lewis, C.R.A.Catlow, G.Sankar, and S.W.Carr, Structure o f  Fe-substituted 

ZSM-5. Journal Of Physical Chemistry, 1995. 99(8): p. 2377-2383.

42. F.Di Renzo, Zeolites as tailor made catalysts: control o f  crystal size. Catalysis 

Today, 1998. 41: p. 37-40.

43. J.D.Gale, GULP: A computer program fo r  the symmetry-adapted simulation o f  

solids. Journal o f the Chemical Society-Faraday Transactions, 1997. 93(4): p. 

629-637.

44. A.Jentys and C.R.A.Catlow, Structural properties o fT i sites in Ti-ZSM5. 

Catalysis Letters, 1993. 22: p. 251-257.

45. F.Farges, Coordination o fT i in crystalline and glassy frenoites: A high 

resolution XANES spectroscopy study at the Ti K-edge. Journal of Non- 

Crystalline Solids, 1996. 204: p. 53-64.

46. F.Farges, G.B.Brown, and J.J.Rehr, Coordination chemistry ofTi(IV) in silicate 

glasses and melts: XAFS study o f  titanium coordination in oxide model 

compounds. Geochemica et Cosmochimica, 1996. 60: p. 3023-3038.

47. M.P.Attfield, G.Sankar, and J.M.Thomas, Facile Heterogenisation o f  molecular 

Ti(OSiPh3)4 to form  a highly active epoxidation catalyst. Catalysis Letters, 

2000. 70: p. 155-158.

48. T.Maschmeyer, R.D.Oldroyd, G.Sankar, J.M.Thomas, LJ.Sharmon, 

J.A.Klepetko, A.F.Masters, J.K.Beattie, and C.R.A.Catlow, Designing a solid 

catalyst fo r  the selective low-temperature oxidation o f  cyclohexane to 

cyclohexanone. Angewandte Chemie-Intemational Edition in English, 1997. 

36(15): p. 1639-1642.

49. R.D.01droyd, J. M.Thomas, and G.Sankar, Engineering an atomically well- 

defined active site fo r  the catalytic epoxidation o f  alkenes. Chemical 

Communications, 1997: p. 2025-2026.

50. V.N.Romannikov and V.M.Mastikhin, Laws observed in the synthesis o f  zeolites 

having the structure o f  ZSM-5 and varying chemical composition. Zeolites,

1983. 3: p. 311-320.

135



Template position and orientation: A computational X-rav powder investigation

Chapter 5: Location and orientation o f  the N,N- 

diisopropvlethvlamine template in the AEI framework bv 

X-rav synchrotron diffraction and molecular modellins

5.0 SUMMARY

A  pure phase AIPO4 with the AEI structure has been synthesised using the template, 

N,N-diisopropylethylamine. The use o f this specific template was found to be effective 

in producing the AEI structure without any evidence o f competing API or CHA phases. 

Using a combination of X-ray powder diffiraction and computational methods the 

location and orientation of the N,N-diisopropylethylamine molecules inside the cages of 

the AEI structure was determined. Thermogravimetric analysis confirmed that the 

number o f template molecules per unit cell was consistent with the diffraction study. 

We unequivocally show that only one template molecule is present in each cage of the 

crystalline AEI material. Our work demonstrated how such a combined approach 

enables the accurate structure resolution o f such complex materials to be determined.
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5.1 INTRODUCTION

Since the discovery of microporous aluminophosphates and their heteroatom substituted 

variants many studies have been undertaken in the area of synthesis, in situ  and ex 

situ  characterisation and a variety of applications including shape-selective catalysis 

Small-pore systems such as AIPO4- I 8 (AEI) and A1P04-34  (CHA) have attracted 

considerable attention due to their ability to perform highly regio-selective oxidation of 

alkanes and selective conversion of methanol to light olefins One of the key factors 

in the preparation of such materials is the choice and concentration of organic bases that 

act as structure-directing agents (SDA) during the synthesis.

In the context of the preparation of both AEI and CHA, the presence of a specific SDA 

facilitates the formation of a cage structure. The cage in both materials is the same, but 

differences in the stacking of these cages give rise to crystallographically distinct phases 

(see figure 5.1 (i)).

AlPO-5

• 0
• p
0 Si
• AI

7.3À

AIPO-34
3.8Â

A1PO-I8
3.8Â

F igure  5.1 (i) Structural characteristics o f  AIPO 4-5 , A IPO 4-18 and  AIPO 4 - 3 4  are 

illustrated. The pore  dim ensions o f  AIPO 4 - 3 4  and  AIPO 4- I 8  are identical and  the main 

difference is the way in which the double fo u r  rings are arranged.

When small templates such as triethylamine (TEA) are used in the preparation of CHA 

structured materials, it has been suggested that two template molecules are necessary
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to template the cage, certainly during nucléation. A competition between the API and 

CHA framework was reported in the presence of Co which arises from the need

of charge compensation by the template. Thus, it can be concluded that the API 

structure is less dependent on specific structure-directing agents or on template 

concentration. In contrast to AIPO4- I 8, AIPO4-34 can only be produced with the 

addition of HP or as Me-AlP04-34  (i.e. containing heteroatoms e.g. Si or Mg). 

Although a variety of organic template molecules are used for the preparation of CHA 

and AEI structures, both materials are reported to be more readily formed and more 

stable when tetraethylammonium hydroxide (TEAOH) is used as the SDA. However, it 

has been reported that synthesis of AEI using TEAOH can also produce CHA 

impurities in the presence of heteroatoms. The template N,N-diisopropylethylamine was 

found to be effective in producing AEI without any evidence of CHA or API (the 

competing phases). The structure and template positions of TEAOH in AEI have been 

successfully resolved by McCusker et al. using X-ray powder diffraction data, to a 

space group of C2/c. The position of the TEAOH template inside the cage is shown in 

figure 5.1 (ii). Note that there are four cages in the unit cell of AEI.

(a) (b)

Ay

0  " 
0
# ^
A N

0

Figure 5.1 (ii) (a) A E I fram ew ork  structure with TEAO H  tem plate positions and  

orientations derived  from  the crystallographic data reported  by M cC usker et al. 

view ed from  the (100) direction (b) Conformation o f  TEAO H  in A E I fram ew ork  from  

(001) view.

Obtaining fuller information on the location of the template molecules in microporous 

materials is crucial in order to understand the chemistry behind the formation of small 

pore materials and hence in optimising the preparation of such catalysts. Many of these
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microporous solids are well suited to analysis by powder X-ray powder diffraction 

methods and in certain cases by single crystal diffraction. However, the long-range 

order in these systems are invariably dominated by the framework structure and when 

the organic molecules are disordered, as they are in many cases, it is difficult to 

determine their orientation and location. In such situations, the application of molecular 

modelling techniques, in conjunction with diffraction methods, has proven 

advantageous: by identifying probable orientations by computer modelling which 

are subsequently used as input for the refinement o f the experimental data.

The aim of this study was to carry out a combined computational and crystallographic 

study to determine the number and the final geometry o f the N,N-diisopropylethylamine 

molecules within AEI.
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5.2 EXPERIMENTAL DETAILS

5.2.1 Synthesis of AIPO4-I8

The AIPO4-I 8 samples were prepared using standard hydrothermal methods An 

appropriate amount of water (5.73 grams) was added to 2.19 grams o f phosphoric acid 

followed by 1.5 grams of aluminium hydroxide (hydrate); the mixture then was stirred 

for ca 30 minutes. 6.47 grams of the structure-directing organic template (N,N- 

diisopropylethylamine) was then added to the above mixture and stirred for another ca 

30 minutes. The final gel ratio was 1P:1A1: 0.8R:30H20 and had a pH o f 7. The gel was 

then introduced to a Teflon lined autoclave and was heated in an oven at ca 160°C for 

ca 96 hours. The resulting white solid was washed and dried at 100°C.

5.2.2 Characterisation techniques

X-ray diffraction (XRD) was collected on a standard laboratory X-ray diffractometer, as 

described in chapter 3. XRD data was used to determine the phase purity of the 

material.

High resolution X-ray powder diffraction (HRPD) data was collected on station 2.3 of 

the Daresbury synchrotron radiation source (see figure 5.2.1 (i)). The sample was placed 

in a capillary tube, which was rotated during data collection to reduce the influence of 

preferred orientation. Since the intensity o f the data collection decays with time, the 

lower intensities (at the high angles) were scanned first, thus the sample was scanned in 

two phases: 55° to 80° and then 5° to 80°, both with a step size o f 0.04 A. The 

wavelength used (1.300361A) was obtained from a monolithic double-bounce single 

crystal Si (111) channel-cut monochromator. The Rietveld analysis program GSAS 

was then used to refine the data.

Stmcture refinement was performed using the HRPD data initially employing the same 

C2/c space group and framework model given by McCusker et al. in ref. [15] for the as- 

prepared AEI. The diffraction peaks were modelled using a pseudo-Voigt peak profile 

shape. A number of constraints were introduced in order to achieve a stable refinement. 

In particular, the Al- 0  and P- 0  distances were restrained to 1.74 A  and 1.52 A, 

respectively. The fractional occupancy parameters o f the template were also restrained 

to be the same for all the atoms of the molecule. The thermal parameters for the 

template were found to be unstable during refinement and were fixed at 0.075 A  ̂

throughout. A difference Fourier map was generated after including and refining the
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framework atoms only; no template was included in the model at that stage. However, 

the generated difference Fourier map was then used to assign the position of the 

template atoms.

EDR detector

2 0  arm

Fluorescence 
detector ^

20 circle
S 1(111) mono, 
(water cooled)

Rap ton 
fodl 9 circle

Sample environment 
(15-1700 3C)Incident 

beam  sLLtaSynchrotron 
X—rays Flat—plate, capillary, 

or reflectivity sample

Figure 5.2.1 (I) Schematic representation o f the experimental set-up in station 2.3 o f  

the Daresbury Laboratories, which is fitted with a S i ( l l l )  monochromator from ref

TGA data was collected on a Shimadzu TGA-50, with the AEI material being heated in 

N 2 at 60mls‘‘ from room temperature to 650°C. To determine the number of template 

molecules per unit cell in the AEI structure.

Docking calculations: Monte Carlo and energy minimisation calculations were carried 

out using the cff91-czeo force field and the Insight II software. The framework 

structure used was that determined by McCusker et al.̂ ^̂ l The docking procedure is 

based on the random selection of positions and orientations within the zeolite cage for 

the template molecule. To ensure that all configurations of the template molecule were 

sampled, the docking calculations were performed at a temperature of lOOOK. 

Repetition of this process was permitted for a maximum of 500 iterations until sufficient 

candidates were found.

141



Template position and orientation: A computational X-rav powder investigation

5.3 RESULTS

5.3.1 X-rav diffraction studies of AlPOi-18

The XRD pattern of the material (see figure 5.3.1 (i)) confirms the presence of 

reflections corresponding exclusively to the AEI structure.

3
<
Z'
U)c
sc

10 20 30 40

20°

Figure 5.3,1 (i) X-ray diffraction pattern o f as-synthesised AEI prepared using N,N- 

diisopropylethylamine, the vertical lines represent the calculated 20° positions using 

the structure reported in reference

5.3.2 Initial structure refinement

The Rietveld refinement in this thesis was done in collaboration with Dr Dave Gleeson. 

The difference Fourier map generated from the initial refinement without including the 

template molecule is poorly defined (figure 5.3.2 (i)). It was however possible to 

identify some atoms of the template molecule and it was seen that it is most likely that 

only one template molecule is present per cage. The experimental and computed XRD 

patterns obtained from the Rietveld analysis using only the framework structure 

(without the template molecules) are shown in figure 5.3.2 (ii). In this figure, we see 

that at low 20° values the difference is significant because the template was not refined 

at this stage. The inset shows the initial refinement between 30-80 degrees, in which the 

template has very little effect. It is clear therefore that it is not possible to obtain the best 

likely fit without considering the template. Hence, in order to obtain more accurate 

information on the location of the structure-directing agent, computer modelling 

methods were applied to identify the likely, energetically favourable, geometries of the 

template molecule within the pores. The Monte Carlo docking technique was employed
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which has previously been shown to provide excellent agreement with experiment 

when considering template geometries

Figure 5.3.2 (i) The observed difference Fourier map fo r  the pow der diffraction o f  N,N- 

diisopropylethylam ine in A E I .
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Figure 5.3.2 (ii) High-resolution pow der diffraction pa ttern  o f  the observed (crosses), 

calculated  (solid  line) and  the difference (lower pro fde) o f  the A E I structure refined  

before including the tem plate positions.
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5.3.3 Computational results

Firstly, the docking procedure was used to identify the lowest energy configuration of a 

single template per cage at different loadings (i) one template molecule per unit cell and 

(ii) two template molecules per unit cell. Finally, it was attempted to determine if  there 

were any possible configurations which allowed two template molecules to occupy the 

same cage (as was reported for triethylamine in A1P0 4 -3 4  by Lewis et al. Although 

the docking methodology is capable o f generating such structures, the small void space 

of the cage makes such an automated procedure difficult and time-consuming and 

hence, the templates were placed manually for the last calculation. The scheme below 

summarises the computational results.

The most energetically 
favourable

Energetically unfavourable Less energetically 
favourable

1 template molecule 
crudely docked in one 
unit cell

2 template molecules 
manually docked In 
one cage

2 template molecules 
crudely docked in one 
unit cell

The least possible conformation was found to be two templates per cage indicating that 

only one template per cage was the most likely. On randomly docking two templates 

inside a unit cell the templates were found to locate themselves in separate cages. The 

various bonding energies found for a single template per cage but at different loadings 

are tabulated in table 5.3.3 along with the bonding energies o f two templates per cage.

As mentioned above, the lowest energy configurations that were obtained firom the 

calculations were when one template molecule was randomly docked inside a unit cell. 

The positions and orientation o f two and one N,N-diisopropylethylamine template 

molecules per unit cell are shown in figure 5.3.3 (i).
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Table 5.3.3: Illustrates how one template molecule per unit cell of AEI is more 

favourable than two.

Bonding energy 
(KJ mol ')

1 template per 
unit cell

2 templates 
per unit cell

2 templates per 
cage

-1659 -924 +2764

-1331 -920

-819 -731

-806 -634

a
K

c

O \
O

/  A— <f \
J /

_____

Figure 5.3.3 (i) Different views o f the lowest energy conformation derived from MC 

docking calculations o f one N,N-diisopropylethylamine template per cage at different 

loadings, (a) and (b) one template per unit cell and (c) and (d) are o f two templates per 

unit cell, (a) and (c) templates are viewed along the (001) axis.

5.3.4 Final structure refinement

The four most energetically feasible configurations obtained from docking of one 

template molecule in a unit cell were taken as a starting point for a detailed Rietveld 

refinement of the synchrotron powder diffraction data. Upon refinement, only that of the
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lowest energy configuration resulted in both acceptable bond distances and a reasonable 

R factor, suggesting that the MC docking method was successful. The crystallographic 

and experimental data for AEI are summarised in table 5.3.4 (i) and the final atomic 

parameters obtained from the refinement are summarised in table 5.3.4 (ii). The final 

observed and calculated powder patterns along with the difference are shown in figure

5.3.4 (i). It is clear that the fit is now considerably improved. The stmctural model 

obtained from the refined crystallographic data is shown in figure 5.3.4 (ii), where we 

see that one N,N-diisopropylethylamine molecule exists per cage thus we have 4 

template molecules per unit cell.

—\ ” -"t! , , — obsereved^  -L +t S  ̂ calculated
c T 41 4 difference

II III I mi, ..... r  T  .......................... ......
0 10 20 30 40 50 60 70 80 90

26'

Figure 5.3.4 (i) H igh-resolution pow der diffraction pa ttern  show ing  the observed  

(crosses), ca lculated  (solid  line) and  the difference (lower pro file) o f  the structure  

refined  after pu tting  in the tem plate positions. This refined  to g ive chi^ = 3.017, Rwp  

d.95% 5.25%.
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(a) (b)

Figure 5.3.4 (ii) Position and  orientation o f  N ,N -diisopropylethylam ine inside AEI, 

obtained fro m  the refinem ent o f  the crystallographic data, seen fro m  the (a) (0 0 1 )  and  

(b) the (1 0 0 )  view

T a b le  5.3.4 (i): Crystallographic and experimental data for AEI.

AEI

Temperature(°C) 25

Wavelength (Â ) 1.300361

step-size 0.04

profile range in refinement (28°) 5-80

a (A) 13.5849

b(A) 12.6106

C(A) 18.5081

p 94.985

chi^ 3.017

R wp 6.95%

Rp 5.25%

Al-0 distance (A) 1.74

P-0 distance (A) 1.52

147



Template position and orientation: A computational X-rav powder investigation

Table 5.3.4 (ii): Here the final atomic parameters from the refinement of as-prepared 

AEI are shown. The space group is C2/c and the estimated standard deviations are in 

parentheses.

X Y Z *U x lO'^A^

A ll 0.1277(8) 0.0229(8) 0.1566(5) 2.59(7)

A12 0.108(7) -0.2270(8) 0.934(5) 2.59(7)

A13 -0.2169(7) -0.0971(7) 0.0616(5) 2.59(7)
P4 0.227(7) -0.0936(7) 0.0468(5) 2.59(7)

P5 -0.1245(7) -0.2271(7) 0.9353(5) 2.59(7)
P6 -0.0936(7) 0.0571(6) 0.1781(5) 2.59(7)
0 7 -0.1514(11) -0.0453(10) 0.1386(9) 3.29(16)
0 8 -0.1387(10) -0.1608(13) 0.006(7) 3.29(16)
0 9 -0.0132(8) -0.2691(11) 0.9353(10) 3.29(16)
OlO 0.1404(10) -0.1601(12) 0.0132(7) 3.29(16)
O il 0.2104(11) -0.0622(11) 0.1267(7) 3.29(16)
012 0.0039(9) 0.0068(12) 0.1615(11) 3.29(16)
013 -0.1251(12) 0.1703(10) 0.1494(8) 3.29(16)
014 -0.2947(10) -0.1878(10) 0.0933(8) 3.29(16)
015 0.1411(13) 0.0318(13) 0.2497(6) 3.29(16)
016 0.1671(9) -0.3489(10) 0.9328(9) 3.29(16)
017 -0.1587(11) -0.1516(10) 0.871(8) 3.29(16)
018 -0.263(11) -0.0108(10) 0.9921(8) 3.29(16)
N20 0.577(13) -0.0527(13) 0.8154(12) 7.50
C21 0.6432(22) 0.1245(20) 0.7622(18) 7.50
C22 0.5738(11) 0.0263(14) 0.7495(13) 7.50
C23 0.5956(25) -0.0345(24) 0.6836(17) 7.50
C24 0.4942(26) -0.2369(21) 0.8148(19) 7.50
C25 0.5725(13) -0.1606(13) 0.7826(15) 7.50
C26 0.5648(26) -0.155(25) 0.6933(18) 7.50
C27 0.4607(25) -0.1361(19) 0.9019(20) 7.50
C28 0.4886(22) -0.0364(19) 0.863(17) 7.50
* Thermal parameters
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The following scheme summarises the route taken to reach the final refined structure:

Energetically
unfavourable

Used for refinement of 
powder data.

1 template molecule 
crudely docked in one 
unit cell

2 template molecules 
crudely docked in one 
unit cell

2 template molecules 
manually docked in 
one cage

The most energetically 
favourable, however the 
position and orientation of 
template are not similar to 
that reported for TEAOH

Less energetically 
favourable, however position 
and orientation of template 
are similar to that reported 
for TEAOH

After final refinements results show that one N.N- 
diisopropylethylamine molecule exists in each cage of 
AEI i.e. 4 templates per unit cell. It appears to be similar 
to that found for AEI structure contai ning TEAOH as the 
template molecule.

5.3,5 Thermogravimetric analysis (TGA) of AIPO4-I 8

TGA experiments were carried out to determine the number o f template molecules per 

unit cell and to compare the results with those obtained from the Rietveld refinement 

study. The amount o f template molecules was identified by considering the mass loss at 

various stages. Mass loss occurred at three stages (see figure 5.3.5 (i)). The first stage at 

ca 35-120°C was attributed to the water co-ordinated to the framework whilst the other 

two stages o f the weight loss are related to the breakdown of the template molecules. It 

is very difficult to locate the exact point at which the template breaks down and thus it 

is assumed that it decomposes, approximately, between 150 and 500°C. Table 5.3.5 

illustrates how the mass loss at the different temperatures and the number o f template 

molecules per unit cell was calculated.
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Figure 5.3.5 (i) TGA data fo r  AEI prepared with N, N-diisopropylethylamine.

Table 5.3.5: Determination of the number of template molecules per unit cell of AEI 
using TGA data

*RMM of N,N-diisopropylethylamine 129.25
mass of template lost between 150-500°C 2.66mg
number of moles of template lost during 
heating

2.66/129.25=0.0206

RMM of one unit cell of AEI 2928
mass of AEI left after calcining the 
template

15.12mg

number of moles of unit cell 15.12/2928=0.00516
Template/UC 0.0206/0.00516=3.99
*RMM is relative molecular mass

Thus there are 4 template molecules per unit cell.

5.4 DISCUSSION

From laboratory XRD equipment we were able to determine that the AEI material was 

phase pure. However, the aim here was to determine the positions of the template atoms 

within the AEI structure. The docking procedure was used to investigate if two 

template molecules occupying the same cage is favourable and it was shown that is not. 

The calculations clearly showed that one template per unit cell results in the most 

energetically favourable configuration. When two template molecules were docked in
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one unit cell, they located themselves in separate cages and as far away as possible from 

each other, however, when only one template was docked per unit cell it was found to 

be more energetically favourable and thus it was used for the refinement analysis.

The Fourier transform map followed by the full refinement substantiates that a template 

in each cage exists and this is also corroborated by the results from the MC docking 

calculations. The TGA results showed that we have 4 templates per unit cell thus we 

must have one template in each cage. This is also consistent with the report by 

McCusker et al. for TEAOH in AEI, see figure 5.1 (ii) (b) in page 138. After 

refinement o f the crystallographic data (see figure 5.3.4 (ii), page 147) it is shown that 

the template organises itself almost identically to how the TEAOH in AEI does (they 

both occupy central positions within the cage). However the MC docking calculations 

show that the configuration o f one N,N-diisopropylethylamine per unit cell (that was 

used as a starting point in the refinement analysis) was different to the final one found 

after Rietveld refinement o f the powder data. On the other hand, the positions of two 

templates per unit cell are more similar to the final configuration thus this implies that 

when a more realistic approach is taken the results obtained are more accurate.

Concluding Remarks

HRPD was collected on this material but it was difficult to obtain successful 

refinements based on starting positions gained from difference Fourier maps. Thus MC 

docking calculations were used to provide us with a starting point for the refinement 

analysis. Determining the most energetically favourable configuration allowed a 

successful structure refinement to be undertaken. The difference Fourier maps and the 

Rietveld analysis suggested that we have a template in each cage and also the TGA data 

substantiates this. To conclude we saw that four N,N-diisopropylethylamine template 

molecules per unit cell exist in AEI and each template located itself certainly within 

each cage.
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Chapter 6: On the nature o f iron species in iron 

substituted aluminophosphates

6.0 SUMMARY

Two Fe-substituted aluminophosphate (AIPO4) structures, API (FAPO-5) and AEI 

(FAPO-18) have been synthesised and studied using several techniques, including X-ray 

diffraction, X-ray absorption spectroscopy, thermogravimetric analysis, Mossbauer 

spectroscopy and computer modelling. Fe K-edge X-ray absorption spectroscopy results 

combined with Mossbauer spectroscopy studies reveal that iron is present in the 3+ 

oxidation state in the as-prepared FAPO-5 material and as a mixture of 2+ and 34- 

oxidation states in the FAPO-18 structure. Upon removal of the organic template by 

calcination, in situ studies reveal that both structures are stable and that the Fe ions are 

present in the 34- oxidation state in a tetrahedral coordination environment, in 

geometries consistent with those determined by the Interatomic potential calculations.
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6.1 INTRODUCTION

Owing to the charge neutrality of the AIPO4 framework, modifications by introducing 

heteroatoms are necessary to yield catalytic materials. Substitution of lower valent metal 

ions, for instance, will impart charge imbalance, which when compensated by a proton 

yield a solid acid catalyst. Thus, for example, many heteroatom substituted microporous 

aluminophosphates are synthesised in the presence of divalent ions (to replace Al(DI)) 

or tetravalent ions e.g. Si(IV) ions to replace P(V)

The catalytic applications of heteroatom substituted AlPOs, in particular in the area of 

shape selective catalysis, have been intensively studied. It has been reported that Co, 

Mn or Fe containing AIPO4-5 efficiently oxidise cyclohexane Furthermore, higher 

catalytic activity of Fe containing solids was found in comparison with the Co or Mn 

containing AlPOs Cyclohexane cannot be oxidised using C0AIPO4- I 8 (or other 

small pore materials) due to restrictions imposed by the pore stmcture However,

linear alkanes were oxidised to yield adipic acid an important intermediate for the 

production of Nylon. Small pore dimensions promote highly shape selective reactions 

7, 14, 15] example, methanol is converted selectively to light alkenes using either 

SAPO-34 or SAPO-18 while higher hydrocarbons are produced when SAPO-5 is used 

as a catalyst for the same reaction

In this study, the aim was to investigate the electronic and geometric stmcture around 

the active sites of Fe substituted AIPO4-5 (designated FAPO-5) and AIPO4- I 8 

(designated FAPO-18). Such a study of the active sites is necessary in order to give an 

insight into the catalytic performance of these materials. Typical activation of the 

catalyst involves calcination in air to remove the occluded organic template molecules 

X-ray diffraction (XRD) provides detailed long-range stmctural information but it is 

necessary to use Fe K-edge X-ray absorption spectroscopy (XAS) to determine the local 

stmcture, since the Fe concentration is less than 4 wt% and does not possess any long- 

range order to be revealed by XRD techniques. EXAFS analysis is the primary 

method used to examine local stmctures since it provides accurate information on the 

first shell metal-ligand distances, on the coordination geometry and oxidation state 

(details are given in chapter 2). It is well known that the pre-edge intensity is sensitive 

to coordination environment and it is widely used to assess the coordination

geometry of metal ions in many systems. ^^Fe Mossbauer spectroscopy is a useful tool 

for probing the electronic environment of Fe-containing materials. Using this technique.
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in conjunction with XAS data, the nature of the Fe species in the FAPO-5 and FAPO-18 

materials were analysed successfully. Thermogravimetric analysis (TGA) combined 

with mass spectroscopy (MS) allows us to follow the mass loss at various temperatures. 

The results were used to examine the temperature at which the water is desorbed from 

the framework and it was used to support the QuEXAFS results. Scanning electron 

microscopy (SEM) is an extremely versatile technique capable of providing structural 

information over a wide range of magnifications. SEM micrographs of FAPO-5 and 

FAPO-18 were collected in order to determine whether the use of different templates 

affect the crystal size and morphology.

Framework structure of AlPO^-5 and AIPO4- I 8 : The large pore AIPO4-5 structure 

attracted considerable attention due to the simplicity of its synthesis Small pore

AIPO4- I 8 or -34 structures types have also been studied ^̂ ‘̂ 1̂. The main

difference between these two structures, as shown in chapter 5 (see figure 5.1(i)), is in 

the way in which the double four rings are stacked, however, they have identical pore 

and cage structure.

This chapter is summarised in the scheme below:

Synthesis of FAPO-5 and FAPO-18

Examine the as-prepar«j materials by 
IXRD

2 SEM
Examine the nature of the Fe sites of the as-prepared 
materials using;

1 Static XAS measurements 
2 Mossbauer sfrectroscopy

Examine the nature of the Fe sites using;
Dynamic in sku measurements to follow the structural 
modifications that occur ckirlng the activation process

Examine the nature of the Fe sites of the calcined materials 
using;
1 Static XAS measurements
2 TGA- MS measur^nents
3 Computational methcds

Examine the nature of the Fe sites of the pre-caidned 
materials using;

1 Dynamic Instfumeasuranents 
2 TGA-MS

Examine template effect by 
using:
1.XANESdata
2. Dynamic in $iîu 
measurements to follow the 
structural modifications that 
occur during the activation 
process

Examine effect of the Fe 
concentration in the 
framework by using 
dynamic in M u 
measurenwnts to follow the 
structured modifications that 
occur durrig the activation 
process
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6.2 EXPERIMENTAL

6.2.1 Synthesis of FAPO-5 and FAPO-18

FAPO-5 and FAPO-18 were prepared using standard hydrothermal methods. Note, the 

mass used is not noted individually in this chapter (since many synthesis methods are 

reported) but the gel ratio corresponding to each material is provided.

In a typical synthesis, Fe(II) acetate was dissolved in water and added to a mixture of 

appropriate amounts of phosphoric acid, water and aluminium hydroxide. After 

homogenizing this mixture, the specific organic template was added and stirred again 

for 30 minutes until homogeneous. Tetraethylammonium hydroxide (TEAOH) and 

N,N-diisopropylethylamine were used as the structure-directing agents for the 

preparation of FAPO-5 and FAPO-18 The gel ratio was

1.5P:0.96Al:0.04Fe:0.8R:25H20 and lP:0.96Al:0.04Fe:1.3R:25H20 and had a pH of 6 

and 7-8 for FAPO-5 and FAPO-18, respectively. The final gel was then placed in a 

Teflon lined stainless steel autoclave to a fill level of 1/3 to 1/2 and was heated to 175°C 

and 150°C for 4 hours and 4 days for FAPO-5 and FAPO-18, respectively. The resulting 

solids were then collected, washed and dried at 100°C. Finally X-ray diffraction 

patterns were collected to examine their purity. The Fe/P ratio of the final product was 

estimated to be ca 0.04.

To investigate the possible influence of the template on the nature of the Fe ions, 

FAPO-5 and FAPO-18 were prepared using different templates. In contrast to the 

syntheses above, FAPO-5 was prepared using N,N-diisopropylethylamine and FAPO- 

18 was prepared using TEAOH.

For FAPO-5: When N,N-diisopropylethylamine was used, the initial gel had a lower pH 

5 compared to when TEAOH was used, and a ratio of lP:0.96Al:0.04Fe:0.8R: 25H2O. 

This gel was treated hydrothermally, as explained above, for 4 hours at 175°C. The 

powder was recovered as described above.

For FAPO-18: When TEAOH was used the initial gel had a pH of 7, lower compared 

to when N,N-diisopropylethylamine was used, using a gel composition of 

lP;0.96Al:0.04Fe:0.8R: 25H2O. This gel was treated hydrothermally, as explained 

above, for ca 4 days at 150°C. The powder was recovered as illustrated above. The 

Fe/P ratio of the final product was estimated to be ca 0.04.
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FAPO-5 and FAPO-18 were also prepared with a higher Fe ion concentration o f ca 10% 

Fe, in order to examine whether all the Fe ions could be incorporated into the 

framework or if some reside as extra-framework species. The Fe source used for both 

materials was Fe(II) acetate and the template was TEAOH. The initial gel ratio was 

1.5P:0.90Al:0.10Fe:0.8R:25H20 and lP:0.90Al;0.10Fe:1.3R:25H20 for FAPO-5 and 

FAPO-18, respectively (both gels mixtures had a pH of ca 7). The synthesis time 

needed was 4 hours and 4 days at 175 and 150°C for FAPO-5 and FAPO-18, 

respectively. The Fe/P ratio of the final products was estimated to be ca 0.10.

6.2.2 Characterisation techniques

X-ray diffraction measurements were collected on a Siemens D500 diffractometer, as 

explained in chapter 3.

Fe K-edge static XAS measurements were carried out on station 8.1 (and 7.1) which are 

equipped with a Si(220) and S i( l l l )  double crystal monochromator, respectively. The 

XAS measurements were collected as reported in chapter 2.

Station 7.1 was only used when taking measurements of FAPO-5 (10% Fe). It was 

equipped with a heater and thus the material was heated whilst taking EXAFS scans, 

thus in situ temperature resolved measurements can be carried out.

Dynamic in situ time-resolved XRD/QuEXAFS data were collected at station 9.3 of the 

Daresbury Laboratory XRD and XAS data were collected sequentially during the

entire calcination process. The sample was heated in flow of oxygen at a rate of 

5°C/minute to 550°C. XRD data were collected at a wavelength of 1.71345A. For more 

details see chapter 2.

EXAFS data analysis o f as-prepared and calcined materials collected on station 8.1 was 

carried out using multiple-scattering procedures. For this procedure, a starting model 

was constructed using the coordinates obtained from the crystallographic data available 

for the FeP0 4 .2 H2 0  having metastrengite structure as the starting point for the as- 

prepared catalysts. Similarly for the analysis of the calcined catalysts, the three- 

dimensional structure derived from computational methods was used as the starting 

structural model. In both cases we used Cl symmetry for the multiple scattering 

calculations. In the refinement, since the Fe-0 distances are closely similar, we have 

constrained them to the same value. The P-0 distances were constrained to a typical 

value of 1.52À. Similarly, the Debye-Waller factors for the same type of back scattering
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atoms were maintained equal. Fe-P distances and the Fe-O-P bond angles were refined 

independently. Similar procedures have been successfully used in the literature 

^̂ Fe Mossbauer spectra of the as-prepared catalysts were recorded at room temperature 

with a Wissel MR-260 constant acceleration spectrometer. The spectra were calibrated 

against alpha-Fe at room temperature. The spectra were folded to remove baseline 

curvature and calibrated against alpha-iron at room temperature.

Computational techniques have been reported to have successfully helped in the 

elucidation of structures with a high level of accuracy. Interatomic Potential (IP) 

calculations were performed employing the GULP program using potentials derived 

by Gale and Henson for the host AIPO4 lattice, and the Fe-0 interaction parameters 

are from a report in literature of Fe(III) centers in zeolites. The Interatomic potential 

parameters used are listed in table 6.2.2. IP calculations have been performed taking the 

crystal structure of AIPO4-5 , AIPO4-I 8 and A1P0 4 -3 4 , with different loadings of Fe(III). 

The AIPO4-5 structure employed was the orthorhombic crystal structure determined by 

Mora et al. and the AIPO4-I 8 was the monoclinic lattice determined by Simmen et 

al.̂ ^̂ l Optimization of the AIPO4 structure with the IP method included the relaxation 

of the unit cell parameters upon inclusion in the framework of the Fe dopants.

Table 6.2.2: Potential parameters used in the (GULP code for Fe substituted 

AIPO4 calculations

Buckingham Potential A(eV) P(Â) C(eVA^)

a P^-o "- 1460.3 0.299 0.00

p^+-o^ 877.34 0.359 0.00

22764 0.149 27.88

Fe"^-0" 1102.4 0.33

3-body potential K(eVrad ') 2.097 0° 109.47

Core-shell potential K(eVA ') 74.92

Ions p5+ Fe"^ O^'(core) O'(shell)
Coulombic Charges +5 +3 +3 +0.86902 -2.86902

In the case of AIPO4-5 , the lattice parameters before optimization (13.7940 23.9000 

8.4168 90.000 90.000 90.000) and after optimization (13.7541 23.9009 8.4176

89.9996 89.9999 90.3976) changed only slightly. In the case of AIPO4-I 8 , the lattice
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parameters before optimization (13.711 12.7315 18.5705 90.000 90.000 90.000) and 

after optimization (13.716 12.726 18.515 90.000 90.000 90.000) again changed only 

slightly. The most stable AI site to substitute Fe (III) for is the A13 site. In both cases, all 

possible combinations of Fe ions were carried out. Here, we saw that the further away 

the Fe ions were the more stable the structure.

Thermogravimetric analysis combined with mass spectroscopy (TGA-MS) 

measurements (as explained in chapter 3) for the FAPO-5 and FAPO-18 materials were 

collected.

Scanning electron micrographs (SEM) were collected on a Hitachi model S-70 and a 

SEM JEOL model JSM-840.

6.3 RESULTS

First the results of the as-prepared materials are introduced and the structure of the Fe 

sites in the as-prepared materials are described in detail. The dynamic in s itu  studies of 

the conversion of the as-prepared materials to its calcined, active state are presented and 

subsequently, the structure of the calcined catalysts is illustrated. In addition, the results 

of the in situ  studies of hydration and dehydration of FAPO-5 and FAPO-18 and the 

structure of Fe species when using two different templates are used for each FAPO 

material are presented here. Finally, the structure of Fe species in the AIPO4 materials is 

studied when increasing its concentration.

6.3.1 As-prepared FAPO-5 and FAPO-18 materials

6.3.1.1 X-ray diffraction studies

We saw that FAPO-5 and FAPO-18 can be prepared using two different templates, 

however, decreasing the pH (by adding acetic acid or phosphoric acid) and/or increasing 

time and/or temperature a dense phase material (AIPO4 with either the quartz or 

tridymite structure) is formed; in table 6 .3.1.1 these effects are summarised. The XRD 

patterns of the dense phase materials are shown in figure 6 .3.1.1 (i). Figure 6.3.1.1 (ii) 

shows typical XRD patterns of FAPO-5 and FAPO-18 where 2 different templates are 

used to prepare each material. Also, XRD patterns of FAPO-5 and FAPO-18 when ca 

10% Fe ions are incorporated in the framework are shown. From the XRD patterns we 

see that the FAPO-18 material is more crystalline when we use N,N- 

diisopropylethylamine. However, all the materials prepared are phase pure with no 

evidence of extra reflections.
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Table 6.3.1.1: Illustrates how the fmal-product is affected by time, temperature and pH. 

All the materials here have been synthesised with ca 4% Fe content

Fe source Template Temperature/
°C

pH Time Phase

Fe(II)
acetate

TEAOH 195 5 4H rs Tridymite

Fe(II)
acetate

TEAOH 175 4 6 Hrs Quartz

Fe(II)
acetate

TEAOH 175 6 4 Hrs AFl

Fe(II)
acetate

N,N-
diisopropylethylamine

175 5 4 Hrs AFl

Fe(II)
acetate

N,N-
diisopropylethylamine

150 8 4 days AEI

Fe(II)
acetate

TEAOH 150 7 4 days AEI

(a)

3
<
’(/)
c
B
c

I ' I ' I ' I ' I I I I I

5 10 15 20 25 30 35 
29°

I-------- '— I------- ' T 1 ' 1
5 10 15 20 25 30 35

20°

Figure 6.3.1.1 (i) X R D  patterns o f  the (a) tridymite and  (b) quartz phase  which were  

obta ined  at low p H  values and/or high temperatures, as illustrated  in table 6 .3.1.1
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Figure 6.3.1.1 (ii) Typical X -ray diffraction patterns o f  as-prepared FA P O -18 (left) 

and FAFO-5 (right) prepared  using 4%  F e content and  (a) and  (d) N ,N- 

diisopropylethylam ine (b) and (e) TEAO H  (c) and (f) with 10% Fe content and  

TEAOH.

6.3.1.2 Scanning electron microscopy studies

SEM of FAPO-5: SEM micrographs for the pure and Fe substituted AIPO4-5 materials 

were collected. SEM of (a) pure AIPO4-5 (with no Fe ions) prepared using TEAOH (b) 

FAPO-5 {ca 4% Fe) prepared using N,N-diisopropylethylamine (c) FAPO-5 {ca 4% Fe) 

prepared using TEAOH (d) FAPO-5 {ca 10% Fe) prepared using TEAOH are shown in 

figure 6.3.1.2 (i). Pure AIPO4-5 does not consist of spherical aggregates (as do the Fe- 

substituted AIPO4-5 materials) but of a variety of crystal morphologies. The two 

samples prepared with 4% Fe ions are homogeneous and consist o f spherical 

aggregates, with a diameter of 30-40 pm. These spherical aggregates are composed of 

small plates. FAPO-5 prepared with 10% Fe also shows spherical aggregates but they
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have a lower diameter of 22 [am. In general we have spherical aggregates ranging from 

20-40 pm which are composed of small plates, this is consistent with reports in 

literature

W

mm

Figure 6.11.2 (i) SE M  m icrographs o f  (a) pure  A I PC) 4 -5  (with no Fe ions) FAPO-5  

prepared  using (h) Fe (II) acetate a n d  N,N -diisopropylethylam ine (ca Fe 4%) (c) Fe(II) 

acetate and TEAOH (ca Fe 4%) (d) Fe(II) acetate and  [E A O H  (ca Fe 1 0 %).
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SEM OF FAPO-18: SEM micrographs for the pure and Fe substituted AIPO4- I 8 

materials were collected and are shown in figure 6 3.1.2 (ii). AIPO4- I 8 made with 

TEAOH consists of crystals of uneven shapes and sizes. The FAPO-18 prepared using 

TEAOH gives crystals with sharper edges (than pure AlPO-18) that are ca  1 pm in size. 

When N,N-diisopropylethylamine was used as a template, various sizes of finer 

rectangular particles of diameter < 1 pm and ca  3 pm are present. 10% Fe in FAPO-18 

using TEAOH showed rather large pencil-like crystals >50 pm, and spherical crystals 

ca  20 pm. This shows that the template has affected the crystal shape and size, and that 

the higher Fe content favours the formation of larger pencil-like crystals.

F igure  6.3.1.2 (ii) S E M  m icrographs o f  (a) pure A IPO 4- I 8 , (b) FAPO -18 prepared  

using TEAO H  (c) FAPO -18 prepared  using N ,N -diisopropylethylam ine a n d  fina lly  (d) 

is o f  10% Fe in FAPO -18 p repared  using TEAOH.
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6.3.1.3 E x situ Fe-K-edge studies of as-prepared FAPO-5 and FAPO-18 using 

TEAOH and N.N-diisopropvlethviamine. respectively

Fe K-edge XANES results: Fe K-edge XANES spectra of the as-prepared FAPO-5 and 

FAPO-18 catalysts compared with those of model compounds representative of Fe in 

octahedral coordination (FeP0 4 .2 H2 0  and Fe in tetrahedral coordination (FeP0 4  

are shown below in figure 6.3.1.3 (i). The comparison reveals that the pre-edge 

intensities o f the as-prepared materials are in-between the model compounds containing 

Fe(III) in tetrahedral and octahedral coordination, with the pre-edge intensity of FAPO- 

5 being lower than that of FAPO-18.

7100 7110 7120

7100 7120 7140 7160 7180 7200

Energy/eV

Figure 6,3,13 (I) Fe K-edge XANES spectra o f  as-prepared FAPO-5 and FAPO-18 

compared with FeP04 .2H2 0  and FeP04 . The inset shows the pre-edge feature more 

clearly.

Fe K-edge EXAFS results: The Fe K-edge EXAFS data were analysed using multiple 

scattering procedures described in section 6.2.2 (and in more detail in chapter 2). The 

best fits between the experimental data and calculated EXAFS and the associated 

Fourier transforms are shown in figure 6.3.1.3 (ii). The results obtained by the EXAFS 

analysis are summarised in table 6.3.1.3 along with the structural data of FeP0 4 .2 H2 0

[40]
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Table 6.3.1.3: Structural parameters determined from Fe K-edge EXAFS of as-prepared FAPO-5 and FAPO-18 compared with the model compound 

o fF e P 0 4 .2 H 2 0

‘R

Fe-O(P) A
2a2

Fe-O(P)

A'

"R

Fe-O(W)

A

2a2

Fe-0(W )

A:

RFc-P jA

(Fe-0-P/°)

RFe-P2 -A

(Fe-0-P/°)

RFe-P^ A

(Fe-0-P/°)

RFe-P^ -A 

(Fe-0-P/°)

2a2

Fe-P

A'

FAPO-18 1.91 x 4 0.024 1 .9 6 x 2 0.0240 3.342

(156)

3.109

(131)

3.216

(141)

3.296

(149)

0.007

FAPO-5 1.95 X 4 0.023 1 .9 9 x 2 0.023 3.357

(157)

3.139

(132)

3.205

(139)

3.291

(147.7)

0.012

"FeP0 4 .2 HoO 1 .9 5 4 x 4 2.044 X  2 3.287

(145)

3.298

(139)

3.31

(144)

3.37

(150)

Tetrahedral Fe(ll) distances in Fe2Al204 are 1.961 A 
^O(P) represents the oxygen atoms that bridges Fe and P sites
^O(W) represents the oxygen atoms of the loosely bound water molecules co-ordinated to the Fe sites
^Average Fe(III)-0 distances are given in the table. Individual distances for the oxygen atoms that bridges Fe(III) and P(V) sites are 1.933, 
1.951, 1.958 and 1.971 and the oxygen related to the water molecule, 1.975 and 2.106

Fe-Oi

Fs-O(P)

Fe-O(P)
Structural model representing Fe-O(P) and Fe-O(W) code names used in table 6,3.1.3
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Figure 6.3.1.3 (ii) Fe K-edge EX A F S data and  the associa ted  Fourier transforms fo r  

as-prepared FAPO -5 (left) and  FAPO -18 (right) along with the local structural m odel 

derived fro m  the best f i t  (red lines represent the calculated  E X A F S and  the black curve  

shows the experim ental data) is shown.
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6.3.1.4 Mossbauer spectroscopy of as-prepared FAPO-5 and FAPO-18 using 

TEAOH and N.N-diisopropvlethvlamine. respectively

Fe(in) species have been reported to be in tetrahedral coordination if  the isomer shift 

(IS)<0.3 mm/s, whereas an IS>0.3 mm/s suggests that the Fe(III) species are in the 

octahedral environment The presence of Fe(II) species corresponds to an IS 

between 1.2 and 0.6 mm/s; tetrahedrally co-ordinated Fe(U) species show an IS between

0.6 and 0.9 mm/s (less than 1 mm/s), and octahedrally co-ordinated Fe(II) species are 

between 0.9-1.2 mm/s

Figure 6.3.1.4 (i) shows the Mossbauer spectra of FAPO-5, FAPO-18 and model 

compound of Fe(III) ions in tetrahedral coordination; FeP0 4 . We see that three different 

Fe species are present in FAPO-18 and a single Fe species is present only in FAPO-5. 

The Mossbauer spectra of FAPO-5 consists of a single doublet with an IS«0.4; 

characteristic of Fe(III) ions in octahedral coordination and in FAPO-18 two doublets 

are present, one at IS «0.38 (characteristic of Fe(III) ions in octahedral coordination) 

and another at IS«0.92 (attributed to Fe(II) in the tetrahedral environment). The third 

broad band seen in FAPO-18, has an IS which cannot be assigned to a particular Fe 

species. Finally, the spectra for FeP04  shows sharp quadrupole splitting and an IS«0.28, 

typical of Fe(ni) in tetrahedral coordination.

Thus, FAPO-5 has one species but FAPO-18 has three. The resolved peaks for FAPO-5 

is tetrahedral Fe(III) and for FAPO-18 is octahedral Fe(III), tetrahedral Fe(II) and one 

unresolved.
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Figure 6.3.1.4 (i) Mossbauer spectra o f  as-prepared FAPO-5 (right) and FAPO-18 

(left) and FeP04  (bottom) catalysts.

6.3.2 I/I situ studies of conversion of as-prepared FAPO-5 and FAPO-18 (prepared 

using TEAOH and N.N-diisopropviethvlamine. respectively) to calcined materials

6.3.2.1 In situ dynamic time resolved OuEXAFS/XRD measurements

Thus in situ combined XRD/QuEXAFS measurements were carried out to follow the 

structural modifications that occur during this activation p r o c e s s ^ B y  carrying out 

such an experiment, changes in both long and short-range order can be examined 

simultaneously. Stacked Fe K-edge X-ray absorption spectra and X-ray diffraction 

patterns recorded during the calcination of FAPO-5 and FAPO-18 catalysts are shown 

in figure 6.3.2.1 (i).

A closer examination of the pre-edge intensity of the XANES data and structural

parameters derived from the analysis of the EXAFS data (see figure 6.3.2.1 (ii)),

obtained from measurements made at various temperatures, reveal that the changes that

take place are very different for the FAPO-18 compared to the FAPO-5 catalysts. Note,

that only the first coordination shell information from this time-resolved measurement

was extracted, since this is sufficient to determine the nature of the active sites. In the
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case of FAPO-5, the pre-edge intensity (we estimate about a 10% error in the 

measurement of the intensity) increases abruptly above 100°C and remains constant 

with further increases in temperature. For FAPO-18, however, a gradual increase in the 

pre-edge intensity is seen over the same temperature range; in addition, as noted earlier, 

the pre-edge intensity of the FAPO-18 starting material is higher than that of FAPO-5. 

Note that to monitor better the changes that take place around iron in the FAPO-18 

catalyst, we used a slightly slower heating rate. Similarly, the F e-0  distance decreases 

abruptly from 1.97Â to 1.85Â for FAPO-5 around 100°C, while a gradual decrease from 

1.94Â to 1.85Â is seen for FAPO-18 (see figure 6.3.2.1 (ii)). Note, Fe-0 bond-distances 

o f  1.95Â are typical o f Fe(III) in tetrahedral coordination. However, the coordination 

numbers were estimated to be close to 4 for both the catalysts above 125°C. We mention 

here that not only there is a 10 percent error in the determination of the coordination 

number, but the high correlation with Debye-Waller factor (a^) makes it difficult to 

more accurately determine the coordination number. The variation of Debye-Waller 

factor  (which is affected both by the presence o f static disorder and temperature) 

mimics the changes that take place for Fe-0 distance with temperature indicating that 

FAPO-18 has more static disorder compared to FAPO-5; o f both catalysts reach 

similar values at higher temperatures where the Fe-0 distance for both the catalysts are 

nearly identical. It is not surprising to see a decrease in with an increase in 

temperature, since this occurs when the average Fe-0 distance changes from ca 1.95À 

to 1.86Â suggesting that less static disorder is present for the tetrahedral coordination 

compared to that for the octahedral.
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Figure 6.3.2.1 (i) Stacked Fe K-edge X -ray absorption spectra  (XANES and XRD), 

recorded  during the calcinations o f  FAFO -5 (bottom) and FAP O -18 (top) catalysts. 

N o te  that the pre-edge intensity (arrowed in the figure) changes abruptly in the case o f  

FA F O -5 but a gradual increase is seen fo r  FAFO-18. Only p a r t o f  the spectra is shown  

f o r  clarity in the X A N E S region. The integrity o f  the FAFO -5 and FAFO -18 fram ew orks  

indicates the poten tia l o f  these materials in catalysis.

172



On the nature of iron species in iron substituted aluminophosphates

6 .5

I  6.0
i  5.5 
•I 5.0
05
S  4.5 

8 4.0O
O 3.5
£  3.0

0.0244
0.022
0.020
0.018 

c. 0.016
^  0.014 
w 0.012 

0.010 
0.008 
0.006

0 0 0 O O 0 0 0^00

cTO
'-o
O
6

LL
Q)O)
:
<

1.98i
1.96
1.94
1.92
1.90
1.88

1.86

1.844

100 200 300 400 500 600 

Temperature°C

CDO)■o
Q)

gQ_

0.12n

0 . 10-

0.08-

0.06-

0.04-

0 . 02 -

100 200 300 400 500 600 
Temperature°C

' O oO

6 100 200 300 400
Temperature°C

500 60C

0 100 200 300 400 500 60(

Temperature°C

F igure  6.3.2.1 (ii) Variation o f  average F e -0  coordination num ber (top left), Debye- 

Waller fa c to r  (bottom left), average Fe-O  distance (top right) (derived fro m  the analysis 

o f  the E X A F S data extracted fro m  the spectra shown in fig u re  6.3.2.1 (i)) and pre-edge  

intensity (bottom right) with tem perature fo r  FAPO -5 (open circle) and  FAPO -18 (solid  

squares).

6.3.2.2 Combined thermogravimetric analysis (TGA) and mass-spectroscopv (MS)

By comparing the EXAFS results during heat treatment with the TGA data of the as- 

prepared materials, the pre-edge intensity change can be interpreted. In figure 6.3.2.2 (i) 

the individual mass losses at the specific temperatures are shown. Although several 

weight loss events took place during the calcination process, the most important is the 

loss of water at ca 125°C corroborating what we saw in the temperature resolved 

QuEXAFS measurements. In figure 6.3.2.2 (ii) the total product given off is shown. 

Moreover, TGA results of the materials, pre-calcined and exposed to atmosphere, show 

only one weight loss at ca I25°C, which is due to the removal of adsorbed water 

molecules from the six-coordinated Fe (III) ions (see figure 6.3.2.2 (iii)).
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Figure 63,2.2 TGA results o f  FAPO-5 and FAPO-18 (i) combined details from  mass 

spectroscopy o f  as-prepared materials (ii) total weight loss o f  as-prepared materials 

and (iii) total weight loss o f  pre-calcined hydrated catalysts

6.3.3 Structure of Fe active sites of calcined FAPO-5 and FAPO-18 materials 

prepared using TEAOH and NJS-diisopropvIethvlamine. respectively

6.3.3.1 Static Fe-K-edge studies of the active (calcined) catalyst

Although the Fe species of the calcined catalysts were studied using QuEXAFS data, a 

more elaborate analysis of the first and second shell is required to obtain detailed three- 

dimensional structural information of the active sites. The local structure around the Fe

174



On the nature of iron species in iron substituted aluminophosphates

centres in the calcined (active) catalyst was therefore determined using the Fe K-edge 

data recorded at room temperature, in a controlled (water free) atmosphere using the in 

situ cell, illustrated in chapter 2.

Fe K-edge XANES results: The pre-edge feature o f the XANES spectra for the calcined 

dehydrated FAPO-5 and FAPO-18 shows a sharp increase m the pre-edge intensity. The 

XANES of the calcined, dehydrated catalysts are plotted and compared to the model 

compound of Fe(III) in tetrahedral coordination, FeP04  (see figure 6.3.3.1 (i)). The 

sharp pre-edge peak is similar to that of FeP04  this suggests that we have Fe(III) ions in 

tetrahedral coordination in the calcined dehydrated FAPO-5 and FAPO-18 materials.

FePC\
FAPO-5
FAPO-18

7100 7110 7120

1
7050 7100 7150 7200 7250

Energy/eV
Figure 6.3.3.1 (I) XANES plot o f  the calcined dehydrated FAPO-5, FAPO-18 and 

FeP04  catalysts. The inset shows the pre-edge feature more clearly.

Fe K-edge EXAFS results: Similar to the analysis performed for the as-prepared 

catalysts, the multiple scattering analysis procedure was used to refine the EXAFS data 

and determine the final structure of the calcined dehydrated catalysts. The best fit 

between experimental and calculated EXAFS and the associated Fourier transforms are 

shown in figure 6.3.3.1 (ii). The average Fe-O, Fe-P distances and Fe-O-P bond angles 

of the energy minimised local structures are summarised in table 6.3.3.1, where they are 

compared with the experimental values from EXAFS analysis. The short Fe-0 bond 

distances {ca 1.86 A) and the low coordination numbers {ca 4) achieved after
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calcination and dehydration is typical o f Fe(III) in tetrahedral coordination, this 

complements and supports the XANES results.
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Figure 6.3.3.1 (ii) Fe K-edge EXAFS data and the associated Fourier transforms 

calcined FAPO-5 (left) and FAPO-18 (right) material along with the local structural 

model derived from the best f i t  (red lines represent the calculated EXAFS and the black 

lines shows the experimental data) are shown. The structural parameters derived from  

the best f i t  are given in table 6.3.3.1. Note the FAPO-5 data on the left, was taken using 

the fluorescence mode.
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Table 6.3.3.1: Structural parameters derived from computational (Interatomic potentials (IP)) and Fe K-edge EXAFS data derived for the calcined 

dehydrated catalysts (FAPO-5 and FAPO-18).

System Rpe-O A 2c2p,^A ' Rpe-Pj A

(FeOP°)
Kpe-Pj A  

(FeOP°)
Rpe-Pj A

(FeOP°)
Rpc-p^ A  

(FeOP °)
2a2p^pA'

FAPO-5
EXAFS

1.87x4 0.013 3.10
(138)

3.23
(146)

3.01
(149.6)

3.11
(149.7)

0.009

FAPO-5 IP 1.804
1.814
1.817
1.818

3.184
(146.3)

3.187
(148.2)

3.191
(145.9)

3.250
(158.2)

FAPO-18
EXAFS

1.85x4 0.011 3.09
(134)

3.270
(153)

3.092
(134)

3.187
(143)

0.011

FAPO-18 IP 1.802
1.808
1.815
1.816

3.102
(138.4)

3.178
(144.6)

3.181
(147.4)

3.191
(149.4)

FeP04 1.825
1.825 
1.866 
1.866

3.153
(141)

3.153
(141)

3.173
(137)

3.173
(137)
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6 3 3 .2  Energy minimisation studies of the active Fe sites

The interatomic distances obtained from the IP calculations and the respective bond- 

angles are compared with the EXAFS results in table 6.3.3.1. From the (IP) calculations 

we can determine four separate Fe-0  bond-distances; however the average of the Fe-0 

distances of both materials was ca 1.81 Â. This was a little lower than those obtained 

from the EXAFS analysis {ca 1.86Â). IP calculations were performed for different 

concentrations of Fe(III) in AIPO4- I 8 and AIPO4-5 The computational results 

predicted an increase in cell volume proportional to the amount of Fe(III) ions 

introduced into the AIPO4 framework (see table 6.3.3.2), this is consistent with results 

o f  previous computational studies on Fe-ZSM-5, and in agreement with experiment in 

literature

Table 6.3.3.2: Expansion in unit cell volume, determined by IP calculations, for AIPO4- 

5 and AIPO4-I8 by incorporation of Fe(III) in different concentrations

No. Fe(ni) in unit cell FAPO-5 unit cell 
volume/

FAPO-18 unit cell 
volume/

0 3181 5534

1 3194 5544

2 3207 5556

The

6.3.4 Hydration and dehydration studies of calcined FAPO-5 and FAPO-18 

materials

6.3.4.1 In  situ QuEXAJFS studies of calcined and hydrated FAPO-18 and FAPO-5 

samples

In order to ascertain if the behaviour o f the Fe ions in the pre-calcined hydrated 

materials changes, in situ  QuEXAFS measurements were collected on station 9.3. The 

XANES stacked plots of FAPO-5 and FAPO-18 materials are shown in figure 6.3.4.1

(i), where an increase in pre-edge intensity at ca 125°C is seen for both materials (this 

behaviour was previously only seen for as-prepared FAPO-5 (see figure 6.3.2.1 (i) in 

page 171). The pre-calcined, hydrated FAPO-18 material behaves differently to what it 

did before template removal; here the Fe sites behave identically to those in as-prepared 

FAPO-5. When the pre-calcined, hydrated material was heated and the weight loss was 

monitored using TGA (see figure 6 .3.2.2 (iii), in page 173) we saw that water was lost
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at 125°C, thus the abrupt increase in pre-edge intensity is a consequence of the two 

loosely bound water molecules removed at this temperature. A closer examination of 

the pre-edge intensity of the XANES data and the average Fe-0 distances derived from 

the analysis of the EXAFS data (see figure 6.3.4.1 (ii)) obtained from measurements 

made at various temperatures, reveal that at ca 125°C the pre-edge intensity abruptly 

increases (from 0.064 to 0.10) and the Fe-0 distances also suddenly decreases from 

1.923A to 1.85À. Again, only the first coordination shell information from this time- 

resolved measurement was extracted, since this is sufficient to determine the nature of 

the active sites.

12̂ C

7110, 7115 7120
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25 7080 7110 7140 7170
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7115 7120

550,
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7080 7110 7140 7170 720025

Energy/eV
Energy/eV

Figure 6.3.4.1 (i) Stacked X A N E S p lo ts  o f  pre-calcined, hydrated  FAPO -18 (left) and  

FAPO -5 (right).
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hydrated FAPO -18 with tem perature (only FAPO -18 is show n as we see sim ilar 

behaviour is seen fo r  FAPO-5).
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6.3.5 Effect of template source and Fe concentration on the nature of Fe ions 

within the framework structure

The investigation in the previous sections, showed that as-prepared FAPO-5 has Fe(IH) 

in octahedral coordination and FAPO-18 has Fe(II) and Fe(III) in tetrahedral and 

octahedral coordination, respectively. However, on calcination and de-hydration both 

catalysts have Fe(III) centres in tetrahedral coordination. FAPO-5 and FAPO-18 

materials studied above were prepared with TEAOH and with N,N- 

diisopropylethylamine, respectively. To examine if the use o f a different template has 

affected the behaviour of the Fe centres, FAPO-5 was prepared with N,N- 

diisopropylethylamine and FAPO-18 was prepared with TEAOH; both prepared with ca 

4% Fe. The Fe sites in FAPO-5 and FAPO-18 were examined using the XANES data 

from static XAS measurements and only for FAPO-5 dynamic in situ time resolved 

studies were carried out.

Finally, FAPO-5 and FAPO-18 were synthesized with a higher concentration of Fe ions 

to investigate the effect this may have on the nature of the Fe centres, where in situ 

XAS data was used to examine the sites.

6.3.5.1.1 Study of the effect of template using XANES data

XANES data of FAPO-5 and FAPO-18 collected on station 8.1 of the Daresbury 

Laboratories are shown in figure 6.3.5.1.1 (i). In table 6.3.5.1.1 the pre-edge intensities 

o f  each FAPO-5 and FAPO-18 material are tabulated and are compared with the model 

compound of Fe(HI) in tetrahedral (FeP0 4 ) and octahedral (FeP0 4 .2 H2 0 ) coordination. 

The pre-edge intensity of FAPO-18 is much higher than that of FAPO-5, regardless of 

the template used, suggesting that the template does not affect the nature of the Fe sites 

inside each framework.

Table 6.3.5.1.1: Pre-edge intensity in FAPO-5 and FAPO-18 prepared using 2 different 

template sources each.

System FAP0-5a' FAP0-18b^ FAP0-18c" FAP0-5d'' FeP04 FeP0 4 .2 H2 0

Intensity 0.066 0.097 0.085 0.062 0.16 0.04

FAP0-5a (N,N-diisopropylethylamine) 
’-FAP0-18b (TEAOH)
’FAPO-1 8c (N,N-diisopropylethyIamine) 
''FAPO-Sd (TEAOH)
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7100 7110 7120 k

—  FAPO-5 a 
FAPO-18 b

— FeP0^.2H^0
— FAPO-18 c 

FAPO-5 d

r T T T 1
7100 7120 7140 7160

Energy/eV

7180 7200

Figure 6.3.5.1.1 (i) XANES plots o f  FAPO-Sa (N,N-diisopropylethylamine). FAPO-18b 

(TEAOH), FAPO-18c (N,N-diisopropylethy lamine), FAPO-5d (TEAOH) and model 

compound FeP04 .2H2 0

6.3.5.1.2 Study of template effect on the nature of the Fe sites by in situ time 

resolved OuEXAFS/XRD

The combined XRD/QuEXAFS data o f as-prepared FAPO-5 synthesised with N,N- 

diisopropylethylamine was collected on station 9.3. The XANES stacked plots of 

FAPO-5, shown in figure 6.3.5.1.2 (i), illustrate an increase in pre-edge intensity at ca 

125°C. A closer examination of the pre-edge intensity of the XANES data and structural 

parameters derived from the analysis of the EXAFS data is seen in figure 6.3.5.1.2 (ii). 

The pre-edge intensity abruptly increases above 125°C and remains constant on further 

increasing the temperature. The Debye-Waller factor indicates more static disorder at 

higher temperatures. The coordination number was estimated to be close to 4 above 

125°C and the average Fe-0 bond distances decrease from 1.93A to 1.85Â during 

heating. These are all indications that as soon as water is desorbed from the Fe(III) 

octahedrally coordinated sites, Fe(III) in tetrahedral coordination is achieved.
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Figure 6.3.5.1.2 (i) Stacked X A N E S and XRD  p lo ts  o f  FAPO -5 synthesised  using N,N- 

diisopropylethylam ine.
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The changes that take place for FAPO-5 (prepared with N,N-diisopropylethylamine) 

during heating are identical to those of FAPO-5 catalysts prepared with TEAOH (see 

figure 6.3.2.1 (i) in page 171).

6.3.S.2 The effect of Fe concentration on FAPO-5 and FAPO-18

FAPO-5 and FAPO-18 (with 10% Fe) were synthesized to examine whether all the Fe 

content can be incorporated into the framework and/or if  some reside as extra

framework species. Fe K-edge data was collected in transmission mode; XAS data for 

FAPO-5 was collected and combined QuEXAFS/XRD data for FAPO-18 was collected 

on station 9.3 of the Daresbury Laboratory.

FAPO-5: In situ XAS data o f FAPO-5 was collected on station 7.1 where it was heated 

to 530°C. The XANES region of FAPO-5 (10% Fe) at various temperatures is shown in 

figure 6.3.5.2 (i). The intensity of the pre-edge peak o f the as-prepared materials is 

small, typical of Fe(III) species in octahedral coordination. During heating it increases 

quickly (as it does for FAPO-5 with Fe ca 4%), to a larger pre-edge intensity typical of 

Fe(III) in the tetrahedral coordination. The EXAFS analysis o f the first shell using the 

single scattering procedure was carried out (see table 6.3.5.2 for results). Here we see 

the coordination number decreases from ca 6 to ca 4 along with a decrease in the Fe-0  

bond-distance from 1.97À to 1.86À upon calcination and dehydration, these are typical 

of Fe(III) ions in tetrahedral coordination.

530 C 
80°C 
40°C 
25°C

7100 7120 7140 7160 7180
Energy/eV

Figure 63,5.2 (i) XANES plots o f  FAPO-5 (10% Fe) at various temperatures.
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Table 6.3.S.2: Parameters derived from the first shell EXAFS analysis of the FAPO-5 

with 10% Fe content. Value at 80°C is not shown, as quality of EXAFS data was not 

satisfactory.

Temperature/°C Fe-0 distance/A Debye-Waller
factor/A^

Coordination
number

25 1.97 0.017 6.1

40 1.95 0.020 6.1

530 1.86 0.006 3.8

FAPO-18: In situ combined QuEXAFS/XRD measurements of FAPO-18 (10% Fe) were 

collected on station 9.3. The XANES and XRD stacked plots are shown in figure 6.3.5.2

(ii). The stacked XRD patterns prove that the material is intact after heating to high 

temperatures. The stacked XANES plot shows a shift to low energy at ca 200°C, as seen 

for FAPO-18 prepared with ca 4% Fe (in Figure 6.3.2.1 (i), page 171), however, the 

pre-edge peak cannot be seen clearly since the energy resolution of this data is low. In 

figure 6.3.5.2 (iii) a closer examination of the pre-edge intensity of the XANES data and 

also of other structural parameters derived from the analysis of the EXAFS data is 

shown. (Here only the first coordination shell information from this time-resolved 

measurement was extracted, since this is sufficient to determine the nature of the active 

sites). A gradual increase in the pre-edge intensity is seen, similarly the average Fe-0 

distance decreased gradually from 1.96À to 1.86A. The coordination number was 

estimated to be close to 4 above 200°C. The variation of the Debye-Waller factor 

(which is affected both by the presence of static disorder and temperature) mimics the 

changes that take place for Fe-0 distance with temperature. FAPO-18 has more static 

disorder at higher temperatures where the average Fe-0 distance changes from ca 1.96A 

to 1.86A. This behaviour is also seen for FAPO-18 prepared with Fe ion concentration 

of 4%; see figure 6.3.2.1 (i) in page 171.
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Figure 6.3.5,2 (ii) Stacked X A N E S (left) and X R D  p lo ts  (right) o f  FAPO -18 prepared  

w ith  ca 10% Fe. The energy resolution was poor when this data was collected thus the 

pre-edge region is not apparent here.
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Figure 6.3.5.2 (iii) F e -0  coordination number, pre-edge intensity, D ebye-W aller fa c to r  

a n d  average F e -0  distance vs tem perature fo r  FAPO -18 p rep a red  with ca 10% Fe.

In summary, the behaviour of the Fe sites in FAPO-18 with ca  10% Fe is the same as 

those in FAPO-18 with ca 4% Fe. The average Fe-0 distance of 1.86Â and 

coordination number of 4 was seen for calcined, dehydrated FAPO-18 with ca 10%; this 

implies that all the Fe species are in the framework sites.
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6.4 DISCUSSION

Although X-ray diffraction results clearly shows the presence of pure AEI or AFI 

phases, these studies could not provide any information on the nature of the iron species 

present in the as-prepared catalysts. The pre-edge intensity in the XANES spectra of 

the as-prepared FAPO-5 and FAPO-18 were found to be different, with FAPO-5 being 

lower and closer to that of FeP0 4 .2 H2 0  (a well known Fe(III) compound in octahedral 

geometry). In addition, the pre-edge position appears to be similar to that of 

FeP0 4 .2 H2 0 . This suggests that FAPO-5 contains iron in octahedral environment, 

similar to that of FeP0 4 .2H2 0 . The pre-edge intensity of the FAPO-18 material was 

found to be between FeP0 4 .2 H2 0  and FeP0 4  material (quartz form wherein the Fe(III) 

ions are in tetrahedral coordination), which implies that the Fe sites in this material are 

different. Analysis of the Fe K-edge EXAFS data reveal an average Fe-0 bond distance 

o f  ca 1.94À and 1.97Â and a coordination number of ca 5.3 and 6.1 for FAPO-18 and 

FAPO-5, respectively. These results illustrate that the Fe sites in FAPO-5 are typical of 

Fe(ni) in octahedral coordination which is consistent with the XANES results. The 

presence of a larger pre-edge intensity and smaller coordination number in FAPO-18 

suggests that the iron species in this material is present in tetrahedral and octahedral 

environment. Searching through the crystallographic database the following distances 

were reported for various coordination geometry and oxidation states.

Fe(in)-0 octahedral coordination 1.96Â - FeP0 4 .2 H2 0 '̂̂ °̂

Fe(in)-0 tetrahedral coordination 1.86 Â - FeP0 4  quartz form 

Fe(n)-0 tetrahedral coordination 1.961Â -Fc2A104 

Fe(n)-0 octahedral coordination 2.16Â -Fc2Si0 4

Comparing these Fe-0 distances with those determined for FAPO-18 and considering 

that it is difficult to distinguish small separations o f ca 0.05Â by EXAFS, it was not 

possible to conclude whether Fe(II) and Fe(III) species in tetrahedral and octahedral 

environment co-exist in the FAPO-18 materials. Thus an investigation by Mossbauer 

spectroscopy was carried out. Analysis of the Mossbauer spectra of FAPO-5 and FAPO- 

18 clearly reveals that FAPO-5 contains predominantly Fe(in) ions whilst FAPO-18 

contains both Fe(U) and Fe(III) ions. The time resolved in situ QuEXAFS/XRD 

measurements also reveal differences between FAPO-18 and FAPO-5. In FAPO-5, a 

sudden change in pre-edge intensity was seen accompanied by a decrease in the Fe-0 

bond-distances at 125®C, an observation explained by the desorption of two water
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molecules, reducing the Fe(III) coordination from octahedral to tetrahedral. The TGA 

data analysis confirmed that water loss from the Fe sites took place at 125°C in both 

materials. In contrast, in FAPO-18, a gradual increase in the pre-edge intensity was 

found up to a temperature of 300°C accompanied by a gradual decrease in the Fe-0 

distances where the Fe-0 bond-distances in the calcined sample are typical for Fe(III) in 

tetrahedral coordination. We conclude therefore that there is Fe(II) and Fe(III) in the 

sample, with Fe(II) being oxidized to Fe(ni) at higher temperatures and the Fe(III) 

octahedral centers were converted to tetrahedral ones at lower temperatures. In 

addition, the higher value of the Debye-Waller factor for FAPO-18 compared to FAPO- 

5 at temperatures between ca 125 and ca 300°C support the presence o f mixture of 

tetrahedrally coordinated Fe(II) and Fe(III) ions. The fact that in FAPO-18 water is also 

desorbed at 125°C from the Fe sites (as seen from TGA data) without a large change in 

the coordination number or Fe-0 bond-distances again confirms that tetrahedral Fe(ll) 

co-exists with octahedral Fe(lll).

The calcined FAPO-18 and FAPO-5 materials both show a high pre-edge feature in the 

XANES data, similar to that found for FeP0 4  quartz form, and the EXAFS analysis 

reveals a coordination number of ca 4 with an average Fe-0 bond distance of ca 1.86Â 

in both materials. These results are indicative of Fe(lll) in tetrahedral coordination. The 

average Fe-0 and Fe-P bond-lengths obtained from the IP-based energy minimisation 

calculations are compared with those found by EXAFS and here we see that the IP 

results are slightly shorter than those found by experimental techniques. A similar 

discrepancy was present in the work of Lewis et al. on the Fe(lll)-doped ZSM-5 catalyst 

The behaviour of FAPO-5 and FAPO-18 is summarised in figure 6.4 (i).

For the re-hydrated systems, it is seen that the coordination environment of Fe appears 

to expand to an octahedral state in both FAPO-5 and FAPO-18 systems: similar to the 

behaviour observed for titanium containing silicates TGA results of the materials 

pre-calcined and exposed to atmosphere, shows only one weight loss at ca 125°C, which 

is due to the removal of adsorbed water molecules from the six-coordinated Fe ions. 

Thus on heating, water is desorbed from the Fe sites and therefore the active tetrahedral 

coordination state of Fe(lll) can be restored.
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c
O)c
03<r>
X

Fe(ll)Fe(ll l)

Fe(ll)—  300°C

530°C
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Figure 6.4 (I) Sum m ary o f  the changes in the local structure around  Fe ions in the 

FAPO -5 and FAPO -18 catalysts during the activation process.

Investigation of the effect that the organic template has on the oxidation state and 

coordination environment around Fe centres in the as-synthesised material reveal that 

the Fe oxidation state and coordination environment were found to depend on the 

structure type, irrespective of the organic template used in the preparation. However, it 

must be noted that this may be related to the pH of the gel composition, since we found 

that a pH of ca  6 yields AFI type materials and a pH of ca 7 result in AEI type system. 

To examine the effect that the Fe concentration has on the final product, FAPO-5 and 

FAPO-18 were prepared with a higher Fe concentration {ca 10% Fe) and the local 

structures were investigated. The results from the EXAFS analysis and from the 

XANES plot show a typical behaviour of Fe(IlI) sites going from octahedral to 

tetrahedral coordination upon calcination for both FAPO-5 and FAPO-18 catalysts. The
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behaviour of FAPO-5 and FAPO-18 were identical to that summarised in figure 6.6.1 

and it was illustrated that a higher Fe concentration does not modify the behaviour.

Concluding remarks

In summary, the local structure of Fe centres in the as-prepared and calcined FAPO-5 

and FAPO-18 catalysts, regardless of the template used, show a different behaviour in 

the different framework structures. While a direct conversion of octahedral Fe(III) to 

tetrahedral Fe(III) ions at 125°C is observed for FAPO-5 catalyst, in the FAPO-18 

catalyst, the mixture of tetrahedral Fe(II) and octahedral Fe(III) ions are converted to 

tetrahedral Fe(III) ions when calcined above 300°C.
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