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Abstract

The research w ithin this thesis has concentrated around the identification and
catalytic understanding o f the acid and redox properties o f a series o f m etal substituted
alum inophosphates, silicoalum inophosphates and polyoxom etalates. The aim being to
understand how the active m etal sites w ere co-ordinated, to w hat degree o f substitution had
been successfully achieved and finally the direct relation this inform ation had in
understanding the degree o f reaction for the various catalytic processes. In m ost part
hydrotherm al

synthesis

was

em ployed,

the

exception

being

in

the

case

o f the

polyoxom etalate and polyoxom etalate layered double hydroxide synthesis. C haracterisation
w as achieved through the use o f m any analytical techniques predom inantly X -ray
diffraction (XRD) and extended X -ray spectroscopy (XAS).

In total, four com m ercially

im portant reactions w ere studied.
Firstly, the shape selective and redox properties associated w ith (a) the substitution
o f different m etal ions w ithin the sam e alum inophosphate fram ew ork and (b) the
substitution o f the sam e m etal ion w ithin different alum inophosphate fram ew orks w ere
characterised and investigated for the m ethanol to olefin (M TO) reaction to dem onstrate the
activity and selectivity o f different fram ew orks in the production o f a range o f olefins.
Secondly, several transition m etal ion-exchanged zeolites and alum inophosphates w ere
synthesised, characterised and subsequently analysed for the hydroxylation o f phenol. Here
tem perature effects w ere also investigated to see w hat, i f any effect it had upon the final
conversion

of

phenol.

Thirdly,

a

series

of

bifunctional

platinum

im pregnated

silicoalum inophosphate (Pt/SAPO) and m etal substituted alum inophosphate (Pt/M eA lPO )
catalysts were synthesised, characterised then investigated to understand how their acidic
nature effected the catalytic activity and selectivity for the hydroisom erisation o f n-heptane.
Finally, the properties o f several cobalt-substituted polyoxom etalates (PO M ’s) and
polyoxom etalate pillared layered double hydroxides (PO M -LD H 's) w ere studied and
investigated for their catalytic activity for the oxidation o f cyclohexane w ith m olecular
oxygen in the presence o f TBHP.
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(-) Zn 2Al- K 5H 5[Co(III)W i 20 4 o].16H 20 (the inset shows a
clearer view o f the pre-edge peak)

184

Figure 6.8

Best fit Co K-edge EXAFS (left) and Fourier Transform
(right) data for the as synthesised cobalt substituted Keggin
ions, namely (a) K 6[SiCo(II).(H 20 )W 110 39], (b)
Zn 2Al- K6[SiCo(II).(H 20 )W 1i 0 39], (c)
Zn 2Al-K 7H[Co(II)(Co(II).H 20)W i ^ 39]. 14H20 , (d)
K5H5[Co(III)Wi2O40].16H2O an d (e)
Zn 2Al-K 5H 5[Co(III)W i 20 4 o].16 H 20 (the red line represents
the experimental data whilst the black line represents the
calculated data)
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Figure 6.9

Comparison o f a blank KBr spectrum (red) with the
Zn 2Al-N 03 spectrum (black)
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Figure 6.10 Comparison o f the K 5H 5[Co(III)Wi204 o].16 .H20
spectrum (blue) with the
Zn 2 Al-K 5H 5[Co(III)W i 204 o].16 .H 20 spectrum (black)
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Figure 6.11 Comparison o f the K 6[SiWnCoC>39.(H 20 )] spectrum (blue)
with the Zn 2Al- K 6[SiW nCo 039 .(H20 )] spectrum (black)
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Figure 6.12 Comparison of the
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K 7H[Co(II)(Co(II).H 20 )W 110 3 9 ]•14H20 spectrum
(blue) with the Zn 2Al-K 7H[Co(II)(Co(II).H 20 )W ii 0 39]. 14H 20
spectrum (black)
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Figure A
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Figure B

Chromatogram obtained from analysis into the MTO
reaction over CoAlPO-5, TOS = 45 minutes,
Temperature = 350°C
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Figure C

Chromatogram obtained from the calibration o f the
reactants and products for the catalytic hydroxylation o f
phenol
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Figure D

Chromatogram obtained from analysis into the
hydroisomerisation o f n-heptane over Pt/Zeolite-p,
TOS = 30 minutes, Temperature = 250°C
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Figure E

Chromatogram obtained from analysis into the
hydroisomerisation o f n-heptane over Pt/Zeolite-p,
TOS = 30 minutes, Temperature = 275°C
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Chapter 1

Introduction

l.l Present day Catalysis
Today’s society relies upon many different catalysts for the preservation and
improvement o f day to day life. From medicinal advances through to fabrics, fertilisers,
fuels and fine chemicals, catalysts are used in over 80% o f industrial processes and
therefore research into the development and understanding o f these materials is o f
paramount importance u .
Berzelius formulated the definition o f ‘catalysis’ (meaning ‘loosening down’ in
Greek) in 1836, however the phenomena had already been commercially exploited by
Dobereiners’ Tinderbox in the 1820’s, this worked on the principle that metals glow
when in contact with air and combustible gas 3. By 1830 over 20,000 were in homes and
offices in England and Germany.
Catalysis is a cyclic event (figure 1.1). Reactants adsorb onto the catalyst surface
where they react, then desorb leaving free the active sites ready for the next reactant
molecule.
A+ B -^A B

desorption

adsorption

reaction

Figure 1.1 Catalytic cycle
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The effect o f a catalyst is purely kinetic therefore it is impossible to make a
thermodynamically forbidden reaction work. The introduction o f a catalyst to a system
simply increases the rate at which a chem ical reaction approaches equilibrium, without
itself being consum ed in the process. This is achieved by providing an alternative route
for which the reaction can follow - one where the activation energy is lower, as shown
below in figure 1.2. Activation energy is high in non-catalysed reactions due to the
energy being expended to break bonds, before new bonds start to be made. Generally,
catalysts reduce the activation energy by form ing bonds, which eases the subsequent
bond breaking and thus the time needed for the reaction to come to equilibrium is
shortened. For example, a transition m etal ion can catalyse a reaction by providing an
alternative route between reactants and products, one that has a lower activation
enthalpy. This is possible since transition metals are able to form stable com pounds in
many different oxidation states. During the reaction the transition metal ion is firstly
oxidised by one reactant to a higher oxidation state before being reduced back to the
original form by reaction with another reactant. The reactants are therefore converted to
the same products as are formed without the catalyst except that the reactants are
converted into the products more quickly.

Transition state

Uncatalysed path
Catalysed path

Energy

Ea(uncat)

AH

Reactants

Products

Figure 1.2 Activation energy diagram
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The key characteristics o f a good catalyst are its activity, long term stability and
most importantly its selectivity. In the 1940’s acid-treated clays used in catalytic
cracking were found to have short lifetimes and gradually the more stable amorphous
synthetic silica-alumina catalysts became the favoured choice. In 1960, Rabo et al. first
reported synthetic zeolites to be exceptionally active and selective for the isomerisation
o f hydrocarbons. Their unique intracrystalline space available to reactant and product
molecules lends them excellent shape-selective materials. Since this date, a large range
o f zeolites and materials with similar structures and properties have been synthesised
and characterised and are presently used to catalyse a wide variety of industrially
important reactions.
In today’s society however the main challenge is concentrated around
environmental issues, to reduce the amount o f toxic and corrosive chemicals used and
produced in present day processes by increasing their efficiency. Government laws are
now starting to hit hard on chemical industries forcing them into either redesigning
existing processes or developing entirely new processes whilst still ensuring economic
viability. In general, catalytic research in today’s society is directed around maximising
yields and selectivities to ensure minimal waste and by-product formation.

1.2 Catalytic properties
The ultimate aim for any catalytic reaction is to achieve 100% activity and
selectivity over the shortest period o f time and at a temperature as close to ambient as is
possible. In truth, no industrial process achieves this target.
There are three possible types o f catalytic reaction, homogeneous (same phase),
heterogeneous, (different phases), and enzymatic. Enzymes are extremely active at
ambient conditions due to their unique shape selective sites, known as the lock and key
model interaction 4. The ideal catalysts therefore would be one that mimics the unique
ability o f an enzyme, i.e. one that possesses well-dispersed active sites that are easily
accessible for both reactants to diffuse onto and products to diffuse away from the
catalyst. A comparison between homogeneous and heterogeneous catalysis is shown in
table 1.1.
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Form
Phase
Temperature
Activity
Selectivity
Diffusion
Heat Transfer
Product Separation
Catalytic Recycle
Reaction Mechanisms
Example

HOMOGENEOUS
Soluble metal complexes, usually
mononuclear
Liquid
Low (<250°C)
Moderate
High
No problem
Facile
Problematic
Expensive
Reasonably well understood
Acetic acid synthesis (Monsanto
process)

HETEROGENEOUS
Metals, usually supported, or metal
oxides
Gas/solid
High (250-550°C)
High
Low
Can be very important
Can be problematic
Facile
Simple
Poorly understood
Methanol to Gasoline (MTG)

Table 1.1 Homogeneous versus Heterogeneous catalysis

1.2.1 Homogeneous Catalysis

Homogeneous catalysis’ main importance is its high selectivity, the ability to
produce very pure products in high yields. This is due to having more control over the
rates of mixing, temperatures and gas feed o f the reactants, than in heterogeneous
catalysis since the reactant and catalyst are both in the same physical sta te 5.
In homogeneous catalysis it has been found that by selecting the ligands around
the active centre, better reproducibility can be obtained together with greater control o f
catalyst poisons and increased selectivity. It should therefore be easier to design a more
active homogeneous catalyst rather than a heterogeneous one because of the positioning
o f its active sites.

1.2.2 Heterogeneous Catalysis

Whatever the apparent advantages maybe in using homogeneous catalysts,
industries prefer to use heterogeneous catalysts because of their higher activity,
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robustness and ease of product separation. Examples o f important heterogeneous
catalysts include the use o f zeolite H-ZSM-5 for the conversion of methanol to gasoline,
Bi2MoC>6 for the oxidation of hydrocarbons and TS-1 (titanosilicate-1) in the
epoxidation of alkenes.
There are two types o f solid heterogeneous catalysis namely bulk and supported
catalytic materials. Bulk materials are uniform, whereas the supported materials have
the active phase finely dispersed over the surface of another material that possesses a
large surface area.

1.2.3 Shape selectivity

Weisz first proposed the concept of shape selectivity in molecular sieves in 1960
6. In today’s society, this concept is of intense research. Zeolites and layered systems are
both excellent shape selective catalysts. Layered materials, for example layered double
hydroxides, are good since it is possible to vary their interlayer spaces by the
intercalation o f different ions, for example Keggin ions. In contrast, zeolites are rigid
materials. They are made up o f one-, two- or three-dimensional pores and channels
lending them very efficient shape selective catalysts. Shape selectivity works by the
catalyst sieving out unwanted reactants and/ or products (figure 1.3). For this reason,
microporous catalysts are being used significantly more for clean technologies in many
applications such as fuels, foodstuffs and pharmaceuticals 1.

Figure 1.3 Schematic o f reactant shape selectivity

27

1.3 Catalytic materials

1.3.1 Introduction to zeolites

The definition o f Zeolite is ‘the stone that’s boils’. It was back in 1756 that a
Swede named Cronsted used the term zeolite to describe the property o f the mineral
stilbite, which upon heating acts as if it is boiling. This name can be given to any
microporous material composed o f silicon and aluminium, that possesses cages andI or
channels of 3 - 1OA in diameter and is capable o f accommodating water or other polar
molecules within these voids 8. Zeolites, also known as aluminosilicates, consist of an
intricate framework structure o f tetrahedral Si(IV )04 and A 1(III)0 4 , linked through
oxygen atoms and arranged so as to avoid Al-O-Al linkages 9. Substitution o f Al(III) for
Si(IV) imparts a negative charge on the neutral framework within a silica matrix which
is compensated by charge balancing and exchangeable extra framework cations. When
the cation is a proton, a Bronsted acid site is formed; this is the principle origin of solid
acid properties in zeolites.
Zeolites occur naturally in the earth’s crust, however, since they possess very
useful properties a great deal of research has been carried out into the preparation o f
synthetic analogues, improving and expanding their capabilities and qualities.
Zeolites have been used extensively in the petrochemical, fine chemical and oil
refining industries for several decades for a variety o f different reactions due to their
unique properties. Namely, their high surface area, large number of available structures
ranging in pore size and diameter which can act as hosts for other ions such as transition
metals, their unique microporous structures which lend them good shape selective
catalysts and finally handling benefits and milder reaction conditions in comparison to
other acid catalysts. The main industrial reactions include catalytic cracking, alkylation
and isomerisation 8,1°. In addition, zeolites are also used in non-catalytic applications
including water softening (for example washing powder) and gas separation 10. During
the 1960’s scientists at the Union Carbide and Mobil Laboratories announced dramatic
improvements in the use o f zeolites as solid acid catalysts

11 12

’ . Since then, huge interest

in this area has led to the development and discovery of a wide range of new materials
and zeolites are now classed as catalysts o f growing commercial importance and are
2 10

having a huge impact in industrial processes ’ .
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1.3.1.1 Introduction to aluminophosphates

In the 1980’s a new group o f microporous materials, closely related to the
aluminosilicates were synthesised. It was discovered that when small amounts o f silicon
in the aluminosilicate framework were replaced with phosphorous, a new material,
silicoaluminophosphate (SAPO) was produced. On replacement of phosphorous for all
the silicon, another new material, aluminophosphate (A1PO) was produced. These
materials, also known as zeotypes, were soon followed by further synthetic analogues
created by the substitution o f other elements, including transition metals, from the
periodic table for either aluminium or phosphorus. These materials are best known as
metal substituted aluminophosphates, or MeAlPOs. However, certain limitations have
been observed with these materials. For example regarding the amount o f metal loading
possible before the material becomes thermally unstable and the structure collapses on
removal of the structure-directing agent (S D A )13,14.

1.3.2 Introduction to polyoxometalates

Due to their unique catalytic properties allowing them to be synthesised either as
a potential acid, redox or bifunctional catalyst 15,16, polyoxometalates possess a large
range o f applications. The catalytic reactions can be either homogeneous, heterogeneous
or biphasic.
For many decades people have been interested in polyoxometalates because o f
their magnetic, structural and catalytic properties, not only in the chemical industry (as
homogeneous and heterogeneous catalysts) but also in the medical (as antiviral and
antitumoral agents ) 17,18 and electronic industries (in magnetic and conductance studies)
19,20. Polyoxometalates have been used as catalysts since the start of the last century,
although it wasn’t until the early 1970’s that investigation’s into the properties and
behavioural aspects of polyoxometalates recognised the great potential of these
materials for catalytic applications 16’20"22. The majority o f the pioneering work was
carried out in Japan and Russia, o f which the outcome has been many successful
industrial applications, as shown in Table 1.2 23.
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Presently, catalytic applications are by far the most important use o f
polyoxometalates. As much as 80-85% o f recent publications and patent applications on
PO M ’s are related in one way or another to catalysis 24. Today’s research is mainly
concentrated in two important areas, acid catalysis and selective oxidation, with around
70% of the catalytic applications involving polyoxometalates o f the Keggin structure.

Reaction
Catalyst
_______ Phase________
liquid-phase hydration
-> 2-Propanol
Propene + H20
H4SiW120 4o
vapour-phase oxidation Mo-V-P-POM
Methacrolein + 0 2 -» Methacrylic acid
liquid-phase hydration
Isobutene +H20 - ♦ Isobutanol
H3PMoi20 4o
biphasic polymerisation H3PW i204o
* polymeric diol
THF + H20
liquid-phase hydration
n-Butenes + H20 - ►2-Butanol
H 3P M o i20 4o
direct oxidation
Ethylene + 0 2 - Acetic Acid
Pd-H4SiWi2O40
Ethylene + Acetic acid —*• Ethyl Acetate direct reaction in the H4SiWi2O40/SiO2
vapour phase

Year
1972
1982
1984
1985
1989
1997
2001

Table 1.2 Industrial processes catalysed by polyoxometalates

In the late 1990’s Misono et al 21,25 categorised catalytic reactions by
polyoxometalates into three types, table 1.3
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. The surface type applies to Langmuir-

Hinshelwood processes that occur on the surface o f both bulk and supported
polyoxometalates. The bulk type I category applies to acid catalysis by a bulk
polyoxometalate for the conversion o f a polar substrate which is able to absorb into the
catalyst. Whilst the third category, bulk type II, applies to catalytic oxidation’s that
occur predominantly on the surface on the catalyst.
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COMMENT

TYPE
Surface Type

EXAMPLE

Common type o f surface reaction, e.g.

Alkane Isomerisation

Langmuir-Hinshelwood type

Oxidation o f aldehydes, CO

Rate a catalyst surface area
Bulk Type I

“Pseudoliquid

Phase”;

reactants

Dehydration o f /-PrOH

absorb in the solid bulk and react
pseudohomogeneously
R ate a catalyst volume (weight)
Bulk Type II

Reaction occurs on the surface, with

Oxidative dehydrogenation

the bulk diffusion o f e and frT playing

Oxidation o f H 2

a key role
Rate a catalyst volume (weight)

Table 1.3 Different types o f heterogeneous catalysis attainable using polyoxometalates

1.4 Catalytic reactions

1.4.1 Oxidation catalysis

The oxidation of organic compounds with high selectivity is o f extreme
significance

in today’s chemical

industries.

Important

reactions

include

the

transformation of alcohols, the oxidation o f sulphides to sulphoxides and alkenes to
epoxides and diols 27,28. This thesis has concentrated on one small area o f this field,
namely epoxidation.
Epoxides are o f great importance and as a result much research is concentrated
in this area. Epoxides can be easily transformed into a number o f products including
diols, allylic alcohols and ketones. The epoxidation reaction can be carried out using a
number of different oxidants however many produce large amounts o f waste. Several on
the other hand are classed as ‘green’ since a high percentage o f active O 2 is produced
and the by-products are of no harm to the environment (table 1.4) 29,30.
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% Active Oxygen

Oxidant
02
H20 2
03
N20
NaOCl

H 2 0 /n o n e

47
33
36

H20
02
N2
NaCl
CH3COOH (acetic acid)
r-C4H9OH (f-butanol)
Cr3+ salts
Mn,2+salts

21

CH3COOOH (peracetic acid)
/-C4H9OOH (TBHP)
Cr0 3
Mn02

By-product

5 0 /1 0 0

21
18
16
19

Table 1.4 Comparison o f oxidants used within industry

The incorporation o f redox metals (transition metals) into acidic materials
produces interesting heterogeneous redox oxidation catalysts. The absorption properties
o f a redox molecular sieve can be altered due to the hydrophobic - hydrophilic character
o f the material. This feature increases the activity and selectivity o f the material in that
it is able to choose which reactants are adsorbed into the pores. One example o f a
commercial oxidation catalyst is the use o f TS-1 for the production of catechol and
hydroquinone from p h en o l31,32.

1.4.2 Acid catalysis

This is another very important area of research within today’s chemical
industries. One example o f an acid catalyst is a polyoxometalate, these are strong solid
acid catalysts and have the potential for use in reactions such as alkylation and skeletal
isomerisation o f hydrocarbons. Zeolites are another example o f a strong solid acid
catalyst. Their catalytic interests stem from the possibility to substitute different metal
ions within their microporous frameworks altering the acidic strength o f the material.
Zeolites are commonly used in industrial applications as hydrocarbon cracking
catalysts.
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1.5 Preparation of catalytic materials
The route to synthesising a catalyst can have a large impact on its catalytic
properties. When preparing catalysts, many different features must firstly be addressed.
For example; nature o f the surface required, structure o f the active sites, porosity,
surface area, stability, regenerability, cost, toxicity and application 29.
Synthesis o f these materials can be achieved via several different methods
including precipitation, where the catalytically active phase is generated as a new solid
phase and impregnation where the active phase is deposited on a pre-existing support
material. Precipitation is most commonly used in the production o f solid acid catalysts
and centres around the mixing o f aqueous metal salts and alkali solutions. The
formation of a new solid phase material is achieved through either physical (i.e.
temperature (hydrothermal techniques), agitation) or chemical (pH and ionic strength)
transformations and is a result o f particle nucleation and subsequent amassing o f the
particles. Depending on the final application, the solid phase may require further
processing in order to increase the catalyst’s activity, in the form o f ageing, washing,
filtration, drying, grinding, impregnation and calcination.
Multi-component systems, for example zeolites, use a co-precipitation method
(also known as the sol-gel method) in order to obtain homogeneity. This homogeneity
however is also dependent on preparative techniques, including temperature, pH and
even the order of addition of the reactants.
Impregnation is used when small amounts o f the active phase are required to be
deposited on the support material. This technique is effective in predetermining the
catalytic properties of the final catalyst (e.g. particle size and dispersion) through the
choice of support material and aqueous phase concentration, temperature, pH and ionic
strength33.
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1.6 Characterisation of catalysts
The different physical properties o f a catalyst can be measured using a variety o f
techniques. For example, the surface area can be measured using nitrogen physisorption,
typically calculated using the BET method and the type o f acid sites can be determined
using temperature programmed desorption (TPD) typically with pyridine or ammonia.
Other techniques can be carried out in situ, these studies are very important in
understanding changes in the catalyst during a reaction. These techniques include the
examination o f phase purity and crystallinity by X-ray diffraction (XRD), co-ordination
and oxidation states by X-ray absorption spectroscopy (XAS) and infrared (IR) analysis
3 4 ,35,36

In conclusion, the application o f such techniques can aid the understanding o f
how a catalyst functions during a reaction. This information can ultimately help
optimise the synthesis o f the catalyst and subsequently improve the efficiency o f the
catalytic reaction.
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Chapter 2

Experimental Methods

2.1 Chapter Overview

Many different experimental techniques have been used to characterise the
materials studied throughout this thesis. Similarly several pieces o f analytical equipment
have been used to analyse reactants and products from the subsequent catalytic
reactions. This chapter focuses on discussing the basic theory behind the use o f these
techniques and the interpretation o f the data obtained.

2.2 Synthesis of aluminophosphates (AlPOs), silicoaluminophosphates
(SAPO’s) and their metal substituted analogues

Synthesis of AlPOs and their metal substituted analogues is performed using
hydrothermal conditions. An aluminium

source (usually aluminium

hydroxide

(Al(OH)3)), phosphorus source (typically phosphoric acid (H 3PO 4)), water and a
structure-directing agent (SDA) (normally an amine, what kind depends on the
framework required to be synthesised) were vigorously stirred to form a homogeneous
gel. If a metal substituted aluminophosphate (MeAlPO) is required, then the metal
(usually a soluble metal salt) is added in solution at this point. The resulting gel is
placed into an autoclavable Teflon liner with lid and this placed into a metal autoclave.
This is securely fastened then placed into an oven for anything from one hour to one
week and at temperatures ranging from 140-240°C dependent once again upon the
framework being synthesised and the amount o f substituent being incorporated. Apart
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from the SDA, time, temperature and species o f metal ion required to form a phase pure
material, the pH o f the gel is also a critical parameter in the synthesis.
Synthesis of SAPO’s and their metal substituted analogues is identical to the
above method except that a silicon source (usually fumed silica (SiCh)) is also used in
the preparation.
Other synthesis techniques that have more recently been created for the
preparation of SAPO’s include the rapid crystallisation method 12. This method aims to
produce a homogeneous gel mix, which the authors demonstrate is essential in obtaining
a satisfactory catalyst for the MTO reaction. The preparative method involves the
addition of seed crystals, milling for a period o f time, treatment with ultrasonic waves
and the further treatment with a rapid crystallisation programme. Consequently they
were able to produce small, uniform crystals with low internal and external surface acid
densities.

2.3 X-ray diffraction

X-ray diffraction (XRD) is commonly used for the study o f long-range ordering
o f materials. Throughout this thesis this technique has been used solely to study the
purity and crystallinity o f the materials since their crystallographic structures have been
previously characterised and reported and can be checked against a database to clarify
that they are indeed phase p u r e 3.

2.3.1 Theory of X-ray diffraction

M. Von Laue first discovered the diffraction o f X-rays in 1912 and thanks to his
work, the arrangement and spacing o f atoms in crystalline materials have since been
deduced leading to a clearer understanding o f the physical properties o f materials 4,5.
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However it was W. L. Bragg whom in 1913 derived a simple mathematical equation
(equation 2.1) to explain why it was that the faces of crystals reflected X-ray beams, as
a function of incident angle (6) and the distance (d) between the atomic layers in a
crystal6. The variable lambda (A) is the wavelength o f the incident X-ray beam and n is
an integer.

r ik -2 d s in Q

(2.1)

Bragg's Law can be determined by considering the conditions required to make
the phases of the beams coincide when the incident angle equals the reflecting angle.
For example, when two incident beams hit the material in parallel at the same point but
at different atomic planes, the top beam strikes the top layer at atom z but the second
photon strikes at a lower plane, angle 0. This beam has to travel twice the distance (i.e.
AB+BC = 20) so as to continue travelling parallel with the first photon (figure 2.1).
Translating this difference into d-spacing produces a diffraction pattern.

B

Figure 2.1 Schematic showing the derivation o f B ragg’s Law using reflection geometry.
The lower beam has to travel double the distance o f the top beam in order to continue
travelling in parallel
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Diffraction patterns were collected on fine homogeneous powder samples in
angular-dispersive mode using Bragg-Brentano geometry. The diffractometer used was
a Siemens D500 equipped with an X-ray tube and copper target. A schematic o f the
XRD is shown in figure 2.2.

>r

Focussing S l it s ^

= X-ray path

X-ray plate and sample

Figure 2.2. Schematic o f the laboratory based angular-dispersive X-ray Diffractometer

using Bragg-Brentano geometry (the arrows show the stepwise movement the detector
takes when collecting reflections at 26 values)

XRD data was converted into x_y mode and extracted as a diffraction pattern
though powder cell and Origin 5.0 computer programs.
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2.4 Synchrotron radiation for the characterisation of materials

Synchrotron radiation (SR), particularly in the form o f X-ray absorption
spectroscopy (XAS), has been used throughout this research to determine the local
structure around the atoms under examination. From the information gathered, the bond
lengths and co-ordination geometry of the material were obtained. The work undertaken
during this research was carried out on a number of stations at the SRS Daresbury
Laboratories, United Kingdom and at the European Synchrotron Radiation Facility
(ESRF), France.
When electrons, accelerated in magnetic fields, are deflected from their course
SR is emitted 7’8. Scientific benefits were uncovered from the use o f this technique,
which led to the construction o f storage rings solely for this purpose 7. Figure 2.3 below
depicts the basic fundamentals associated with a storage ring. The electrons are initially
fired from a linear accelerator (LINAC) into the booster ring where they are further
accelerated prior to being injected into the storage ring. The storage ring consists o f
numerous bending magnets, whose purpose is to constrain the electron orbit under
vacuum. When they reach a bending magnet within the ring the SR that they emit is
subsequently utilised for analysis purposes on numerous stations situated around the
periphery of the storage ring at different intervals. The loss in energy has to be
replenished at least once a day by the introduction o f a new batch o f electrons into the
storage ring via the LINAC.

electron beam
LINAC
Booster
Ring

Storage Ring

SR
= Bending Magnet
SR

SR

Figure 2.3 Schematic o f a second-generation storage ring, depicting the angular output
o f SR from the bending magnets
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2.4.1 X-ray Absorption Spectroscopy (XAS)

The benefit o f this technique is that it provides structural and electronic
information on the catalyst under analysis similar to X-ray Diffraction, except that
information can be obtained here even when long-range order is absent. Structurally it
can provide information on the interatomic distance between the metal in question and
the first, second, third and fourth nearest neighbouring atoms. Additionally it can give
information on the co-ordination number o f the metal being studied. XAS also has the
very important added benefit o f obtaining information in situ, therefore ultimately being
able to study a catalyst throughout a reaction.
When an X-ray beam is shone on a material, photons are absorbed by atoms and
on passing through the sample the intensity / o f the beam is decreased. The amount o f
reduction dl, is determined by the materials absorption characteristics and can be
calculated using equation 2.2 below.

d l = -ju(E)Idt

(2.2)

Where: dt = Path length o f the radiation through the material
H (E )

= Linear absorption coefficient.

Lambert’s law (equation 2.3) attenuates the varied energy o f the X-ray photons
as they pass through a sample, achieved by integration o f equation 2.2 over t, the total
thickness o f the material being analysed 9’10.

1 = I0e h(E)t

(2.3)

Where: I and I0 are the transmitted and incident radiation intensities,
respectively.
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An absorption spectrum (figure 2.4) com prises o f three main regions, namely the
pre-edge, edge and post-edge.

The first part pre-edge and the edge regions are also

called X-ray absorption near edge structure (XANES) and the post-edge is termed as
Extended X-ray absorption fine structure (EXAFS). The absorption process is due to
incoming photons exciting a bound or occupied electron from the core energy level to a
vacant state.
XAS data is analysed by the use o f several steps. Data collected on the SRS is
obtained as a list o f values from the several signal detectors collected at various points
in the spectmm. These points are defined by the position o f the m onochrom ator in millidegrees. In order for the EXAFS oscillations to be extracted from the spectrum, the xaxis must be turned into energy by converting the m illi-degree scale into eV and the yaxis into absorption by dividing the signal reading by the reference reading for
fluorescence data (EXCALIB). The absorption is then background subtracted by
removing the smooth background curve o f the pre-edge and post-edge regions
(EXBROOK) to give the EXAFS. Finally the EXCURV98 program is used to refine the
local structure around the atom under investigation.

0.6

-

XANES
EXAFS

0.2
4850

4950

5050

5150

5250

5350

5450

5550

5650

E n e rg y / e V

Figure 2.4 Schematic o f an XAS spectrum depicting the three main regions observed
when characterising a material
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2.4.2 XANES

This region is associated with an initial decrease in intensity due to mass
absorption followed by a sudden increase caused by electrons being excited to vacant or
partially occupied states. Different classes o f absorption are observed depending on
whether the X-ray energy excites the electron from the Is level, producing a K-edge, or
2s, 2pi/2, or 2 p 3/2, resulting in LI or LII or LIII absorption edges, respectively 10.
This region around 50 eV below and 100 eV above the absorption edge, as
shown in figure 2.5, contains information regarding the oxidation state, co-ordination
number and local structure o f the absorbing species as it is associated with the
excitation process of electrons to bound or quasi-bound states 10,1\ In the pre-edge
region, a sudden increase may be observed due to transition from the core level to a
partially occupied state, for example the 3d state of a first row transition metal. This
transition is sensitive to the coordination geometry of the absorbing atom as well as the
electronic state.

The transition observed on the top o f the edge also provides

information about the coordination geometry.

For example, a higher intensity is

observed for octahedrally co-ordinated systems than for tetrahedral ones since there is
less multiple scattering effects for tetrahedral geometry compared to octahedral. In
addition, this intensity can be enhanced through other multiple scattering effects, co
ordination geometry and metal-oxygen distances 12' 14.

2.4.3 Extended X-ray Absorption Fine Structure (EXAFS)

EXAFS is observed as oscillations over a wide energy range in the X-ray
absorption spectra, 50 eV-1000 eV above the edge 6. Above the absorption edge the
ejected photoelectrons posses a kinetic energy (Eice). The oscillations observed (as in
figure 2.4), arise due to interference between the outgoing electron wave from the
absorbing atom and the incoming back-scattered wave from the neighbouring atoms
(figure 2.5).
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Figure 2.5 Radial portion o f the outgoing photoelectron wave (solid lines) being
backscattered by the neighbouring atoms (dotted lines) (the white circle portrays the
excited atom whilst the grey circles are its fo u r nearest neighbours)

The wave vector, represented by

k, is outlined

in equation 2.4 10,1 *.

k = V (2m / h2).(E-E0)

(2.4)

Where: m - Electron m ass

h = h /2 jr( where: h ■= Planck’s constant)
E = Energy o f the X-ray
E0 - Energy o f the X-ray at the absorption edge
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Experimentally the result o f the interference, seen as oscillations in the XAS
data, can be described as in equation 2.5 below.

H total

=

H o [1

+XeX]

(2-5 )

Where: n(E) - Linear absorption coefficient
Xex = Sum o f all the interference from neighbouring atoms

The sum of the total interference consists o f the amplitude o f the oscillations,
Aj(k), and the phase which is represented by a sine function, (sin €>j(k)) and is given as,

X (k) - X Aj(k) sin <Pj(k)

(2.6)

Where: %= EXAFS function.

The amplitude and sine parts can both be further expanded as shown below in
equations 2.7 and 2.8.

sin <t>j(k) = sin [2kRj - <Pj(k)]

(2.7)

Where: Rj = The interatomic distance between the adsorbing and scattering
species
<Dj(k) = Phase shift for both the central absorbing atom and the back
scattering one
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Aj(k)

=

(N /k R f) S02F j(k )e2kffJ2e 2m(k)

(2.8)

Where: Nj = The num ber o f atoms o f type j at a distance or Rj (Coordination
number)
Rj = Interatomic Distance

Oj2 = Mean square relative displacement which is due to both static and
thermal disorder
Fj(k) = Back-scattering amplitude factor, as a function of k
S02 = Amplitude reduction factor

Xj(k) = Mean free path o f the photoelectron

2.4.4 Fluorescence mode

Fluorescence mode is used when analysing low concentrations o f absorbing
species. Data is recorded over several individual fluorescence detectors giving a better
sensitivity to the XAS measurements since the background absorption is reduced 10.
Figure 2.6, demonstrates the positioning o f apparatus used to record XAS data. The
sample itself was loaded into an in situ cell (figure 2.7) prior to analysis so that it could
be analysed under any required environment.
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Fluorescence
detector

Si(lll)

X-ray beam

Sample
Si(lll)

Figure 2.6 Schematic o f the positioning o f a fluorescence detector when collecting XAS
data. The sample is placed in the beam at 0-45° (dashed line) between the incident (IQ)
and transmission (I) ion chambers

All XAS data in this thesis were collected in the fluorescence m ode since the
concentration o f absorbing species was very low.
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Figure 2.7 In situ cell used fo r XAS experiments
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2.5 Gas-liquid Chromatography (GLC)

Two Gas chromatographs were used throughout this thesis, one for gaseous
analysis and the other for liquid analysis.
The concept o f gas-liquid chromatography was first discovered back in 1941 by
Martin and Synge 5’15. This technique involves a sample being vaporised and injected
onto the head o f the chromatographic column, where it is then carried through the
column by a flow of inert, gaseous mobile phase (figure 2.8). The column itself contains
a liquid stationary phase, immobilised on the surface o f an inert solid.

Injection P o rt
R ecorder
Flow
C ontroller

olumi

D etector

C olum n O ven

Carrier
G as

Figure 2.8. Schematic representation o f a gas-liquid chromatograph

The inert carrier gas used is often dependent upon the type o f detector used.
During this research, helium (80 psi) was used. Nitrogen may also be used except
occasionally it may interfere with the resolution of particular peaks. The carrier gas
passes through a molecular sieve trap prior to entering the GC in order to remove water
and other impurities.
Temperature ramping was used to control the elution of components from a
sample, especially if the sample had a wide boiling point range. The column
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temperature was increased stepwise as separation occurred, so as to achieve optimum
separation over a minimum time span.
Sample volumes for each of the reactions varied, typical volumes were between
0.1 and 0.5pL. In order to achieve optimum column efficiency, the sample was
introduced onto the column either using a rotary sample valve (for gaseous analysis) or
a microsyringe (for liquid analysis). The temperature of the injection port was set at a
constant high temperature, >250°C, so that all the material evaporated onto the column.

2.5.1 Rotary sample valve

Due to the GC being used for on-line analysis for the MTO reaction, a sample
loop was used to inject material onto the column (figure 2.9). The rotary sample valve
was set automatically via the GC so that at a specified time after the GC programme had
started the sample loop ABC was filled with the sample. The valve then rotated by 45°C
and a reproducible volume o f sample (that originally was in the loop ABC) was
introduced onto the column. The valve then rotated back to its original position where it
vented to atmosphere.

Carrier
gas in

Carrier gas
to column

Carrier gas
and sample
to column

Carrier
gas in

It
Sample in

Sample out

(a)

Sample in

Sample out

(b)

Figure 2.9 Schematic o f a rotary sample valve fo r (a) filling sample loop ABC and (b)

introduction o f sample onto the column
51

2.5.2 Split/ splitless injection

Some reactions involved the use o f splits to control the am ount o f sample
injected onto the column. If the injector is in the split mode, then the carrier gas can
enter the vaporisation cham ber and exit by three different routes. W hen the sample is
injected through the septum, it vaporises and forms a mixture o f carrier-gas, vaporised
solvent and vaporised solutes. This mixture then passes onto the column, the quantity
depending on the split ratio chosen. The septum purge outlet is used in order to prevent
any o f the septum bleed com ponents from entering the column. Figure 2.10 shows a
split/splitless injector.

Rubber Septum
Septum
^ Purge
Outlet

Carrier
Gas —
Inlet

Split
Outlet
Heated
M e ta l_
Block

Vapourisation
Chamber

Glass
Liner
Column

Figure 2.10 Schematic o f a split/splitless injector
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2.5.3 GC columns

Two types o f column were used throughout this thesis, capillary columns (for
liquid analysis) and packed columns (for gaseous analysis). Capillary columns are more
efficient than packed columns because the internal diameter o f a capillary column is
only a few tenths o f a millimetre. There are two types available: wall-coated open
tubular (WCOT) or support-coated open tubular (SCOT). WCOT columns, the more
efficient o f the two, are coated with a liquid stationary phase, whereas for the SCOT
columns, the inner wall is lined with a thin layer of support material, onto which the
stationary phase has been adsorbed. In comparison, packed columns are made from
glass, metal or Teflon typically 2-3 metres long with an I.D. o f 2-4mm. The tubes are
tightly packed with solid support or packing material, coated in a thin layer of the
stationary phase.

2.5.4 GC detectors

GC detection can be performed using several different methods, all giving
different types of selectivity. Table 2.1 summarises the common GC detectors.
Throughout the course of this work, a Flame Ionisation Detector (FID) (figure
2.11) was used to analyse the products after catalytic reaction. The gases from the
column are mixed together with hydrogen (40 psi) and air (60 psi) and ignited. Any
organic compounds that are burned in the flame produce ions and electrons. These are
able to conduct electricity through the flame which, when a large electrical potential is
applied at the burner tip, a collector electrode located above the flame produces a
current that is then measured. The advantages o f using a FID detector are that it is very
efficient in the detection o f organic compounds, it is highly sensitive, has a large linear
response range, and low background noise. The only main disadvantage with using a
FID is that it destroys the sample.
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Detector

Type

Support
gases

Selectivity

Flame ionisation
(FID)

Mass Flow

Hydrogen
and Air

Most organic
compounds

Thermal
Conductivity
(TCD)

Concentration

Reference

Universal

Electron capture
(ECD)

Concentration

Make-up

Nitrogenphosphorus

Mass flow

Flame
photometric
(FPD)

Detectability

Dynamic
range

100 pg

10'

1 ng

10'

Halides, nitrates,
nitriles, peroxides,
anhydrides,
organometallics

50 fg

103

Hydrogen
and air

Hydrogen and air

10 pg

10°

Mass flow

Hydrogen
and air
possibly
oxygen

Oxygen Sulphur,
phosphorus, tin, boron,
arsenic, germanium,
selenium, chromium

100 pg

10J

Photo-ionisation
(PID)

Concentration

Make-up

Aliphatics, aromatics,
ketones, esters,
aldehydes, amines,
heterocyclics,
organosulphurs, some
organometallics

2 pg

10'

Hall electrolytic
conductivity

Mass flow

Hydrogen,
oxygen

Halide, nitrogen,
nitrosamine, sulphur

Table 2.1 Characterisation o f the detectors commonly used in G C 15
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Collector
Electrode

Flame
Ignition
Coil

+300V
Polarising
Voltage

Air

J

Hydrogen

Colum n

Figure 2.11 Schematic o f a Flame Ionisation Detector (FID)

2.5.5 Quantitative and qualitative analysis

Quantitative analysis was based upon a comparison of the area beneath the
analyte peak, i.e. peak area, with that o f a known standard.

2.5.5.1 Peak area analysis

With almost any detector used on a chromatograph (GC or LC) the signal
produced for a fixed amount o f different substances can be very different. The degree to
which a component produces a signal is called the response, with some compounds
having a very good response (e.g. hydrocarbons on an FID) and other compounds
having a very poor response (e.g. halocarbons on an FID). If you were to prepare a two
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component mixture (x/y) o f a known composition (50% each) containing compounds
with different responses, then the area percent report produced would show the analysis
weighted towards the component with the greatest response (i.e. it produces a better
signal for the same amount). Therefore it is necessary to determine what are known as
relative response factors for the two components. That is, the factor which needs to be
applied to the signal for each component in order to correct it for the different
responses. For the example above, if the 1:1 mixture produced the following results,
area (x) = 100,000 and area (y) = 80,000, then using equation 2.9 the results would
show that the Area % (x ) = 55.56% whilst the Area % (y) = 44.44%.

Area % (x) —

area (x)
x 100
area (x) + area (y)

(2.9)

It is obvious that component (x) has a better response than component (y). Using
their response factors (equation 2.10) the results can be corrected and hence the true
percentages can be calculated. This type o f calculation is called normalisation.

Response Factor (x) - Area (x) / True %

(2.10)

It is common to fix one o f the response factors at unity and ratio all the others to
it. In the above example, these would be, RRF (x) = 1 and RRF (y) = 0.8.

Retention time (RT) is measured with respect to a standard whose elution time is
known. For example in the case o f the MTO reaction methane was used. Relative
retention times (RRT’s) are then calculated accordingly (equation 2.11) for all other
analytes.

RT (analvte) = RRT
RT (methane)

(2 . 11)
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2.5.5.2 Standardising a chromatographic method
There are two types of standards, internal and external. Internal standards are
most frequently used because they achieve the highest precision for quantitative
analysis since errors such as sample injection, flow rate and column conditions are
excluded. With the use of an appropriate internal standard precision’s o f between 0.5%
and 1% are achievable, whereas errors >5% are acquired when using an external
standard.

2.S.5.2.1 Internal standardisation

Not all components will have a linear response and for this reason, it is
important either to prepare a standard that closely represents the sample composition, or
to prepare multiple standards (different compositions) and determine a calibration
curve. Once the response factors have been obtained you can determine the composition
o f any mixture o f x and y, but only when these are the only two components present. If
a third component were present, then to calibrate the GC an Internal Standard method is
used. The retention time o f the standard should not coincide with any o f the other
components in the sample mixture. For example for the phenol hydroxylation reaction,
mesitylene was used as the internal standard. Here the RRF for mesitylene is fixed at 1
and all the others proportioned accordingly.
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2.6 Infrared (IR) absorption spectroscopy
Infrared analysis has been applied within this thesis as a qualitative tool to
characterise specific co-ordination o f substituents within the framework materials and
moreover to ascertain as to whether further materials had been successfully formed
(chapter 6, section 6.4.2.3).
The mid infrared region encompasses wavelengths between 4000-200 cm '1 515.
Solid samples were finely dispersed in potassium bromide (KBr) (lOOmg KBr : lm g
catalyst) prior to analysis. Characterisation was achieved by observation of functional
group absorption frequencies, associated with the vibrations from the interaction o f one
or more atoms comprising the group.

2.7 Thermogravimetric Analysis (TGA)

This technique is used for measuring the precise weight change when a material
is exerted to a temperature increase under controlled conditions 5’15"17. For example, this
technique can be used in calculating the amount o f water or organic template bound to
the catalyst (chapter 5, section 5.3.2.5). For this research weight loss was recorded as a
function of temperature and time. Approximately 2mg of the catalyst were used for each
experiment.

2.8 Temperature Programmed Desorption (TPD)

Pyridine absorption and then subsequent desorption at elevated temperatures
was used to probe materials in order to gain information concerning the number and
strength of acid sites (chapter 5, section 5.3.2.3). Pyridine interacts with Bronsted and
Lewis acid sites of different strengths. The low temperature desorption of pyridine is
attributed to weak Bronsted or Lewis acid sites, whereas desorption of pyridine at
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higher temperatures is attributed to stronger Bronsted acid sites 5,15>17. Approximately
80mg o f the catalyst were used for each experiment.

2.9 Specific surface Area

Specific surface area is used in determining the surface area per unit mass of
powdered samples. The specific surface area o f a powder is achieved by physical
adsorption o f a gas on the surface o f the solid and by measuring the amount o f
adsorbate gas corresponding to a mono-/multi-molecular layer on the surface (chapter 5,
section 5.3.2.4)5’15. In a typical experiment, 15mg o f catalyst was analysed. Firstly the
material is pre-treated by a combination o f vacuum and a flowing gas at cryogenic
temperature to remove adsorbed contaminants obtained from atmosphere exposure. An
adsorbate, in this case nitrogen, is then exposed to the solid in controlled increments.
After each exposure o f adsorbate, the pressure within the apparatus is left to equilibrate
and the quantity o f adsorbed gas calculated. The resulting data is plotted as volume o f
gas adsorbed versus pressure and defines an adsorption isotherm. From this, the
quantity of gas necessary to form a mono- (Langmuir) /multi-layer (BET) is determined
and the surface area also deduced.
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Chapter 3

Study of the shape selective and redox properties of several framework
metal substituted aluminophosphates for the Methanol to Olefin
(MTO) reaction

3.1 Chapter Overview
This chapter discusses the results obtained from investigations into the shape
selective and redox properties associated firstly with the substitution o f different metal
ions within individual aluminophosphate frameworks, and secondly the substitution o f
the same metal ion within different aluminophosphate frameworks. Information into the
phase purity and crystallinity o f the materials has been achieved with the use o f X-ray
diffraction (XRD) analysis. In addition, catalytic studies into the methanol to olefin
(MTO) reaction have been carried out to demonstrate how selective the different
frameworks were for the production o f light and higher olefins. Overall, the results
showed that the manganese substituted A1PO-18 material was in fact the most active
species at 350°C (TOS = 30 minutes) for the production o f lower olefins. Whilst
conversely, the cobalt substituted A1PO-5 material was the more active species at 350°C
(TOS = 30 minutes) for the production o f higher olefins. The comparisons observed for
the MTO reaction between the substitution o f cobalt ions into the A1PO-5, -18,-36 and 39 materials, found that at 350°C (TOS = 30minutes), the most active and selective
framework for the production o f lower olefins was A1PO-18.
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3.2 Methanol to Olefin (MTO) reaction
The result o f the energy crisis during the 1970’s brought about a renewed
interest in the use o f alternative materials, such as natural gas, as base stocks for the
production o f fuels.
LeBel first reported the formation of hydrocarbons from methanol in molten
ZnCh back in 1880 \ Then in the 1970’s Mobil scientists reported their research into
the use of ZSM-5 for the selective production o f gasoline (higher olefins) aromatics
from m ethanol2.
In 1979, the New Zealand government built the first methanol to gasoline plant
(MTG) from the use of natural gas as a base stock and M obil’s ZSM-5 catalyst and
more recently UOP/ Norsk Hydro have developed a methanol to olefin (MTO) plant
using the NiSAPO-34 catalyst. Both plants have had commercial success, although the
limiting factor for the MTO process is that it needs to be located close to natural gas
reserves.
Methanol can be easily formed via several reactions from natural gas, coal and
crude oil. In more recent years, most interest has concentrated on the environmentally
friendly method o f methanol production from natural gas, otherwise known as synthesis
gas, and the further reaction o f the methanol over solid acid catalysts for the production
o f hydrocarbons/ olefins 3. Synthesis gas (CO + H 2) can be produced in a number o f
ways. The UOP process uses reformed natural gas, although other ways of obtaining
synthesis gas include steam reforming o f naphtha, coal gasification and partial oxidation
o f natural gas and petroleum.
The conversion o f methanol to olefins involves the formation o f carbon-carbon
(C-C) bonds. When methanol is absorbed onto the surface o f the catalyst, the first
product to form is dimethyl ether. The formation o f the first C-C bond, is a hot topic of
discussion, with many theoreticians proposing possible mechanistic solutions. Such
mechanisms include the most favoured solution proposed by Van den Berg et al. This
involves the oxonium ylide mechanism, which predicts that the interaction between
dimethyl ether and an acid site on the solid acid catalyst forms a dimethyl oxonium ion,
which further reacts with dimethyl ether resulting in the production o f a trimethyl
oxonium ion. This ion then de-protonates forming a surface-associated dimethyl
oxonium ion, which is then transformed into either methylethyl ether by Stevens re
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arrangement or an ethyldimethyl oxonium ion by methylation, both subsequently form
ethylene via p-elimination 4.
The mechanistic solution that Gale et al proposed is shown below in figure 3.1 5.
After the equilibrium mixture containing un-reacted methanol, dimethyl ether and water
has formed, light olefms are then produced. Dependent on the catalysts being used, the
light olefms can react further with each other by hydrogen transfer, alkylation and
polycondensation reactions to produce higher olefins, paraffins, aromatics and
naphthenes 4.
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Figure 3.1 Reaction scheme fo r the conversion o f methanol to olefins over an
aluminosilicate catalyst5

Deactivation of the catalyst occurs via a process known as coking. This occurs
when the hydrocarbons that are formed inside the pores do not or cannot exit back out
through the pores, thereby getting stuck inside the catalyst and blocking the way for
other molecules to access and break away from the acid sites o f the material. Coke
formation cannot be avoided during the MTO process however the catalyst can be
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regenerated by calcination where the coke is ‘burnt o f f and the acid sites are once again
free for further catalytic reactions to take place. A lot o f research has taken place into
understanding why this diffusion and deactivation process occurs so that in the future
more efficient catalysts may be developed. In particular Chen et al have studied the
deactivation of dimethyl ether in SAPO-34 and developed a kinetic model based on the
assumption that coke was randomly deposited inside the pores 6.

3.3 Use of aluminophosphates for shape selective catalysis
It has been well established in recent years that heteroatom substituted small
pore microporous aluminophosphate materials are extremely efficient shape selective
catalysts 4’7. For example, it is well known that SAPO-34 (structure related to
chabazite), and its nickel substituted analogue are very effective in converting methanol
to both ethylene and propylene 4’8' 10. Similarly, it has been established in our laboratory
that the transition metal ion substituted A1PO-18 and A1PO-34 materials, in particular
manganese or cobalt, can be employed to selectively oxidise the terminal carbon atoms
in n-hexane and other linear alkanes n . In light o f these unique catalytic properties there
is considerable interest in the

study o f heteroatom

substituted, small pore

aluminophosphates for a variety o f reactions. Among the various small pore structures,
A1PO-18 and A1PO-34 (the main difference being the way in which the double six rings
are stacked, otherwise their pore dimensions are identical) based systems have shown
good thermal stability upon calcination, and excellent activity and selectivity towards
the conversion o f methanol to light olefins 4>7>12’13.
The majority o f synthesis and catalytic studies in the literature are concerned
with SAPO-34 and a variety of metal substituted analogues, such as CoAlPO-34,
NiSAPO-34 and FeSAPO-34 14,15. Only a few studies have been devoted to the
heteroatom substituted A1PO-5, A1PO-18, A1PO-36 and A1PO-39 structures. Although
the overall architecture and thermal stability o f both A1PO-34 and A1PO-18 related
structures are very similar, a greater number o f different heteroatom compositions are
possible for A1PO-18. For example, it has been shown that SAPO-18 can be prepared
with Si/Al ratio ranging from 0.0 to at least 0.1, whereas in contrast SAPO-34 can only
be prepared over a much smaller composition range of between 0.09 and 0.11 16’17.
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Previous work by Popova et al on several cobalt and silicon substituted A1PO-5
catalysts showed good conversion o f methanol to olefins, with the best performance
being observed for the cobalt substituted material 18. Very little research into the
MeAlPO-36 and MeAlPO-39 frameworks has taken place. Akolekar et al, showed that
the magnesium substituted A1PO-36 material possessed the most acidity and was
therefore the most active catalyst in the conversion o f ethanol, pentane and cyclohexane.
This activity was then further enhanced by the incorporation o f silicon into the
framework, producing the MgAPSO-36 c a ta ly st19,20. Whereas Sinha et al have reported
that substitution o f silicon and magnesium into the A1PO-39 structure, produced
reasonably active catalysts at 450-500°C, with SAPO-39 being the most active of the
two for the MTO reaction21.

3.3.1 Acidity of aluminophosphates

Substitution o f different metal ions within the framework of an A1PO or SAPO
brings about a change in the chemical properties o f the material. Upon heating cobalt,
manganese and iron in oxygen, a change is observed in their oxidation states, 2+ to 3+.
Electroneutrality is maintained as you are substituting Al(III) with Me(III) and
removing the charge balancing SDA (figure 3.2). However reduction back to 2+ (in a
reducing gas) will create a charge imbalance, which is compensated by protons and
hence a solid acid catalyst is formed (figure 3.3).
The active acid sites are hydroxyl groups and are located throughout the
framework where each o f the structural units are linked.
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Figure 3.2 Schematic depicting the form ation o f Bronsted acid sites in an
aluminophosphate (a) before and (b) after calcination (Where Me = Zn, Mg)

NEUTRAL FRAMEWORK
A1(I II)

Si(IV)
V(IV)
Ti(IV)

Co(II)
Mn(II)
Fe(II) or Fe(III)
Zn(II)
Mg(II)

BRONSTED ACID S IT E S

Figure 3.3 Schematic depicting the Bronsted acid sites in an aluminophosphate

3.4 Aims and Objectives
The zeotype frameworks studied throughout this chapter include; the large pore
(6-8A) MeAlPO-5 and MeAlPO-36 and the small pore (<4A) MeAlPO-18 and
MeAlPO-39 materials as shown in figure 3.4. These systems were chosen for both their
structural and acidic properties. In the case o f the large pore materials, the area o f
interest was the differences between the activity o f the two materials since MeAlPO-36
has been found to possess stronger -O H bonds than MeAlPO-5 as studied by Barrett et
a l 22. Whereas for the small pore materials, interest was concentrated around studying
what significance, if any, the cage and channel variations o f the two frameworks had on
the activity and selectivity for the M TO reaction.

Due to the flexibility in the composition o f the MeAlPO structures, several
transition metal ion substituted materials were prepared. X-ray diffraction (XRD)
analysis was used to ascertain as to whether the as synthesised materials were phase
pure and crystalline. Detailed catalytic studies to investigate the nature o f selectivity and
activity as a function o f both transition metal ion incorporation and reaction temperature
were subsequently carried out to investigate the production of light olefins from
methanol over each of the catalysts. The materials synthesised included the pure AlPOs
as well as their cobalt, manganese, iron and titanium substituted analogues. Previous
work has shown that the total loading o f a M eAlPO-18 necessary in order to achieve
optimum methanol conversion was 2 weight percent 23. For this reason each o f the
materials synthesised and analysed catalytically were performed using 2 atom percent o f
the relevant metal substituent.
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A1P0-5 (AFI)
1-dimensional/ 12-membered ring
7 .3

x 7 .3 A

A1PO-36 (ATS)
1-dimensional/ 12-m em bered ring
7.5 X.6.5A

A1PO-18 (AEI)
3-dimensional/ 8-membered ring
3 .8 x 3 . 8 A

A1PO-39 (ATN)
1-dimensional/ 8-membered ring
4 .0 x 4 .0 A

Figure 3.4 Representation o f the fo u r aluminophosphate frameworks investigated
throughout this chapter, projected along the [001] axis 24
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3.5 Experimental

3.5.1 Preparation of the M eAlPO materials

Hydrothermal treatment was employed to prepare each o f the transition metal
substituted aluminophosphate materials. Each material was prepared using aluminium,
phosphorous and metal ion sources in addition to a template and water. Further detailed
information on the preparation o f the materials is given below.

3.5.1.1 Preparation of M eAlPO-5 (where Me = Co/ M n/ Fe/ Ti)

A1PO-5 and its transition metal ion substituted analogues were synthesised using
tetraethyl ammonium hydroxide (TEAOH) (Aldrich) as the structure-directing agent
(SDA). In a typical synthesis, aluminium hydroxide hydrate (Aldrich) was added to a
solution o f phosphoric acid (85%) (Aldrich) and distilled water (Fluka). Appropriate
amounts of the Me(II) acetate (Aldrich) were then added prior to the addition of the
SDA and vigorous stirring was employed in order to form a homogeneous mixture. The
final gel, with a pH o f approximately 4.5, was introduced into a Teflon lined stainless
steel autoclave and subjected to hydrothermal treatment at 175°C for 3 hours. The
recovered solid was filtered, washed with distilled water then dried in air at
approximately 100°C overnight. M olar compositions for the preparation o f the
MeAlPO-5 materials can be seen below in table 3.1.

Metal (x)

Al(OH )3

H 3PO 4

TEAOH (y)

Water

0.02

0.98

1.5

0.8

25

Table 3.1 Molar compositions usedfor the preparation o f the MeAlPO-5 materials,

with structure Me(Xy 4 l(i.X)P0 4 . TEAOH(y)
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3.5.1.2 Preparation of MeAlPO-18 (where Me = Co/ Mn/ Fe/ Ti)

Both A1P0-18 and its transition metal ion substituted analogues were
synthesised

using

a

previously

reported

procedure

7

employing

N,N-

diisopropylethylamine (DIPE) (Aldrich) as the structure-directing agent (SDA). In a
typical synthesis aluminium hydroxide hydrate (Aldrich) was added to a solution o f
phosphoric acid (85%) (Aldrich) and distilled water (Fluka). Appropriate amounts o f
the Me(II) acetate (Aldrich) were then added prior to the addition of the SDA with
vigorous stirring in order to form a homogeneous mixture. The final gel, with a pH o f 8,
was introduced into a Teflon lined stainless steel autoclave and subjected to
hydrothermal treatment at 150°C for 96 hours. The recovered solid was filtered, washed
with distilled water then dried in air at approximately 100°C overnight. Molar
compositions for the preparation o f the M eAlPO-18 materials can be seen below in
table 3.2.

Metal (x)

Al(OH )3

H 3PO 4

DIPE (y)

Water

0.02

0.98

1.0

0.85

30

Table 3.2 Molar compositions used fo r the preparation o f the MeAlPO-18 materials,

with structure Me(X)Al(i.X)P 0 4 .DIPE(y)

3.5.1.3 Preparation of CoAlPO-36

Cobalt substituted A1PO-36 was synthesised using N-ethyldicyclohexylamine
(ECHA) (Aldrich) as the structure-directing agent (SDA). In a typical synthesis,
aluminium hydroxide hydrate (Aldrich) was added to a solution of phosphoric acid
(85%) (Aldrich) and distilled water (Fluka). Co(II) acetate (Aldrich) was then added
prior to the addition o f the SDA. Vigorous stirring was employed throughout the whole
synthesis in order to form a homogeneous mixture. The final gel, with a pH o f
approximately 6.5, was introduced into a Teflon lined stainless steel autoclave and
subjected to hydrothermal treatment at 160°C for 16 hours. The recovered solid was
filtered, washed with distilled water then dried in air at approximately 100°C overnight.
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Molar compositions for the preparation o f the CoAlPO-36 material can be seen below in
table 3.3.

Cobalt (x)

Al(OH )3

H 3PO 4

ECHA (y)

Water

0.02

0.98

1.0

0.8

10

Table 3.3 Molar compositions used fo r the preparation o f the CoAlPO-36 material,

with structure Co(X)Al(i-X)P0 4 .ECHA(yj

3.5.1.4 Preparation of CoAlPO-39

Cobalt substituted A1PO-39 was synthesised using diisobutylamine (DBA)
(Aldrich) as the structure-directing agent (SDA). In a typical synthesis, aluminium
hydroxide hydrate (Aldrich) was added to a solution o f phosphoric acid (85%) (Aldrich)
and distilled water (Fluka). Co(II) acetate (Aldrich) was then added prior to the addition
o f the SDA. Vigorous stirring was employed throughout the whole synthesis in order to
form a homogeneous mixture. The final gel, with a pH o f approximately 6.5, was
introduced into a Teflon lined stainless steel autoclave and subjected to hydrothermal
treatment at 160°C for 16 hours. The recovered solid was filtered, washed with distilled
water then dried in air at approximately 100°C overnight. Molar compositions for the
preparation o f the CoAlPO-39 material can be seen below in table 3.4.

Cobalt (x)

Al(OH)3

h 3p o 4

DBA (y)

Water

0.02

0.98

1.0

0.8

10

Table 3,4 Molar compositions used fo r the preparation o f the CoAlPO-39 material,

with structure Co(X)Al(i-X)P0 4 DBA(y)
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3.5.2 Characterisation

The as-prepared materials were characterised for phase purity and crystallinity
by X-ray diffraction (XRD). The analysis was carried out at room temperature using a
Siemens D500 diffractometer equipped with copper target. The degree of reaction for
the gaseous conversion o f methanol to olefins was recorded by on-line gas
chromatography analysis, using the apparatus previously discussed in chapter 2, section
2 . 10.

3.5.2.1 XRD measurements

Phase purity and crystallinity o f the as synthesised materials were accounted for
by X-ray diffraction (XRD) analysis, measured using a Siemens D500 employing CuK<Xi

radiation. In a typical experiment, the sample was pressed onto a plate and

smoothed prior to the plate being loaded into position. The materials were subsequently
analysed over a range o f 5 - 40 degrees (20) at a rate o f 0.02 degrees a second.

3.5.2.2 Catalytic analysis

One major part o f this research focused on the design of a new catalytic reactor.
The gaseous experiments were carried out on a catalytic rig built by m yself for the
specific purpose o f running the methanol to olefin (MTO) reaction. The set-up
essentially comprised a gas flow, reactant feed, reactor and gas chromatograph (GC) as
shown in figure 3.5. The aim was to link each of the pieces o f equipment in series so
that during the catalytic reaction, the products could be characterised by on-line
analysis. Stainless steel Swagelok was used for all piping and connections. The
methanol (Aldrich, 99.5%) feed was injected into the flowing gas stream (nitrogen, 20
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ml/min) at a fixed flow rate o f 0.05m l/m in, WHSV - 11.9 h"1, using a syringe pum p1.
The pipe-work around this area, prior to the furnace and betw een the furnace and GC
was heated using a variac variable transform er and heating tape (approximately 70°C),
so that the feed would vaporise and be transported forward with the pressure o f the gas
flow. The reactor was a C arbolite furnace equipped with eurotherm controls and the GC
was a Perkin Elm er 8410 equipped with a FID detector and fitted with a Porapak N
column.
In a typical experim ent, 200m g o f the as-prepared catalyst was pelletized then
crushed using a 20 m icron m esh sieve prior to being loaded into a tubular quartz
reactor, and held in place using plugs o f quartz wool. The gas flow was m onitored prior
to and post the catalyst slug to check for back pressure, none was observed throughout
the entire series o f experim ents. The catalyst was activated by removal o f the organic
template (an im portant process carried out prior to the catalytic testing, which frees the
channels and pores m aking them available for shape selective catalysis) via calcination.
This was achieved by heating the catalyst in a nitrogen atm osphere at 5°C/min to 530°C,
then with the tem perature m aintained, the gas was changed to oxygen for a further 16
hours. The sample was then cooled to a specific tem perature, again in a nitrogen
atmosphere, ready for catalytic investigation. Catalytic activity was tested over a
temperature range o f 350-500°C, using a fresh catalyst sample for each tem perature2.

Flow meter

Flow meter

Gas Cy nders
Syringe
Pump

Gas
Furnace

warn =

Chromatograph

h ea tin g ta p e

Figure 3.5 Schematic o f the gaseous reactor set-up, built essentially fo r investigating
the MTO reaction
1 W eight hourly sp ace velocity (W H S V ) is the m ass flow rate o f methanol divided b y the m ass o f the
catalyst in the reactor, i.e. 0 .0 5 x 0.791 x 6 0 / 0 .2 = 11.9 h '1.
2 The actual tem perature o f the reactor, as tested u sin g a therm ocouple, w as 15 °C b elow the reading given
b y the eurotherm.
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The size o f the catalyst particles would be in the range o f 2 0 -100pm, as previously
investigated by other m em bers o f the research group using ED AX analysis.

Figure 3.6 Methanol to olefin catalytic reactor set-up

3.5.2.2.1 Q uantitative inform ation
Several GC chrom atogram s (see appendix, figure A and B) were recorded for
each catalyst in order to determ ine the progression o f their catalytic reaction.
Apart from DM E, relative response factors o f the products were determ ined with
respect to m ethane (which produces a linear response and can be easily resolved), using
standardised gas canisters (Aldrich) (see Appendix, tables A, B and C for the data
obtained from these tests). From this inform ation, product formation could be calculated
using the area counts. As there were no standards for the calibration o f DME, the
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relative response factor was approximated. Since there are two carbon atoms in both
ethane and DME it was considered that the RF for DME would also be approximately
0.58.
Methanol conversion was calculated with respect to the difference in area prior
to and after the catalytic reaction, equation 3.1.

% MeOH Conversion

MeOH

h^eOH (after reaction! xlOO
Total Area

to reaction')

(3.1)
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3.6 Results and Discussion

3.6.1

XRD study of the as synthesised catalysts

The X-ray diffraction patterns o f the as-synthesised MeAlPO-5/ -18/ -36/ and 39 materials can be seen in figures 3.6, 3.7, 3.8 and 3.9 respectively.
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Figure 3.7 XRD patterns o f the as synthesised MeAlPO-5 materials, where (a) is the
pure AlPO-5, (b) is the CoAlPO-5, (c) is the MnAlPO-5, (d) is the FeAlPO-5 and (e) is
the TiAlPO-5 material
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Figure 3.8 XRD patterns o f the as synthesised MeAlPO-18 materials, where (a) is the
pure AlPO-18, (b) is the CoAlPO-18, (c) is the MnAlPO-18, (d) is the FeAlPO-18 and
(e) is the TiAlPO-18 material
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Figure 3.9 XRD pattern o f the as synthesised CoAlPO-36 material
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Figure 3.10 XRD pattern o f the as synthesised CoAlPO-39 material

The patterns indicate that the materials obtained were crystalline. On
comparison with previously reported patterns, found on the IZA-structure database 24,
they were found to correlate exactly with each o f the framework topologies, indicating
that they are indeed phase pure. Previously reported XAS data obtained within our
research group has shown that the majority o f the transition metal ions had been
successfully substituted within the frameworks 23,29. Also reported were the oxidation
states o f the metal ions and the co-ordination geometry o f the materials and therefore
there was no need to do any further analysis around this a re a 22>25'29.
Salient features o f the previous studies are as follows. Both cobalt and
manganese are substituted into the A1PO frameworks in the 2+ oxidation state. Upon
removal of the structure-directing agent (SDA) they are oxidised to the 3+ state
distinctive structure. They can easily be reduced back to a 2+ state in oxygen, hydrogen
or methanol resulting in the generation of a Bronsted acid site. Iron is substituted mainly
as Fe3+. Reduction back to the 2+ state is difficult, however in some cases for example
FeAlPO-18 some ions are observed to undergo this change

29

. Titanium on the other

hand was found to be very difficult to substitute into the A1PO fram ew ork30,31.
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3.6.2 Catalytic investigations for the Methanol to Olefin (MTO) reaction using the
as synthesised catalysts

The results for the MTO reaction over each o f the calcined catalysts are shown
and discussed below. Although mass transfer resistance’s weren’t investigated further, it
is fair to say that a reduction in particle size would increase the catalyst life since by
product formation would be reduced 32.

3.6.2.1 Methanol to Olefin reaction over pure and Me substituted A1PO-5 (where
Me = Co/ Mn/ Fe/ Ti)

The catalytic conversion o f methanol over pure A1PO-5 produces solely
dimethyl ether due to its very low acidity. However, the conversion of methanol over
MeAlPO-5 catalysts produces a wide range o f hydrocarbons including C 1-C 6 alkanes,
alkenes and aromatics, the higher hydrocarbons being the most predominant. This is all
due to the shape selective nature of the A1PO-5 framework which is 7.5A x7.5A in
diameter and large enough to allow very bulky molecules to pass through its pores and
channels. The results obtained from the investigation into the catalytic activity o f pure
and Me substituted A1PO-5 (where Me = Co/ M n/ Fe/ Ti) for the methanol to olefin
reaction are shown in table 3.5.
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Temperature (°C)
Methanol
Conversion (%)
Product
Selectivity
(%)
(exclusive of H20 )
(CH3)2o

A1PO-5
350
77.54

C oAlPO-5
350
95.19

MnAlPO-5
350
97.06

100

2.61
0.91
17.70
0.16
40.62
10.3
4.09

4.63

23.61

23.38

ch4

C2H4
c 2h 6
c 3h 6
c 3h 8

FeAlPO-5
350
400
14.07 46.71

TiAlPO-5
350
400
18.75
62.57

9.00
0.76
9.45

99.07
0.10
0.14

94.13
0.24
0.08

39.17
13.61

0.27

99.15
0.81
0.04

5.55

94.27
0.03
0.34
0.06
5.30

C4H8
C 4H , o

C4 others
c 5+

0.42

Table 3.5 Results fo r the catalytic conversion o f methanol over pure and Me
substituted AlPO-5 (where Me = Co/ M n/ Fe/ Ti)

The results in Table 3.5 show that, at 350°C and TOS = 30 minutes, slightly
more methanol was converted to hydrocarbons over MnAlPO-5 than for any other
MeAlPO-5 catalyst. In addition MnAlPO-5 was the best catalyst for the selective
production of C 3.C 5 olefins. A large amount of methane was produced when methanol
was reacted over MnAlPO-5.
The production o f methane has been observed when catalysts have been
analysed at higher temperatures 33. Deactivation and the consecutive formation o f
methane occur due to the diffusion constraints within narrow pores. With respect to the
reaction mechanism, m ethane may have been produced via one o f two methods. Firstly,
the methoxy groups that are initially formed on interaction o f the methanol with the acid
sites, interact with other methanol molecules absorbed around the acid sites forming not
only carbon-carbon bonds but also transformations, ultimately leading to the desorption
o f gaseous methane 34. On the other hand, in the absence o f diffusional constrains,
methane may have been produced via a secondary reaction o f the C 2+ hydrocarbons on
the acid sites within the catalyst.
The least active o f the transition metal substituted catalysts studied at 350°C,
were FeAlPO-5 and TiAlPO-5. On increasing the reaction temperature to 400°C, the
percentage of methanol catalytically converted also increased. However, the selectivity

to products was once again greatly in favour o f dimethyl ether, with >99% formed on
reaction with FeAlPO-5 and >94% formed on reaction with TiAlPO-5.
The trend observed for the activity o f the materials studied for the selective
conversion of methanol to C 3-C 5 hydrocarbons at 350°C and TOS = 30 minutes can be
deduced as:

MnAlPO-5 > CoAlPO-5 > FeAlPO-5 > TiAlPO-5 > A1PO-5
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3.6.2.2 Methanol to Olefin reaction over pure and Me substituted A1PO-18 (where
Me = Co/ Mn/ Fe/ Ti)

Previously published work has shown that increasing the reaction temperature
for methanol conversion over MeAlPO-18 catalysts to 400°C increases their selectivity
for the production o f ethylene1. Time constraints predominantly limited the research to
reactions at 350°C. The results obtained from the investigation into the catalytic activity
o f pure and Me substituted A1PO-18 (where Me = Co/ M n/ Fe/ Ti) for the methanol to
olefin reaction are shown below in table 3.6.

AlPO -18
Temperature (°C)
Methanol
Conversion (%)
Product
Selectivity
(%)
(exclusive of H->0)
(CH3)2o
ch4
c 2h 4
c 2h 6
c 3h 6
c 3h 8
QH8
C ^ .o
C4 others

c 5+

C oA lPO -18

Mn AlPO-18

FeAlPO-18

TiAlPO-18

350

350

350

350

400

350

400

68.59

99.05

98.80

53.57

73.31

43.33

69.37

100

2.04
0.40
35.40
0.15
42.85

1.83
0.70
31.79
0.10
44.10

89.36
0.43
3.15

99.62
0.38

5.56

83.24
2.51
5.49
1.00
6.41

93.64
3.86
0.91
0.13
1.25

4.27
7.69
4.10
3.10

4.66
8.26
5.06
3.50

1.50

0.10
0.93
0.32

0.16
0.05

Table 3.6 Results fo r the catalytic conversion o f methanol over pure and Me substituted
AlPO-18 (where Me = C o/M n /F e/ Ti)

Due to its low acidity, the pure AlPO-18 catalyst was found to catalytically
convert methanol solely to dimethyl ether, similar to A1PO-5, and has been previously
reported by IR analysis 16. Conversely, all the MeAlPO-18 materials catalysed methanol
to other olefins as well as dimethyl ether. For example, at 350°C and time on stream
(TOS) = 30mins, the selectivitys for methanol conversion to olefins other than dimethyl
ether, are predominantly in favour o f ethylene and propylene. The overall conversion to
these predominant hydrocarbons is due to the shape selective nature o f the MeAlPO-18
material, as well as the increase in acid strength o f the materials after substitution of the
particular transition metal ion. The pore size o f the AlPO-18 material is just 3.8A x
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3 .8A

and therefore this aluminophosphate framework is selective for the production of
mainly C1-C5 olefins.
The trend observed for the acidity o f the materials, correlates perfectly with the
selective conversion o f methanol to ethylene and propylene at 350°C, this activity is in
the order of:

C 0 AIPO-I 8 > MnAlPO-18 > FeAlPO-18 > TiAlPO-18 > AlPO-18

In particular, C 0 A IPO -I 8 and MnAlPO-18 showed very good methanol
conversions, 99.05% and 98.80% respectively at 350°C and TOS = 30 minutes.
Additionally both catalysts achieved over 75% selectivity to C2 -C4 alkenes. The
catalysts were assessed for up to two hours on stream, in comparison with pure A1PO18, in order to determine the extent to which the catalysts continued to convert the
methanol feed, the results o f which are shown below in figure 3.10. None o f the
catalysts showed any significant decline in either activity or selectivity over the two
hour period, however Co AlPO-18 did deactivate at a marginally faster rate than
MnAlPO-18.

(a)

(b)
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Figure 3.11 Effect o f TOS on the (a) methanol conversion, (b) selectivity to ethylene, (c)

total hydrocarbon production and (d) selectivity to propylene, fo r the MTO reaction
over pure AlPO-18 (u), C0 AIPO-I 8 (A) andMnAlPO-18 (*) at 35(fC
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The catalytic performance was also tested after regeneration o f the catalyst.
Recyclability of the MnAlPO-18 catalyst was studied, at 350°C and TOS = 30 minutes,
to show how effective the catalyst was after three consecutive methanol conversion
reactions. In a typical experiment the as synthesised catalyst was calcined and subjected
to the MTO reaction at 350°C for seventy minutes. The same catalyst was then re
calcined at 530°C to regenerate its original activity and again subjected to the MTO
reaction. This procedure was repeated three times and the results are given in Table 3.7.
The results show that over the two-hour period only a very slight decrease in the
conversion of methanol was observed, likely to be due to the formation o f coke which is
known to occur in these materials over time 4,17. Based on the initial conversion after
each cycle and under the conditions employed in this study, it can be proposed that
there is no significant leaching o f the active metal centres during reaction 23. With
respect to the methanol conversion observed in table 3.7, the information also clearly
shows how successfully reproducible the GC analysis and data interpretation is over
successive reactions.

Run
1

TOS (minutes)
30
70
30
70
30
70

2
3

Methanol Conversion (%)
98.80
98.16
100.00
100.00
96.30
91.74

Table 3.7 Recyclability study showing the effect o f three consecutive methanol

conversion reactions and regeneration’s over MnAlPO-18 at 3500C

Also observed in table 3.6 is a trend for the catalytic conversion of methanol at
400°C and TOS = 30 minutes, for the less acidic materials FeAlPO-18 and TiAlPO-18.
It was observed that more methanol was converted to hydrocarbons, with the
selectivitys for the production o f ethylene and propylene both increasing in unison in
comparison to the methanol reaction at 350°C. However, they are still very poor
catalysts for this reaction.
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3.6.2.3 Methanol to Olefin reaction over CoAlPO-36

Results obtained from the investigation into the catalytic activity over CoAlPO36 for the methanol to olefin reaction are shown below in table 3.8.

CoAlPO-36
Temperature (°C)
Methanol
Conversion (%)
Product
Selectivity
(%)
(exclusive of H2O)
(CH3)2o

ch4
C2H4

c 2h 6
c 3h 6
c 3h 8
C4H8

450

500

50.50

55.19

58.78

54.66
3.85
7.44

90.69
9.31

2 0 .1 0

79.90

19.67

C4H 10

C4 others
c 5+

350

7.07
4.32
2.99

Table 3.8 Results fo r the catalytic conversion o f methanol over CoAlPO-36

The structure o f the A1PO-36 framework, 7.5 x 6.5A in diameter, allows for the
production and diffusion o f large hydrocarbons as previously observed with the A1PO-5
framework material. It was therefore proposed that the cobalt substituted A1PO-36
catalyst should on reaction at 350°C (TOS = 30 minutes), as observed earlier in table 3.5
for CoAlPO-5, convert high levels o f methanol and in addition be selective towards the
formation o f C3 -C5 olefins. This however was not the case. 350°C was observed to be
the most desired temperature for the production o f higher olefins, although >60% of the
products formed were dimethyl ether. When the reaction temperature was increased to
450°C, a small increase in the conversion of methanol was observed. However, greater
than 90% o f the products formed on reaction over the CoAlPO-36 catalyst were
dimethyl ether with the remaining fraction being methane. Similarly when the reaction
temperature was increased still further, to 500°C, although there was an additional few
percent more methanol converted, the products formed during the reaction were once
again predominantly dimethyl ether with the remaining being methane. Yet again
methane levels were observed to increase with increasing reaction temperature on
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analysis o f the reaction after just 30 minutes. As proposed early in section 3.6.2.1, this
is most likely observed due to the de-activation (coking) o f the catalyst.

3.6.2.4 M ethanol to Olefin reaction over CoAlPO-39

The framework o f A1PO-39 has pores/channels that are 4.0 x 4.0A in diameter.
On comparison with the widely studied AlPO-18 material it was hoped that substitution
o f cobalt into the A1PO-39 framework would produce a selective catalyst towards the
production of C2 -C3 olefins from the catalytic reaction with methanol. More over, it was
hoped that the one-dimensional A1PO-39 material would show more selectivity than the
three-dimensional framework observed for the AlPO-18 material since there should be
less chance o f the reactant and product molecules getting trapped within the framework.
The results obtained for the methanol to olefin reaction, examining the catalytic activity
o f CoAlPO-39, are shown below in table 3.9.

CoAlPO-39
Temperature (°C)
Methanol
Conversion (%)
Product
Selectivity
(%)
(exclusive of H20)
(CH3)2o
ch4
c 2h 4
c 2h 6
c 3h 6
c 3h 8
QHg
C4H io

350
39.02

450
63.06

500
54.37

100

36.59
5.32
5.88

49.67
9.50
5.13

43.47

24.24

4.24
2.82

2.25
1.93

1.68

7.28

C4 others
c 5+

Table 3.9 Results fo r the catalytic conversion o f methanol over CoAlPO-39

From the results depicted in table 3.9, it is shown that on comparison o f the
reaction at 350°C (TOS = 30 minutes), CoAlPO-39 was observed to convert just 39%
methanol, with 100% selectivity towards the formation o f dimethyl ether. Upon further
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increasing the reaction tem perature to 450°C, only around 36% dimethyl ether was
produced and the methanol conversion had almost doubled to >60%. At this
tem perature it was noticed that the selectivity to products other than dimethyl ether were
predominantly in favour o f C 2-C 3 olefins, with just over 8 % C 4-C 5 olefins also being
produced. On further increase o f the reaction temperature to 500°C, although a large
percentage o f the products being formed are still C 2-C 3 hydrocarbons, methanol
conversion had once again decreased and in addition the levels o f methane being
formed had increased.
One reason as to why the CoAlPO-39 catalyst behaved so poorly could be that
the one-dimensional system proved too restrictive towards the diffusion of the
hydrocarbons out o f the pores and channels after reaction on the catalyst surface. This
would in turn lead to rapid coking o f the catalyst and the eventual deactivation 35.
Previous work by Sinha et al correlate with these findings in observing that at high
methanol conversions and temperatures greater than 350°C, the catalysts deactivate
more quickly throughout the reaction. This work however does not identify as to which
specific hydrocarbons were fo rm ed 21.

3.6.2.5 Com parison o f the Methanol to O lefin reaction over cobalt substituted
A1PO -5/-18/ -36 and -39

Overall, the cobalt substituted A1PO-5, -18, -36 and -39 materials showed the
best catalytic perform ance in comparison to other metal substituents for the methanol to
olefin (MTO) reaction at 350°C, TOS = 30 minutes. On comparison o f the different
framework activities, table 3.10 below, several observations can be deduced.
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Temperature (°C)
Methanol
Conversion (%)
Product
Selectivity
(%)
(exclusive of H2O)
(CH3)20
ch4
c 2h 4
c 2h 6
c 3h 6
c 3h 8
c 4h 8
C4H10
C4 others

CoAlPO-5
350
95.19

CoAlPO-18
350
99.05

CoAlPO-36
350
50.50

CoAlPO-39
350
39.02

2.61
0.91
17.70
0.16
40.62

2.04
0.40
35.40
0.15
42.85

54.66
3.85
7.44

100

10.3
4.09

4.27
7.69
4.10
3.10

23.61

c 5+

19.67
7.07
4.32
2.99

Table 3.10 Results fo r the catalytic conversion o f methanol over cobalt substituted
AlPO-5/ -18/ -36 and -39 catalysts

The most active framework for the catalytic conversion o f methanol was
CoAlPO-18, converting greater than 99% methanol, with just 2% dimethyl ether being
produced. In comparison, CoAlPO-5 was also observed to be a very active catalyst with
more than 95% methanol conversion and with dimethyl ether production being less than
3%. On the other hand the CoAlPO-36 and CoAlPO-39 catalysts were less active and
only managed to convert approximately 50% and 39% o f the methanol respectively.
The observed trend o f the activity for the catalysts analysed in the conversion o f
methanol is:

CoAlPO-18 > CoAlPO-5 > CoAlPO-36 > CoAlPO-39

As was expected, the selectivity towards the production o f particular olefins was
directly related to the pore/channel size o f the materials under investigation. For this
reason the large pore CoAlPO-5 and CoAlPO-36 catalysts were observed to be selective
in the formation o f C 3 -C5 olefins. Whereas the small pore CoAlPO-18 catalyst was
selective in producing more than 75% C2 -C3 olefins.

The reason for this activity trend is probably due to the presence o f different
amounts o f Bronsted and Lewis acid centres within these materials 7’36. Barrett et al.
observed that Co(II) when substituted in an A1PO framework does not undergo
complete oxidation upon removal o f the template molecule after reduction 22.
88

Depending on the framework type, it has been observed that the concentration o f
Bronsted acid sites varies and they follow this order,

CoAlPO-18 > CoAlPO-36 > CoAlPO-5

(there is no complete data on CoAlPO-39 and hence it is not included here in the
discussion) 22. The creation o f Lewis sites are believed to be due to the presence o f
certain Co(II) ions which could not be raised to the 3+ and then reduced to the 2+ states
on reduction. Thus the trend in activity is closely similar to the above trend in the
Bronsted acid site concentration. However, the catalytic results suggest that CoAlPO-36
should be better than CoAlPO-5 which is not in complete agreement with the observed
trend. It has been noted for Zn(II) substituted A1PO-36 that the activity is very high in
the first few minutes o f the reaction and deactivates due to a large amount o f coke
formation and hence in this study our results may not reflect the appropriate result.
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3.7 Summary and Conclusions

In summary, two atom percent transition metal were successfully substituted
into the microporous framework o f the MeAlPO-5 (where Me = Co, Mn, Fe, Ti),
MeAlPO-18 (where Me = Co, Mn, Fe, Ti), CoAlPO-36 and CoAlPO-39 structures.
The X-ray diffraction (XRD) patterns o f the as-synthesised aluminophosphates
were shown to be phase pure. Although the patterns could not reveal directly the extent
o f incorporation o f the metal ions, previously reported XAS data obtained within our
research group has shown that the majority o f the transition metal ions were
successfully incorporated within the framework materials 23,33. Also reported were the
oxidation states o f the metal ions and the co-ordination geometry o f the materials and
therefore no analysis was needed to investigate this m atter 22,25'29.
Studies into the catalytic activity o f the as synthesised materials for the methanol
to olefin (MTO) reaction were performed. Results found the same trend for each o f the
frameworks studied, both the cobalt and manganese substituted materials converted the
greatest amount o f methanol and were the most active catalysts. Catalytic selectivitys
varied dependent on the use of catalysts. The trend shown, as expected, found that the
small-pore materials were more selective for the production o f light olefins in contrast
to the higher hydrocarbons produced on reaction over the large-pore catalysts. In
particular MnAlPO-5 was the best catalyst for the selective production o f C3 .C5 olefins
at 350°C and TOS = 30 minutes, with methanol conversion > 97%. Whereas CoAlPO18 showed very good methanol conversions > 99% at 350°C and TOS = 30 minutes,
achieving over 82% selectivity to C2 -C4 alkenes.
Overall, the trend observed for the catalytic activity o f the transition metal ion
substituted aluminophosphates for the M TO reaction at 350°C is deduced as:

Co > Mn > Fe > Ti

This activity can be further explained on comparison with XAS data 29-3\ The
extent to which the substituted ions undergo oxidation and reduction during calcination,
plays a vital role in the acidic nature and hence activity o f the catalyst. For example, it
has been found that both cobalt and manganese are substituted into the A1PO
frameworks in the 2 + oxidation state, after removal o f the SDA they are easily reduced
back to a 2+ state generating a Bronsted acid site. Iron on the other hand is substituted
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mainly as 3+ with reduction back to the 2+ state a more difficult process. Similarly, it
has been discovered that titanium ions are extremely difficult to successfully substitute
into the A1PO framework.

In order to determine the extent to which the Co and Mn substituted AlPO-18
catalysts continued to convert methanol feed 15, a time on stream (TOS) study was
carried out. The results found that there was no significant decline in either activity or
selectivity for both catalysts, for up to two hours. The performance o f the catalyst was
also tested after regeneration. Once again the results suggested that there was no
significant decline in the conversion level after two hour reaction. The slight decrease
that was noticed is likely to be due to the formation o f coke, which is known to occur in
these materials. Based on the initial conversion after each cycle and under the
conditions employed in this study, it was proposed that over a two-hour reaction period
there is no significant leaching o f the active metal centres.

To determine as to which cobalt-substituted framework was most active, a
comparative study o f the cobalt substituted A1PO-5, AlPO-18, A1PO-36 and A1PO-39
catalysts was carried out at 350°C, TOS = 30minutes. The trend observed for the
catalytic activity in terms o f amount methanol converted was:

CoAlPO-18 > CoAlPO-5 > CoAlPO-36 > CoAlPO-39

Comparing this information to previous XAS studies into the co-ordination and
geometry o f the cobalt substituted ions within these different framework topologies, one
explanation that could be drawn as to why the above trend is observed is that whereas
the cobalt ion in CoAlPO-18 undergoes complete oxidation upon removal o f the SDA
(Co(II) to Co(III)), the cobalt ion in CoAlPO-5 and CoAlPO-36 are only observed to
partially oxidise (no data has yet been collected for CoAlPO-39 and therefore it is not
possible to discuss how this may affect the catalytic performance o f this m aterial22).
Therefore although the selectivity to products varies in consideration to the pore size o f
the material under investigation, if all the cobalt ions were to have oxidised in the
CoAlPO-36 framework, then this one-dimensional material may have been more active
towards the methanol to olefin reaction.

91

3.8 References

(1)

Olah, G. A.; Molnar, A. Hydrocarbon Chemistry, Wiley, New York, 1995.

(2)

Chang, C. D.; Silvestri, A. J. Journal o f Catalysis, 1977, 47, 249-259.

(3)

Djieugoue, M. A.; Prakash, A. M.; Kevan, L. Journal o f Physical Chemistry B,
2 0 0 0 , 104, 6452-6461.

(4)

Stocker, M. Microporous and Mesoporous Materials, 1999, 29, 3-48.

(5)

Gale, J.D.; Shah, R.; Payne, M. C.; Stich, I.; Terakura, K. Catalysis Today,
1999, 50, 525-532.

(6)

Chen, D.; Rebo, H. P.; Moljord, K; Holman, A. Natural Gas Conversion V,
1998,521-526.

(7)

Chen, J. S.; Thomas, J. M. Journal o f the Chemical Society-Chemical

Communications, 1994, 5, 603-604.
(8)

Inui, T.; Matsuda, H.; Okaniwa, H.; Miyamoto, A. Applied Catalysis, 1990, 58,
155-163.

(9)

Inui, T.; Phatanasri, S.; Matsuda, H. Journal o f the Chemical Society-Chemical

Communications, 1990, 3, 205-206.
(10)

Thomas, J. M.; Xu, Y.; Catlow, C. R. A.; Couves, J. W. Chemistry o f Materials,
1 991, 3, 667-672.

(11)

Thomas, J. M.; Raja, R.; Sankar, G.; Bell, R. G. Accounts o f Chemical Research,
2001, 34, 191-200.

(12)

Wendelbo, R.; Akporiaye, D.; Andersen, A.; Dahl, I. M.; Mostad, H. B. Applied

Catalysis A-General, 1 9 9 6 , 142, 197-207.
(13)

Wilson, S.; Barger, P. Microporous and Mesoporous Materials, 1999, 29, 117126.

(14)

Inoue, M.; Dhupatemiya, P.; Phatanasri, S.; Inui, T. Microporous and

Mesoporous Materials, 1999, 28, 19-24.
(15)

Kang, M., Journal o f Molecular Catalysis A-Chemical, 2 0 0 0 , 160, 437-444.

(16)

Chen, J. S.; Thomas, J. M.; Wright, P. A.; Townsend, R. P. Catalysis Letters,
1994, 28, 241-248.

(17)

Chen, J. S.; Wright, P. A.; Thomas, J. M.; Natarajan, S.; Marchese, L.; Bradley,
S. M.; Sankar, G.; Catlow, C. R. A.; Gaiboyes, P. L.; Townsend, R. P.; Lok, C.
M. Journal o f Physical Chemistry, 1994, 98, 10216-10224.

(18)

Popova, M.; Minchev, C; Kanazirev, V. Reaction Kinetics and Catalysis Letters,
1998, 63, 379-384.

(19)

Akolekar, D. B., Journal o f the Chemical Society-Faraday Transactions, 1994,

90, 1041-1046.
(20)

Akolekar, D. B., Zeolites, 1 9 9 4 , 14, 53-57.

(21)

Sinha, A. K.; Hegde, S. G.; Jacob, N. E.; Sivasanker, S. Zeolites, 1 9 9 7 , 18, 350355.

(22)

Barrett, P. A., et al., Journal o f Physical Chemistry, 1 9 9 6 , 100, 8977-8985.

(23)

Franklin, I. L.; Beale, A. M.; Sankar, G. Catalysis Today, 2003, 81, 623-629.

(24)

IZA Structure Database W ebsite, http://www.iza-structure.org/databases, 2004

(25)

Cora, F.; Catlow, C. R. A.; D'Ercole, A. Journal o f Molecular Catalysis A-

Chemical, 2 0 0 1 , 166, 87-99.
(26)

Sankar, G.; Gleeson, D.; Catlow, C. R. A.; Thomas, J. M.; Smith, A. D. Journal

o f Synchrotron Radiation, 2001, 8 , 625-627.
(27)

Thomas, J.M.; Catlow, C. R. A.; Sankar, G. Chemical Communications, 2002,
2921-2925.

(28)

Thomas, J.M.; Sankar, G. Journal o f Synchrotron Radiation, 2001, 8 , 55-60.

(29)

Zenonos, C.; Sankar, G.; Cora, F.; Lewis, D. W.; Pankhurst, Q. A.; Catlow, C.
R. A.; Thomas, J. M. Physical Chemistry Chemical Physics, 2002, 4, 54215429.

(30)

Akolekar, D. B.; Ryoo, R. Journal o f the Chemical Society-Faraday

Transactions, 1996, 92, 4617-4621.
(31)

Zahedi-Niaki, M. H.; Beland, F.; Bonneviot, L.; Kaliaguine, S. Impact o f

Zeolites and Other Porous Materials on the New Technologies at the Beginning
o f the New Millennium, Pts A andB, 2002, 125-133.
(32)

Wilson, S.; Barger, B., Microporous and Mesoporous Materials, 1999, 29, 117126

(33)

Beale, A. M., Novel low temperature preparation methods fo r mixed oxide

catalysts and their characterisation using in situ SR techniques, PhD Thesis,
University o f London, 2003.
(34)

Popova, M.; Minchev, C; Kanazirev, V. Applied Catalysis A-General, 1998,

169, 227-235.
(35)

Li, J.; Xiong, G.; Feng, Z.; Liu, Z.; Xin, Q.; Li, C. Microporous and

Mesoporous Materials, 2000, 39, 275-280.

93

(36)

Hocevar, S.; Batista, X; Kaucic, V. Journal o f Catalysis, 1 9 9 3 , 139, 351-361.

94

Chapter 4

Investigation into the influence of transition metal ion exchange in
zeolites and aluminophosphates for the hydroxylation of phenol

4.1 Chapter Overview
Iron, cobalt and titanium containing zeolites and aluminophosphates were
synthesised, characterised and subsequently tested for the hydroxylation o f phenol.
Preparation o f the aluminophosphate was carried out under hydrothermal conditions,
whereas the ammonium zeolite Beta catalyst was bought from Zeolist International. In
both cases, subsequent incorporation of the metal centres was achieved via ionexchange methods with the total metal loading for each catalyst being about two atom
percent. Characterisation was achieved using X-ray diffraction (XRD) and X-ray
absorption spectroscopy (XAS) for phase purity, crystallinity and local structure o f the
metal centres. Energy Dispersive Analysis using X-rays (EDAX) was also used for
investigations into the quantity o f substituents successfully exchanged within the
frameworks. Catalytic studies were undertaken to investigate the influence of different
metal substituents and temperature on the conversion o f phenol and selectivities to
catechol, hydroquinone and

1,4-benzoquinone. Reactions were carried out at

atmospheric pressure in liquid phase at both 40°C and 60°C. The results found that
preferential exchange o f metal substituents occurred contrary to previously reported
work 1 and therefore the overall performance o f the catalysts was poorer than had been
expected. These investigations concluded that CoFeNH4-p showed to be the most active
catalyst for the hydroxylation o f phenol at 40°C, converting >12% phenol with
selectivities to products being >48% catechol, >37% hydroquinone and 14% 1,4benzoquinone, whereas although no reaction was observed for FAPO-5 at 40°C, this
catalyst was found to be the most active at 60°C, converting >13% phenol with
selectivities to products being 50% catechol, >36% hydroquinone and > 13% 1,4benzoquinone.
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4.2 Dihydroxybenzenes

Catechol (CAT) and hydroquinone (HQ) are valuable chemicals used
extensively as antioxidant and polymerisation inhibitors in pesticides, flavouring agents,
medicines and within the photographic industries l. Recent interest has concentrated on
the use o f heterogeneous catalysts for their production since they are easily recoverable
from the reaction mixture. These include metal oxides, metallosilicalites, hydrotalcitestype catalysts and metal substituted mesoporous materials 2'6. The most successful
catalyst to date is the titanosilicalite TS-1, however each o f the best performance
catalysts are either expensive, entail complex preparations and/ or involve the use o f
high temperatures and pressures.

4.2.1 Application of zeolites and aluminophosphates (AlPOs) for the hydroxylation
of phenol

Transition metal framework substituted zeolites for the hydroxylation o f phenol
has been researched at length 6-10 however, not a lot o f attention has been paid to ionexchanged zeolites for this reaction \
Zeolites were previously discussed in Chapter 1 section 1.3.1. Throughout this
research, metal ion exchanged zeolite-p (figure 4.1) was studied and its activity for the
phenol hydroxylation reaction investigated. Zeolite-p has a tetragonal structure with
straight 12-membered ring channels (7.6 x 6.4A) crossed with 10-membered ring
channels (5.5 x 6.5 A) 11,12.

Similarly, little work has looked into the activity of metal exchanged and
substituted aluminophosphates for this reaction either. Aluminophosphates were
previously discussed in chapter 1 section 1.3.1.3 and chapter 3 section 3.3. Here A1PO-5
and its transition metal exchanged analogues were studied, this material has large pores
and possesses 12-membered rings (7.3 x 7.3A) n .
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Zeolite Beta (BEA)
3-dimensional
Figure 4.1 Representation o f zeolite-p projected along the [100] axis 11

A1PO-5 (AFI)
1-dimensional

Figure 4.2 Representation ofAlPO-5 projected along the [001] axis 11

97

4.2.2 Acidity of zeolites and aluminophosphates (AlPOs)

A zeolite can be designed to exhibit acidity by a number o f different methods,
including substitution or exchange o f metal ions. In essence, substitution of Al(III) for
Si(IV) imparts a negative charge on the neutral framework which can then be
compensated by charge balancing and exchangeable cations (chapter 3 section 3.3.1).
Similarly for aluminophosphates, substitution o f lower valent ions (for example cobalt
and iron) for Al(III) or P(V) or both generates a negative charge imbalance. In both
cases Bronsted acid sites are created and hence a solid acid catalyst is formed 13.
An increase in the Si/Al ratio o f a zeolite reduces the total number o f acid sites
present, however the number o f strong Bronsted acid sites also increases which has an
impact on the overall catalytic performance o f the material 13,14. The nature o f the
compensating cation can also have an effect on the acid strength o f the materials,
although it is a lot less than the framework composition 15.

4.2.3 Synthesis o f aluminophosphates (AlPOs)

Synthesis

of

aluminophosphates

was

performed

using

conventional

hydrothermal techniques as outlined by Wilson et al 16,17 and followed in chapter 3,
section 3.5.1.1.

4.2.3.1 Ion exchange methods

Ion exchange o f both the zeolites and MeAlPO-5 materials was performed as
outlined by Wang et a l 1. The sequential exchange o f the two ions involved mixing o f
the zeolite or MeAlPO-5 and metal substituent for eight hours followed by filtration and
subsequent calcination in air.
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4.2.4 Hydroxylation of phenol

The favoured method for the production o f dihydroxybenzenes is from the
environmentally ‘green’ process concerning the direct hydroxylation o f phenol with
hydrogen peroxide (figure 4.3) 1,1S. Titanosilicalite (TS-1), first reported in 1983 by
Taramasso et al 19, is a very active and selective catalyst for the production o f
dihydroxybenzenes from phenol using aqueous hydrogen peroxide, so much so that
Enichem 20 built a commercial plant for this process. Van der Pol et a l 21 have suggested
that the phenol hydroxylation reaction is controlled by intracrystalline diffusion in large
crystals of TS-1, whereas Tuel et a l 22 concluded that it was the external surface acidity
which controlled the product ratio o f HQ to CAT. HQ was thought to be the preferred
reaction product in the micropores o f the titanosilicalite catalyst TS-1 whereas CAT was
thought to be the preferred reaction product on the external surface titanium sites 7,22.
Wilkenhoner et al however disagree with this last summation in that they have proved
CAT to be formed both on the external sites and also those in the pores 23.

catalyst/ H20 2
+ H20 + Tars

solvent/ reflux
OH
Hydroquinone (HQ)

Catechol (CAT)

1,4-Benzoquinone (BQ)

(p-dihydroxybenzene) (O-dihydroxybenzene)

Figure 4.3 Schematic depicting the products form ed during the phenol hydroxylation
reaction
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4.2.4.1 Hydrogen peroxide versus terf-butylhydroperoxide (TBHP) as oxidant for
the hydroxylation of phenol

Phenol hydroxylation over TS-1 and Ti-/? are only possible with the use o f
hydrogen peroxide as the oxidant. This is not thought to be due to the size o f the TBHP
molecule as there is still room inside the pores for the Ti species to be activated as in
epoxidation reactions 24. Rather, it is thought that a different reaction mechanism is
observed. Wilkenhoner et al have proposed that it is the terminal hydroxyl o f the
titanium hydroperoxo group which is the electrophile that attacks the aromatic ring, as
proffered by Reddy and Jacobs 25 for the hydroxylation o f amines. Other routes offered
include the formation o f radicals.

4.2.5 Aims and Objectives

The aim o f this study was to investigate the activity o f the Co(II), Fe(II) and
Ti(II) ion exchanged zeolite-p and A1PO-5 catalysts for the phenol hydroxylation
reaction at 40°C and 60°C are compare the results to previous studies \
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4.3 Experimental

4.3.1 Preparation of the catalysts

The materials were prepared as denoted by the sequence in which the metal
substituents are written in the catalyst name. For example, for FeCoNFLiBeta, iron was
firstly exchanged, filtered and calcined then subsequently followed by the repetition o f
the exchange procedure except this time with cobalt ions.

4.3.1.1 Preparation of Me exchanged zeolite-p (where Me = Co/ Fe/ Ti)

NH4-jff (Si/Al=25) was m ixed with an aqueous solution (0.005 M) of metal
sulphate at room temperature overnight. The weight ratio o f zeolite to aqueous metal
substituent was 1:100. The solution was then filtered, washed with distilled water
(Aldrich) and dried for two hours at 100°C. The material was subsequently calcined in
air from room temperature to 450°C at 5°C/min and held for approximately two hours
prior to cooling the catalyst back to room temperature. For the double metal exchanged
materials the process was repeated, except this time the second metal sulphate
substituent was applied l.

4.3.1.2 Preparation o f pure and M e exchanged A1PO-5 (where Me = Co/ Fe)

A1PO-5 was synthesised using tetraethyl ammonium hydroxide (TEAOH)
(Aldrich) as the structure-directing agent (SDA). In a typical synthesis, aluminium
hydroxide hydrate (Aldrich) was added to a solution o f phosphoric acid (85%) (Aldrich)
and distilled water (Fluka). The SDA was subsequently added and vigorous employed
in order to form a homogeneous mixture. The final gel, with a pH o f approximately 4.5,
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was introduced into a Teflon lined stainless steel autoclave and subjected to
hydrothermal treatment at 175°C for 3 hours. The recovered solid was filtered, washed
with distilled water then dried in air at approximately 100°C overnight.
Ion exchange was undertaken using identical conditions as those for the ion
exchanged zeolites as detailed in 4.3.1.1, except this time pure A1PO-5 was mixed with
the aqueous metal sulphate solution.

4.3.2 Characterisation

The as synthesised materials were characterised for phase purity and crystallinity
using X-ray diffraction (XRD) techniques and X-ray Absorption Spectroscopy (XAS)
was employed to investigate the co-ordination o f the metal centres within the topology
o f the zeolites. Energy Dispersive Analysis using X-rays (EDAX) was used to detect the
degree o f exchange o f metal ions within the materials and the catalytic activity for the
hydroxylation of phenol to dihydroxybenzenes and other by-products was investigated
and analysed using High Performance Liquid Chromatography (HPLC) techniques.

4.3.2.1 XRD measurements

Phase purity and crystallinity o f the as synthesised materials were confirmed by
X-ray diffraction (XRD) analysis, measured using a Siemens D500 employing Cu-Kai
radiation. In a typical experiment, the sample was pressed onto a plate, smoothed then
loaded into position. The materials were subsequently analysed over a range o f 5 - 40
degrees (20) at a rate o f 0.02 degrees a second.
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4.3.2.2 XAS measurements

X-ray Absorption Spectroscopy (XAS) measurements were carried out to
ascertain the co-ordination o f the calcined materials. Co and Fe K-edge XAS
measurements were carried out on DUBBLE at the European Synchrotron Radiation
Service (ESRF), France. The station is equipped with a S i ( l l l ) double crystal
monochromator, two ion chambers (one for measuring the incident beam intensity, the
other for measuring the transmitted beam intensity) and a nine element Canberra
fluorescence detector for collecting information on dilute samples. In a typical
experiment, approximately lOOmg o f the sample was pressed into a 20mm disc and
placed into an in situ cell (chapter 2, figure 2.7). The sample was calcined by heating at
5°C/min to 535°C in oxygen, changing to nitrogen for an hour to reduce the catalyst
then cooling back to room temperature. XAS spectra were recorded by placing the cell
in the beam and taking a series o f measurements over a one hour period. The data was
then analysed using a suite o f programs available at the Daresbury Laboratories, namely
EXCALIB, EXBROOK and EXCURV98.

4.3.2.3 ED AX m easurem ents

M easurements were carried out using a Philips EDAX machine, at UCL
archaeology department. The EDAX was linked to a scanning electron microscope, and
X-rays were used to identify trace amounts o f elements on the surface o f the samples.
EDAX also determines the relative amounts o f the detected elements present on the
scanned area. This is a very useful technique for providing information about the
surface composition o f a material.
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4.3.2.4 Catalytic analysis

Liquid phase phenol hydroxylation batch reactions were carried out in a 100ml
three-necked round bottom ed flask equipped with a magnetic stirrer, thermometer and
water-cooled reflux condenser. The reaction temperature was controlled using an oilbath located within a fume cupboard. In a typical experiment, 2.0g phenol (Aldrich,
99.5%) was dissolved in approximately 45ml o f distilled water (Aldrich) then 200mg o f
the calcined powder catalyst (particle sizes where approximately 0.5-2pm) and 0.5g 4fluorophenol (internal standard) (Aldrich) were added. On reaching the desired reaction
temperature (40/60°C), 0.75g o f aqueous hydrogen peroxide (H 2O 2) (35% Aldrich) was
charged dropwise into the reactor using a pipette (phenol to H 2O 2 mole ratio was 3 1>26).
To avoid any photocatalytic effect on the reaction, the reactor was covered in
aluminium foil.
Representative samples were taken after a 10-hour reaction and analysed for
catechol (CAT), hydroquinone (HQ) and 1,4-benzoquinone (BQ). Trace amounts o f
catalyst were removed from the samples using a 0.25 pm millipore filter prior to
analysis. The aliquots were analysed using an autosampler attached to a Varian Prostar
210 HPLC equipped with a Hichrom KR1005C18 250mm x 2.1mm column using
acetonitrile in water as the mobile phase and a 320 detector operating at 225nm. HPLC
analysis was carried out by M ichael Pilkington-Miksa at UCL chemistry department.
Successive analysis o f the standard calibration standard proved that the results were
reproducible and that sampling and analysis errors were marginal to +/-0.5% (see
appendix, figure C and table E).

4.3.2.4.1

High perform ance liquid chromatography (HPLC) versus gas

chromatography (GC) for analysis o f the reaction products

Previous work has noted discrepancies in the detection o f 1,4-benzoquinone
when using gas chromatography (GC) to analyse the reaction products21. This is due to
GC injection temperatures initiating further reaction between hydroquinone and
hydrogen peroxide leading to abnormally high levels of 1,4-benzoquinone being
detected. In comparison, only low levels o f 1,4-benzoquinone are observed, as expected
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for this reaction, when using high performance liquid chromatography (HPLC). For this
reason HPLC was the preferred analytical technique for the analysis o f the reaction
products as demonstrated by other research groups including W ang et a l 1.
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4.4 Results and Discussion

4.4.1 XRD study of the as synthesised catalysts

Figures 4.4 and 4.5 show the XRD patterns acquired for the as synthesised
materials. The results indicate that all the catalysts were crystalline and phase-pure on
comparison with reported literature for the pure BEA and AFI topologies, obtained from
the IZA structure database n .
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Figure 4.4 XRD patterns o f the as synthesised (a) NH 4- 13, (b) FeCoNH4-^>, (c)
CoFeNH4-$, (d) FeNH4-p, (e) CoNH4-$ and (f) TiAl-f, catalysts
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Figure 4.5 XRD patterns o f the as synthesised (a) AlPO-5, (b) FeCoAlPO-5, (c)
FeAlPO-5, and (d) CoAlPO-5 catalysts
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4.4.2 XAS study of the calcined catalysts

Results from EXAFS investigations into the cobalt and iron co-ordination within
the calcined materials can be seen in table 4.1 and figures 4.6 and 4.7. Data collected for
the cobalt and iron exchanged aluminophosphates was found to be too noisy and
unfortunately no reasonable information was achievable.

Material
FeCoNH4-/?

R(A)

Atom pair
Fe-O
Co-O
Fe-O
Co-O
Fe-O

5.79
1.46
5.68
1.55

1.86

0.016

2.08
1.89

0.02

FeNH4-/?

K-edge
Fe
Co
Fe
Co
Fe

CoNH4-y?

Co

Co-O

5.27

2.07

0.02

CoFeNH4-/?

N
1.88

1.89
2.08

2 o 4 (A4)

0.016
0.022

0.016

Table 4.1 Structural parameters obtained from EXAFS analysis performed on the

cobalt and iron exchanged zeolite-^ materials (where: N —co-ordination number, R (A)
— bond length and 2o2 (A2) —Debye-Waller factor)
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calcined iron exchanged zeolite-/? materials, namely (a) F e C o N H ( b ) CoFeNH4-fi
and (c) FeNH4-P (the red line represents the experimental data whilst the black line

represents the calculated data)
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Using previously reported metal ion co-ordination data (table 4.2), it is possible
to evaluate the state o f the metal ions within the zeolite framework.

M etal
Co(II)
Co(III)
Fe(II)
Fe(III)

Geom etry
Octahedral
Tetrahedral
Octahedral
Tetrahedral
Octahedral
Tetrahedral
Octahedral
Tetrahedral

IW o (A)
2.10

1.94
1.96
1.80
2.16
1.96
1.93
1.85

Table 4.2 Structural parameters obtainedfrom EXAFS fo r cobalt and iron substituted
systems (where: R (A) = bond length)

The EXAFS region o f the XAS spectrum provides information on the local
geometry o f a specific atom. In this case the local co-ordination o f the cobalt and iron
ions were studied, using only the first shell around the central (Co or Fe) atom for data
interpretation.
Comparison o f the results with typical distances observed for various Fe-O and
C o-0 distances (see table 4.2) reveal that for each o f the ion-exchanged zeolites, cobalt
ions were present in 2 + state with octahedral co-ordination, whilst iron ions were in
tetrahedral sites with a mixture o f 2+ and 3+ oxidation states.
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4.4.3 EDAX study of the as synthesised catalysts

The composition o f each o f the as synthesised materials was investigated using
EDAX analysis. The results o f this study are detailed below in table 4.3.

Elements (mass %)

CATALYST

FeCoNH4-/?
CoFeNH4-/?
FeNH4-/?
CoNH4-/?
n h 4-/?
TiAl-/?
FeCoAlPO-5
FeAlPO-5
CoAlPO-5

Si

Al

Si/Al

92.13
94.44
91.19
92.21
96.33
93.47

5.58
3.32
6.52
7.66
3.67
6.08
39.64
38.42
39.31

15:1
28:1
14:1
12:1
25:1
15:1

P

Fe

Co

1.89(1.12)
1.85
2.30(1.15)

0.40(1.26)
0.40

Ti

0.13(1.14)
0.45
58.55
59.99
60.00

1.03
1.59

0.79
0.69

Table 4.3 Molecular composition o f the as synthesised materials characterised using
EDAX analysis (numbers in brackets represent the results Wang et al. obtained via
ICP-AES analysis o f their prepared materials)

These results do not completely agree with those found in the work reported by
Wang et al \ They found through ICP-AES analysis that the quantities o f both Fe and
Co in all their ion-exchanged materials were approximately 1% (see bracketed values in
table 4.3 above). EDAX is a surface analysis technique, whereas ICP-AES provides
information on the bulk elemental composition o f a catalyst. For this reason, the two
sets of results cannot be compared quantitatively, as observed by the erratically
changing Si/Al ratio in table 4.3, but can be used as a suggestion o f approximate levels
o f each element within the materials. It appears from the results that there was
preferential exchange o f iron ions within the zeolite whether it was exchanged firstly or
secondly to cobalt.
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4.4.4 Catalytic investigations for the hydroxylation of phenol over M e exchanged
zeolite-/? and A1PO-5 (where Me = Co/ Fe/ Ti)

The catalytic performance o f the metal exchanged zeolite-/? and A1PO-5
materials were compared for the conversion o f phenol and selectivities to products
CAT, HQ and BQ, the results o f which can be seen in table 4.4 below. Particle size
investigations weren’t undertaken to ascertain what difference it would have on the
reaction. It can however be said that a reduction in particle size would shorten the
diffusional path and therefore the probability o f by-products formation would decrease,
hence the catalyst should have a longer lifetime.

CATALYST

TEMP
(°C)

Phenol Conversion
(wt%)

FeCoNH4-/?
FeCoNH4-/?
CoFeNH4-/?
CoFeNH4-/?
FeNH4-y?
FeNH4-/?
CoNH4-/?
CoNH4-/?
NFLr/?
NH4-0
TiAl-/?
TiAl-/?
FeCoAlPO-5
FeCoAlPO-5
FeAlPO-5
FeAlPO-5
CoAlPO-5
CoAlPO-5
A1PO-5
A1PO-5
Blank
Blank

60
40
60
40
60
40
60
40
60
40
60
40
60
40
60
40
60
40
60
40
60
40

11.68
11.64
11.81
12.22
8.68
11.23
8.45
6.52
5.56
5.45
11.56
0
0
0
13.43
0
0
0
0
0
0
0

Selectivity (wt%)
CAT

HQ

BQ

44.66
46.70
46.99
48.48
44.92
66.43
43.84
41.46
44.14
50.46
48.70

40.05
38.88
38.53
37.51
37.88
20.84
39.55
40.80
34.77
31.56
36.59

15.29
14.42
14.48
14.00
17.21
12.91
16.61
17.74
21.08
17.98
14.71

50.00

36.81

13.19

Table 4.4 Catalytic results fo r the hydroxylation ofphenol over the as synthesised
catalysts (reaction conditions: fe ed = 200mg o f catalyst, 2. Og phenol, 45 ml distilled
water, 0.5g 4-fluorophenol and 0.75g H 2O2. reaction temperature = 40/6(f C, TOS = 10

hrs)
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Maximum conversions for this reaction over several catalysts have been
previously reported in the region o f 25%, TOS = 120 minutes. In general, phenol
conversions decreased on increase o f the reaction temperature.
The exchange o f cobalt, iron and titanium transition metal cations into the
framework materials significantly improved the conversion o f phenol. Catalytic
investigations observed no reaction over pure A1PO-5, whereas <6% phenol was
converted over pure NH4 -/? at both 40°C and 60°C indicating that the non-metal
exchanged A1PO was not active for the reaction, whereas the pure zeolite was slightly
active.
Selectivities to CAT, HQ and BQ for each o f the catalysts were in the main
approximately 0.45: 0.4: 0.15 respectively. All catalysts favoured the production o f
CAT, which correlates with the findings o f Wilkenhoner et al, who states that the
zeolite pore size is the parameter which controls the product form ation23. Selectivity o f
these reactions were perhaps not governed by diffusional restraints as the CAT: HQ
ratio is relatively low, however the pore size o f both the zeolite-/? and aluminophosphate
catalysts are larger than those o f TS-1 leading to less interaction o f the reactants with
the active sites 6,10 and therefore one reason as to why these catalysts where less active
for the conversion o f phenol. In addition one should also bear in mind that both zeolite/? and A1PO-5 are more hydrophobic than TS-1.
O f all the exchanged materials, CoFeNR*-/? was observed to be the most active
at 40°C. On closer examination o f the EDAX data, it can be observed that the Si/Al
ratio for this material was greater than that of the other exchanged zeolites. One possible
reason for the larger ratio is that some o f the aluminium leached out during ion
exchange. If this were the case, the ion exchange o f FeCoNH*-/? was incomplete in
comparison to CoFeNRt-/?. However, the total percentage o f iron and cobalt exchanged
looks to be similar for both.
At 60°C, no significant difference was observed between the activity for either
the FeNH*-/? or C0 NH 4-/? catalysts, however on decrease o f the reaction temperature,
the iron exchanged catalyst was found to be more active. These results are comparable
to the conversion o f phenol observed for the TiAl-Beta catalyst at 60°C.
No reaction was observed for any o f the exchanged A1PO-5 catalysts at 40°C,
however at 60°C FeAlPO-5 was observed as being the most active of all the catalysts
investigated, with product ratios similar to those observed for the exchanged zeolite-/?
catalysts.
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The observed order o f catalytic activity expressed in terms o f phenol conversion
at 40°C was:

CoFeNH4-/? > FeCoNH4-/? > FeNH4-/i > CoNH4-j9 > M U -fi
and at 60°C was:

FeAlPO-5 > CoFeNH4-y9 > FeCoNH4-y9 > TiAl-y? > FeNH4-/? > CoNH4-yS > NH4-yS

One reason as to why these catalysts were not very reactive could be due to the
production o f tars. Tar was observed to form during the reactions due to over oxidation,
however It was not possible to quantify as to how much had been produced (thermal
analysis would have been the preferred technique for this analysis). As the tar was not
soluble in the solvent (water) it would most likely have built up on the catalyst surface
leading to the de-activation o f active sites and pore and channel mouth blockages. The
deposition of tar on the external surfaces o f some catalysts, for example TS-1, has been
found to aid in the conversion o f p h e n o l23. Here, the tar de-activation o f active sites is
used as an alternative external surface inertization, lending the catalyst more active for
the phenol hydroxylation reaction this however does not seem to have been the case
with the materials that were studied.
Another possible reason for the deactivation of the catalysts is framework
leaching by solvolysis. Here, polar molecules (e.g. water) react with the metal-oxygen
framework bond resulting in the removal o f metal atoms. This may occur in defective
sites, where the metal is not properly co-ordinated to the framework.

Leaching o f the metal ions from the catalysts were investigated. Firstly the
catalyst was filtered out o f the reaction liquor prior to the liquor minus catalyst being re
heated back to the reaction temperature and the catalytic investigation continued for a
further two hours. At this point the liquor was re-analysed using HPLC to see if any
further reaction had taken place. For example with the FeAlPO-5 catalyst, as shown in
table 4.5 below, no further reaction had proceeded on removal o f the catalyst. It was
therefore concluded that no metal ions had leached out o f the catalyst during the
reaction and therefore it was the catalyst itself that was active for the reaction.
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C atalyst

FeAlPO-5

T e m p era tu re
(°C)

Phenol
C onversion
(w t% )

60

13.43

Selectivity (w t% )
CAT
10
50.0

BQ
HO
TOS (hours)
12
12
10
12
10
49.9 36.8 36.9 13.2 13.2

Table 4.5 Catalytic results fo r the investigation into leaching o f the active metal ions
fo r the hydroxylation o f phenol over the as synthesised catalyst FeAlPO-5 (reaction
conditions: fe e d - 200mg o f catalyst, 2.0g phenol, 45 m l distilled water, 0.5g 4flu o ro p h e n o la n d 0.75g H 2 O 2 . reaction temperature = 60°C)
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4.5 Summary and Conclusions

Several iron, cobalt and titanium substituted zeolite-/? and A1PO-5 materials
were synthesised via ion-exchange techniques in relation to a paper published by Wang
et al \ X-ray diffraction studies found the materials to be both crystalline and phasepure, on comparison to previously reported patterns outlined in the IZA structure
database.
The EDAX results did not completely agree with those found in the work
reported by Wang et al 1 since here surface analysis was employed whereas they had
used bulk analysis. For this reason the information in table 3.4 cannot be used
quantitatively however it can be used as a suggestion o f approximate levels of each
element within the materials. The results also show that there was preferential exchange
o f the metal ions within the zeolite.
Investigations into the local geometry o f the ion-exchanged zeolites by EXAFS
analysis revealed that for each o f the materials, cobalt ions were present in the
octahedral 2+ state, whilst the iron ions were in tetrahedral sites with a mixture of 2+
and 3+ oxidation states. Unfortunately poor quality data was acquired for the A1PO-5
exchanged materials due to high background noise and therefore no reasonable
information was obtainable.
Overall, the catalytic results demonstrate that the exchange o f metal ions into the
framework materials significantly improved the conversion o f phenol. Catalytic
investigations observed no reaction over pure A1PO-5, whereas <6% phenol was
converted over pure NH4-/? at both 40°C and 60°C indicating that the non-metal
exchanged material was slightly active for the reaction. The studies revealed that of all
the exchanged materials, CoFeNHU-/? was observed to be the most active catalyst for the
hydroxylation o f phenol with H 2O 2 at 40°C and selective towards the production o f
dihydroxybenzenes at 40°C. In addition, although no reaction was observed for any o f
the exchanged A1PO-5 catalysts at 40°C, at 60°C FeAlPO-5 was observed as being the
most active o f all the catalysts investigated. The most preferable catalyst however must
be the one which is most active at temperatures as close to ambient as possible.

The observed order o f catalytic activity expressed in terms o f phenol conversion
at 40°C was:
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CoFeNH4-/? > FeCoNH4-^ > FeNFU-/? > CoNH4-yff > NFU-yff
and at 60°C was:

FeAlPO-5 > CoFeNFU-/? > FeCoNH4-/? > TiAl-yff > FeNH4-/? > CoNH4-y? > NH4-yff

In comparison, CoFeNH4-/? and FeCoNFU-/? should act in similar ways since
EDAX analysis showed almost similar values for metal ion exchange. Taking into
account errors in sampling and analysis techniques, the catalytic activity o f both
materials was found to be in the same order. Unfortunately no studies were performed
into the leaching o f the metal ions, however it would be interesting to see as to whether
these remained stable if successive reactions were performed.
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Chapter 5

Study into the acidic and shape-selective nature of platinum
impregnated silicoaluminophosphates and metal substituted
aluminophosphates, and their catalytic activity for the
hydroisomerisation of n-heptane

5.1 Chapter Overview
A

series

o f bifunctional

platinum

impregnated

silicoaluminophosphate

(Pt/SAPO) and metal substituted aluminophosphate (Pt/MeAlPO) catalysts containing
0.5 weight percent platinum and 10 weight percent Co(II), Mg(II) or Zn(II) metal ions
were synthesised by ion exchange and hydrothermal techniques. The materials were
characterised for phase purity and crystallinity using X-ray diffraction (XRD) whilst Xray absorption spectroscopy (XAS) was applied for investigating the co-ordination
geometry of the platinum centres. The acidic nature o f the materials were investigated
by temperature programmed desorption (TPD) o f pyridine, specific surface area using
the BET method and thermogravimetric analysis (TGA) to quantify the amount o f
organics or chemically bonded water held within the systems. The influence o f reaction
temperature, 275-350°C, as well as pore size and acid/metal properties of the MeAlPOs
were examined to study the catalytic activity and selectivity for the hydroisomerisation
o f n-heptane at atmospheric pressure using 60ml/min hydrogen. The investigations
found that the performance o f the Pt/Co-AlPO-5 catalyst was initially comparable to
previously reported literature for zeolite-(3 for the hydroisomerisation of n-heptane, with
conversion o f n-heptane > 48% and selectivity to isomers > 94%, at 350°C.
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5.2 Gasoline manufacture
Over the last 100 years there have been many developments within the
petrochemical industries to improve the efficiency, quality and environmental risks
associated with the everyday use and production of gasoline. More recently, the
enforcement o f new laws and legislation’s governing the quantity o f lead, sulphur and
aromatic compounds present in gasoline have seen trends towards the use o f more
unsaturated and branched hydrocarbons being favoured due to their high octane
numbers M.

5.2.1 Past and present issues associated with health concerns of gasoline
manufacture within petroleum industries

The gasoline/air mix within a spark ignition engine has a tendency to
spontaneously ignite or “knock” prematurely rather than bum smoothly upon
compression. This ultimately damages the engine and decreases the fuel economy. For
this reason anti-knocking agents, developed back in the 1920’s, were blended with
gasoline to overcome the problem. It was in 1921 that Thomas Midgley developed a
very effective anti-knocking agent, tetraethyl lead, although unfortunately it was found
to be a major air pollutant and a very poisonous, carcinogenic m aterial5. Consequently,
during the 1900’s, the levels o f lead in the air gradually rose as the number o f cars using
leaded petrol increased. High levels o f lead in the blood were found to have dangerous
side affects on the brain and digestive system, with children being found to be more at
risk due to their size and the fact that lead is more easily absorbed through their
67

respiratory and digestive systems than that o f adults ’ .
In the 1970’s, methyl t-butyl ether (MTBE) replaced lead as an octane
enhancer. It is still used in the America today as an additive to increase the antiknocking performance o f gasoline and reduce CO and O 3 emissions, although the
United Kingdom has banned its use. Unfortunately there were also problems observed
with the use o f MTBE, these included leaking into groundwater, disguised due to the
fact that it is a colourless liquid that dissolves easily in water, as well as being a possible
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carcinogen 8. Instead, toxic compounds for example benzene and toluene are presently
added to gasoline as anti-knocking agents.

§.2.1.1 Octane number

The octane number indicates how smoothly a gasoline bum s; the higher it is the
more efficiently it will bum . Commercial fuels for spark-ignition engines have a
research octane number (RON1), typically between 88 and 101 9,1°.
The octane number o f gasoline is a standard test designed to measure the
resistance to knocking and is determined by comparing the properties o f a gasoline to
isooctane (2,2,4-trimethylpentane) and heptane. Iso-octane has an octane number o f 100
(table 5.1), is highly branched and bum s smoothly, with little knock. In comparison,
heptane has an octane number o f zero, is not branched and knocks b a d ly 6,11.
Straight-run gasoline possesses an octane number o f around 70. In the 1920’s1980’s anti-knocking agents (for example, tetraethyl lead, P b ^ H s ^ ) were used to
increase the octane number, whereas more recently cracking, isomerisation, and other
such industrial processes have been used, raising the octane number o f gasoline to
around 90. Lately, changes to unleaded gasoline have required more costly compounds
such as aromatic s and highly branched alkanes to be used in order to maintain high
octane numbers.

1 RON

is the measure of the antiknock quality of a fuel.
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FUEL
n-heptane
Iso-octane
Iso - octane + 1 g/L PbEti
n-pentane
n-hexane
2 -methylbutane
2 -methylpentane
2 -methylhexane
1-pentene
1-hexene
1-heptene
Toluene
Ethylbenzene
Benzene
Ethanol
MTBE

RON
0
100

108
62
25
92
73
42
91
76
55
124
124
106
130
116

Table 5.1 Research octane numbers (RON) fo r hydrocarbons found within gasoline

5.2.2 Zeolites as a possible solution

In the last decade, more intense European laws regarding the limitation o f
aromatic compounds, sulphur and other potentially hazardous components within
gasoline, have been issued to the petrochem ical industries M. This has led to many new
investigations within the petrochem ical industry into alternative compounds that could
be used with a similar high octane number. Currently being widely investigated as a
solution to this problem is the isomerisation o f parraflns, for example n-heptane, to
mono and multi-branched products.
Zeolites (as previously discussed in chapter 1 section 1.3.1) have been found to
be very effective in the production o f compounds which possess high octane numbers,
in particular Pt/mordenite is currently used within industry 12. However the performance
o f zeolite-p has also been found to be comparable at 262°C 13,14. Numerous studies have
established that the isomerisation and cracking o f C7 and Cg paraffins, particularly nheptane (RON=0), over zeolites produces mono- (RON=42-65) and preferentially
multi-branched (RON=81-l 12) products enhancing the performance o f gasoline.
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However, it is still unknown as to how the acidic sites and pore structure affects the
product selectivitys

15' 17-3H. Several platinum im pregnated SAPO and MeAlPO

frameworks have been studied to date including Pt/SAPO-5, P t/S A P O -11, Pt/M eAlPO5, Pt/M eA lPO -11, Pt/MeAlPO-31 and Pt/MeAlPO-41 16‘19. Here, several o f these
frameworks with different m etal substituents as well as other previously unpublished
framework species Pt/SAPO-36 and Pt/M eAlPO-36, have been studied.

5.2.3 Introduction to alum inophosphates

The three framework m aterials studied within this chapter include the large pore
A1PO-5

and

A1PO-36

catalysts,

and

the

small

pore

A1PO-34

catalyst.

Aluminophosphates were previously discussed in chapter 1 section 1.3.1.1 and chapter
3 section 3.3, however one different fram ework topology, A1PO-34, was not defined.
A1PO-34 is closely related to A1PO-18, the only difference being the stacking o f
the double six ring units. Crystallographically the structures are different however they
both possess similar cages.

A1PO-34 (CHA)
3-dim ensional/ 8-m em bered ring
3 .8 x 3 .8 A

Figure 5.1 Representation o f AlPO-34 projected along the [001] axis 20
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5.2.4 Synthesis o f platinum impregnated aluminophosphates (Pt/AlPOs),
silicoaluminophosphates (Pt/SAPOs) and their metal substituted analogues

Aluminophosphate and silicoaluminophosphate development and preparation
were previously discussed in Chapter 3, section 3.2.2.
Platinum

impregnated

aluminophosphates

(Pt/AlPOs)

and

silicoaluminophosphates (Pt/SAPOs) are generally prepared via ion exchange methods,
the first platinum-zeolite catalysts having been prepared over three decades ago 21,22.
This procedure was shown to be a simple method for the introduction of metal ions into
A1PO and SAPO frameworks 23,24. However, some studies have shown this to lead to
larger platinum particles being deposited (due to the presence o f HC1 when using
Pt(NH 3)(Cl)2 complex as the platinum source) than if wet impregnation methods were
used 25. Generally, the size and dispersion o f the platinum particles is indicative to the
source used in the preparation of the m aterial23.
If the acid sites and the hydrogenation sites are balanced then the
dehydrogenation reaction is not the rate-determining step, hence the selectivity depends
on the porosity of the catalyst in question 26‘28.

5.2.5 Hydroisomerisation of n-heptane

The challenge faced within the petroleum industry is to achieve a high-octane
range by rearrangement o f the structure o f the hydrocarbons within gasoline. C 5 and C 6
paraffins are currently used in isomerisation units to obtain high octane number
components since C7 and Cg paraffins have a higher tendency to be cracked.
Isomerisation of paraffins larger than C 6, namely n-heptane, towards higher octane
number isomers without substantial cracking would be the ideal solution. Selectivity to
branched products increases with increased Bransted acid site strength of the catalyst,
and consequently hydroisomerisation is favoured at the expense of cracking under such
conditions.
Isomerisation o f n-alkanes over bifimctional metal-acid catalysts is a multi-step
process as suggested by Weisz et al 29 (figure 5.2). Firstly, the paraffin is de
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hydrogenated at the metallic catalytically active sites and then the olefin migrates to the
acidic catalytically active sites where it is adsorbed to form a carbenium ion. The
carbenium ion undergoes re-arrangements to form either a branched or smaller
carbenium ion and an olefin via cracking. Next, desorption o f the carbenium takes place
and the olefins are hydrogenated once again at the metallic sites 16’17,30.

Hydrocarbon_______
CV. (cra c k in g p r o d u c ts )
Methane
Ethane
Propane
Isobutane
n-Butane
Isopentane
n-Pentane
Ca a lk a n es (n -h exan e is o m e r s )

n-Hexane
2-Methylpentane
3-Methylpentane
2.2-Dimethylbutane
2.3-Dimethylbutane

Hydrocarbon________
Ca a ro m a tic s

Benzene
C i a lk a n e s (n -h ep ta n e iso m e r s)

n-Heptane
2-Methylhexane
3-Methylhexane
2.2-Dimethylpentane
2.3-Dimethylpentane
2.4-Dimethylpentane
3.3-Dimethylpentane
2.2.3-Trimethylbutane
C 7 a ro m a tic s

Toluene

Ca c v c lo a lk a n e s

Cyclohexane
Methylcylopentane

Table 5.2 Isomer and cracking product distribution upon hydroisomerisation o f n-

heptane over solid acid catalysts 31

Benzene is an n-hexane isomer, produced only when the reaction temperature is
high. It is produced by a process known as dehydrocyclization, not isomerisation and is
an undesirable product as it can cause the catalyst to deactivate via coking. Cyclohexane
is another undesirable product as this can easily dehydrogenate to form benzene, but can
itself also cause deactivation o f the catalyst.
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7

T

Al

Si

Figure 5.2 Schematic depicting the hydroisomerisation o f n-heptane over a bifunctional
catalyst, (De) hydrogenation (and cracking) activity occurs on the platinum sites, whilst
isomerisation occurs on the acid sites

5.2.6 Aims and Objectives

The aim o f this study was to synthesise several platinum im pregnated SAPO and
MeAlPO catalysts, o f varying fram ew ork topologies, and to determ ine how the surface
acidity and pore structure affected the catalytic activity and selectivity towards the
hydroisom erisation o f n-heptane.
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5.3 Experimental

5.3.1 Preparation of the SAPO and MeAIPO materials (where Me = Co/ M g/ Zn)

Hydrothermal

treatm ent

was

employed

to

prepare

each

of

the

silicoaluminophosphate and metal substituted aluminophosphate materials. Preparation
was achieved using a silicon and/or a phosphorous source as well as an aluminium
source, and if required a metal ion source, followed by a template plus the required
amount o f water. Further detailed information on the preparation o f the materials is
given below.

5.3.1.1 Preparation of SAPO-5 and M eAlPO-5 (where Me = Co/ M g/ Zn)

A1PO-5 and its metal substituted analogues were synthesised using nmethyldicyclohexylamine (MCHA) (Aldrich) as the structure-directing agent (SDA). In
a typical synthesis, aluminium hydroxide hydrate (Aldrich) was added to a solution o f
phosphoric acid (85%) (Aldrich) and distilled water (Fluka). Appropriate amounts o f
the Me(II) acetate (Aldrich) were then added prior to the addition o f the SDA. Vigorous
stirring was employed in order to achieve a homogeneous gel, with a final pH o f ~ 4.5.
The gel was then introduced into a Teflon lined stainless steel autoclave and subjected
to hydrothermal treatment at 175°C for 4 hours. The recovered solid was filtered,
washed with distilled water then dried in air at approximately 100°C overnight.
The silicoaluminophosphate material, SAPO-5, was prepared using the same
experimental procedures as above except that fumed silica (Aldrich) was used in place
o f some o f the phosphoric acid and a longer reaction time o f 13 hours was needed to
synthesise the pure material.
The gel compositions for the preparation o f the MeAlPO-5 and SAPO-5
materials can be seen in table 5.3.
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Catalyst

Gel

SDA

Composition

MeAlPO-5

0.9A1:1.0P:0.1Me:0.8MCHA:25H20

SAPO-5

1.0A1:0.9P:0.1Si:0.8M CHA:25H2O

N-methyldicyclohexyl amine
(MCHA)
N -methyldicyclohexyl amine
(MCHA)

Hydrothermal
Synthesis
Time (hrs)/
Temperature (°C)
4/ 175
13/175

Table 5.3 Molar compositions used fo r the preparation o f MeAlPO-5 and SAPO-5
(where Me = Co/ M g/ Zn)

5.3.1.2 Preparation of SAPO-34 and M eAlPO-34 (where Me = Co/ Mg/ Zn)

The chabazite framework materials were synthesised using tetraethylammonium
hydroxide (TEAOH) (Aldrich) as the structure-directing agent (SDA). In a typical
SAPO-34 synthesis, phosphoric acid (85%) (Aldrich) was mixed with the required
amount o f distilled water (Fluka) prior to the addition o f aluminium hydroxide hydrate
(Aldrich), fumed silica (Aldrich) and TEAOH. Vigorous stirring was employed after
each addition and for four hours prior to formation o f the final homogeneous gel, pH
~9. The gel was then placed into a Teflon lined stainless steel autoclave and subjected to
hydrothermal treatment at 160°C for 148 hours.
The MeAlPO-34 catalysts were synthesised by the addition o f aluminium
hydroxide hydrate (Aldrich) to a solution o f phosphoric acid (85%) (Aldrich) and
distilled water (Fluka). Appropriate amounts o f the Me(II) acetate (Aldrich) were then
added

prior to the addition o f the SDA, with continuous stirring to ensure a

homogeneous mix. The gel, pH ~8, was introduced into a Teflon lined stainless steel
autoclave and subjected to hydrothermal treatment at 175°C for 4 hours. The recovered
solid was filtered, washed with distilled water then dried in air at approximately 100°C
overnight. The gel compositions for the preparation o f the SAPO-34 and MeAlPO-34
catalysts can be seen in table 5.4.
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Catalyst

Gel
Composition

MeAlPO-34

0.9 Al: 1,5P:0. lM e:0.8TEAOH:30H2O

SAPO-34

1.0A1:0.9P:0.1Si: 1.0TEAOH:30 H20

SDA

Hydrothermal
Synthesis
Time (hrs)/
Temperature (°C)

Tetraethyl ammonium
hydroxide (TEAOH)
Tetraethyl ammonium
hydroxide (TEAOH)

4 /1 7 5
148/160

Table 5.4 Molar compositions used fo r the preparation o f the MeAlPO-34 and SAPO34 materials (where Me = Co/ M g/ Zn)

5.3.1.3 Preparation o f ZnSAPO-36 and M eAlPO-36 (where Me = Co/ M g/ Zn)

The

MeAlPO-36

substituted

materials

were

synthesised

using

N-

ethyldicyclohexylamine (ECHA) (Aldrich) as the structure-directing agent (SDA). In a
typical synthesis, aluminium hydroxide hydrate (Aldrich) was added to a solution o f
phosphoric acid (85%) (Aldrich) and water (Fluka). Me(II) acetate (Aldrich) was then
added prior to the addition of the SDA with vigorous stirring to ensure a homogeneous
gel. The final gel, pH ~6.5, was then introduced into a Teflon lined stainless steel
autoclave and subjected to hydrothermal treatment at 160°C for 16 hours.
The ZnSAPO-36 catalyst was also prepared using N-ethyldicyclohexylamine
(ECHA) (Aldrich) as the structure-directing agent (SDA). Typically, phosphoric acid
(85%) (Aldrich) was mixed with the required amount o f distilled water (Fluka) prior to
the addition o f aluminium hydroxide hydrate (Aldrich). Next fumed silica (Aldrich),
zinc acetate dihydrate (Aldrich) and ECHA (Aldrich) were added with vigorous stirring
after each addition. The final gel, pH ~7.5, was then placed into a Teflon lined stainless
steel autoclave and subjected to hydrothermal treatment at 155°C for 15 hours. The
recovered solid was filtered, washed with distilled water then dried in air at
approximately 100°C overnight. Gel compositions for the preparation o f the ZnSAPO36 and the MeAlPO-36 catalysts are shown in table 5.5.
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The presence o f divalent cations favours the formation o f the ATS structure. For
this reason zinc was included in the preparation o f the silicoaluminophosphate
framework material producing ZnSAPO-36. O f course this also produced double acidity
within the framework as Zn2+ was substituted in the Al3+ sites and Si4+ substituted in the
P5+ sites.

Catalyst

Gel
Composition

MeAlPO-36

0.9Al:1.0P:0.1M e:0.8ECHA:10H20

ZnSAPO-36

0.9Al:0.9P:0.1Zn:0.1Si:0.8ECHA:10H20

SDA

N-ethyidicyclohexyl amine
(ECHA)
N-ethyldicyclohexyl amine
(ECHA)

Hydrothermal
Synthesis
Time (hrs)/
Temperature (°C)
16/160
15/155

Table 5.5 Molar compositions used fo r the preparation o f the MeAlPO-36 and

ZnSAPO-36 materials (where Me — Co/ M g/ Zn)

5.3.1.4 Preparation o f platinum impregnated catalysts

Each o f the materials were firstly calcined by heating in a nitrogen atmosphere
at 5°C/ min to 530°C and held for two hours. The gas was then changed to oxygen and
heated for a further hour in order to remove the SDA. Platinum loading was
accomplished by ion exchanging 0.5 weight percent Pt onto each of the calcined
catalysts prior to catalysis. In a typical experiment, 1.5g o f the calcined sample was
mixed with 7.8ml aqueous Pt(II)(NH 3)(N 0 3 ) 2. The solution was stirred at room
temperature on a rotary evaporator for one hour prior to evaporation o f the liquor at
approximately 45°C over one to two hours. The resulting impregnated material was
dried in air at 120°C overnight.

132

5.3.2 Characterisation

The as-prepared materials were characterised for phase purity and crystallinity
by X-ray diffraction (XRD). Whilst X-ray absorption fine structure (XAFS)
measurements were undertaken to ascertain the co-ordination o f the platinum metal
within the systems. Tem perature programmed desorption (TPD) o f pyridine was carried
out to determine the acidity o f each o f the catalysts and the specific surface area o f the
catalysts was calculated using the BET method. Thermogravimetric analysis (TGA) was
used to ascertain the amount o f organics or chemically attached water within each
catalyst. The degree o f reaction and selectivity towards the hydroisomerisation o f nheptane was undertaken using a gaseous reactor set-up in the laboratories at Cordoba
University, Spain.

5.3.2.1 XRD measurements

Phase purity and crystallinity o f both the as synthesised, calcined and platinum
impregnated materials were proven for by X-ray diffraction (XRD). Data was measured
using a Siemens D500 employing Cu-Kai radiation. In a typical experiment, the sample
was pressed onto a plate and smoothed prior to the plate being loaded into position. The
materials were subsequently analysed over a range o f 5 - 40 degrees (20) at a rate o f
0.02 degrees a second.

5.3.2.2 XAS measurements

X-ray absorption fine structure (XAFS) measurements were carried out to
ascertain the co-ordination o f the platinum centres within the impregnated materials.
Pt L(III)-edge EXAFS measurements were carried out on station 9.2 at the
Daresbury Laboratories. The station is equipped with a Si(220) double crystal
monochromator, two ion chambers (one for measuring the incident beam intensity, the
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other for measuring the transmitted beam intensity) and a 32 element Canberra
fluorescence detector for collecting information on dilute samples. Measurements were
recorded on the reduced Pt/CoAlPO-5 and Pt/MgAlPO-5 catalysts since these were
observed to be the m ost catalytically active and the Pt/CoAlPO-34 catalyst to
investigate the lack o f catalytic hydroisomerisation. In a typical experiment,
approximately 1OOmg o f the impregnated sample was pressed into a 20mm disc, placed
into an in situ cell (chapter 2, figure 2.7). The sample was then subjected to a ramped
heating programme, 5°C/min to 535°C in oxygen. The gas was subsequently changed to
nitrogen for an hour to reduce the catalyst and then changed once more, to pure
hydrogen for a further hour to reduce the platinum species. After the sample had cooled
back to room temperature under the hydrogen atmosphere, measurements were recorded
in the beam for one hour. The data was then analysed using a suite o f programs
available at the Daresbury Laboratories, specifically EXCALIB, EXBROOK and
EXCURV98.

5.3.2.3 TPD measurements

Qualitative measurements to characterise the acidity o f each o f the catalysts
were determined using temperature programmed desorption (TPD) o f pyridine.
Typically, 80mg o f the calcined/ non-impregnated sample was placed into a vertical
stainless steel tubular reactor on top o f a metal frit. The sample was pre-calcined
(10°C/min in nitrogen (40ml then cooled cooling down to 140°C in nitrogen) prior to
analysis. Absorption o f pyridine was achieved by injecting 1 pi o f the material
approximately every fifteen minutes onto the GC column. This was continued until all
the peaks for the injection o f pyridine observed on the GC computer programme were o f
equal height, approximately 2-3 hours. Desorption was achieved by subsequent heating
o f the pyridine absorbed sample from 140°C to 650°C at 5°C /min over a two hour
period.
The pyridine absorption and desorption data were collected using a reactor made
at the Instituto de Catalisis y Petroleoquimica (CSIC) in Madrid. The gas
chromatograph used was a Fisons 8000 series GC equipped with a FID detector.
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Modifications to the GC m eant that no column was used, instead a 20cm metal pipe had
been fitted to conduct the products to the FID.

5.3.2.4 BET measurements

The specific surface area o f the catalysts was determined by nitrogen
physisorption, calculated using the BET method. In a typical investigation, 15mg o f the
calcined/ non-impregnated sample was loaded into a glass sample holder and loaded
into the Micromeritics ASAP 2010 analyser. The samples were firstly degassed
overnight at 300°C in nitrogen prior to the surface area measurements being recorded,
using liquid nitrogen (-196°C) as the adsorbate.

5.3.2.5 TGA measurements

The amount o f organic material or chemically attached water within each
catalyst was ascertained using thermogravimetric analysis (TGA). Firstly, the machine
was calibrated using an empty platinum sample holder, then approximately 2mg o f the
uncalcined/ non-impregnated sample was placed into a platinum sample holder and
loaded into the Setaram Setsys 12 TGA machine. The sample was heated from room
temperature to 700°C in a flowing argon atmosphere (40ml/min), at a rate o f 5°C/min,
and the data recorded.

5.3.2.6 Catalytic analysis

The hydroisomerisation reactions were carried out individually using a
continuous flow reactor with on-line gas chromatographic analysis, as seen in figure
5.3, made in the Instituto de Catalisis y Petroleoquimica (CSIC), Madrid. In a typical
experiment, 500mg o f the impregnated sample (powder, 20-100pm) was loaded into a
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V ” I.D. vertical stainless steel tubular reactor, on top o f a metal frit. The catalyst was
then activated by firstly heating the material under a flow o f nitrogen (40ml/min), at a
rate o f 10°C/min from room temperature to 400°C. This temperature was held, whilst
the gas was changed to oxygen (20ml/min) for 30mins, then nitrogen for lOmins
(40ml/min). Reduction o f the catalyst was achieved by further heating at 400°C in
hydrogen for 60mins (20ml/min). The temperature was next reduced to 275°C and the
hydrogen flow increased to 60ml/min ready for analysis to begin. The hydrocarbon (nheptane) was injected using a syringe pump at a rate o f 5.4ml/h (WHSV = 7.4 h '1) and a
period o f 30 minutes was allowed before data was collected to ensure equilibrium had
firstly been attained within the system. One chromatograph was recorded at
temperatures o f 275 °C, 290 °C, 310 °C, 330 °C, and 350 °C, then the temperature
increased, ready for the next sample acquisition. The products were analysed using a
methyl silicone 100 m x 0.25 mm ID fused silica capillary column (Programme: 60 to
115°C at 2°C/min'1) in a Fisons 8000 series gas chromatograph equipped with a FID
detector.
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Figure 5.3 Reactor set-up usedfor the hydroisomerisation o f n-heptane
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5.4 Results and Discussion

5.4.1 XRD study of the as synthesised and impregnated catalysts

The X-ray diffraction patterns o f the (1) as synthesised and (2) impregnated
SAPO-5/ -36/ -34 and MeAlPO-5/ -36/ -34 materials can be seen below in figures 5.4,
5.5 and 5.6. The high intensity o f the peaks and low background indicate the materials
prepared were crystalline. They also show direct comparison to previously reported
patterns, confirming that the materials obtained were also phase-pure.
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Figure 5.4 XRD patterns o f the (1) as synthesised and (2) impregnated (a) SAPO - 5
and MeAlPO-5 materials, where (b) is the CoAlPO-5 material, (c) is the MgAlPO-5
material and (d) is the ZnAlPO-5 material
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Figure 5.5 X7?D patterns o f the (1) as synthesised and (2) impregnated (a) ZnSAPO -36

and MeAlPO-36 materials, where (b) is the CoAlPO-36 material, (c) is the MgAlPO-36
material and (d) is the ZnAlPO-36 material
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Figure 5.6 XRD patterns o f the (1) as synthesised and (2) impregnated (a) SAPO -3 4
and MeAlPO-34 materials, where (b) is the CoAlPO-34 material, (c) is the MgAlPO-34
material and (d) is the ZnAlPO-34 material
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On impregnation o f the platinum species no change was observed in the
structure for most o f the framework materials, as shown in figures 5.3, 5.5 and 5.6. The
exceptions to this were all o f the zinc substituted topologies and the MeAlPO-34
structures, which were observed to collapse during calcination, prior to impregnation.

5.4.2 XAS study of the as synthesised and impregnated catalysts

Results from EXAFS investigations into the platinum co-ordination within the
calcined and reduced materials can be seen in table 5.6 and figure 5.7. Only three o f the
catalysts were studied. Pt/CoAlPO-5 was chosen as it was the most active catalyst for
the hydroisomerisation reaction, Pt/MgAlPO-5 as it was similar in activity to the cobalt
substituted material and Pt/CoAlPO-34 to see if there were any other underlying reasons
as to why no reaction was observed over this catalyst.

L(III)-edge

Atom pair

Pt/CoAlPO-5

M aterial

Pt

Pt/MgAlPO-5

Pt

Pt/CoAlPO-34

Pt

Pt-Pt
Pt-O
Pt-Pt
Pt-O
Pt-Pt
Pt-O

N
3
0.6
3
0.6
3
1

r (A)
2.75
2.02
2.77
2.03
2.77
2.04

2a1 (A2)
0.01
0.004
0.01
0.004
0.01
0.005

Table 5.6 Structural parameters obtained from EXAFS analysis performed on the

platinum impregnated aluminophosphates (where: N - co-ordination number, R (A)
bond length and 2 a2 (A2) - Debye-Waller factor)
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Figure 5.7 Best Jit Pt L(III)-edge EXAFS (left) and Fourier Transform (right) data fo r
the calcined platinum impregnated aluminophosphates, namely (a) Pt/CoAlPO-5, (h)
Pt/MgAlPO-5 and (c) Pt/CoAlPO-34 (the red line represents the experimental data
whilst the black line represents the calculated data)
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The typical bond length for Pt-Pt in platinum metal is 2.74A and Pt-O in
platinum metal is approximately 2.02A 23. The results confirm the reduction procedure
resulted in the production o f metal particles. However, the small number in oxygen co
ordination indicated either an incomplete reduction or that the metallic particle was
anchored to the oxide matrix via a link through oxygen. The most important result was
the presence o f a low coordination num ber for Pt-Pt, which indicated that small metal
particles were present in the catalyst.

5.4.3 TPD study of the calcined catalysts

Pyridine interacts with Bronsted and Lewis acid sites o f different strengths. In
the TPD spectra’s, figures 5.8, 5.9 and 5.10, two maxima are shown. The low
temperature desorption pyridine peak was observed around 160°C and is attributed to
weak Bronsted or Lewis acid sites, whereas desorption o f pyridine at higher
temperatures, observed around 410°C, is attributed to stronger Bronsted acid sites. The
desorption analysis finished at 650°C, after that the reduction in intensity was due to
cooling.
With the exception o f ZnAlPO-5, ZnSAPO-34 and the M eAlPO-34 materials,
all o f the SAPO and A1PO materials exhibit a high pyridine chemisorption capacity,
consistent for materials that are highly acidic. Two high intensity peaks were observed,
indicating that there were at least two different types o f adsorbing sites o f differing
acidic strengths present within their frameworks. The presence of the well-defined latter
peak for the SAPO materials is due to the presence o f strong acid sites (Si-OH-Al)
generated by the incorporation o f silicon into framework.
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Figure 5.8 TPD patterns o f the calcined/ non-impregnated (-) SAPO-5 and MeAlPO-5
materials, where (-) is the CoAlPO-5 material, (-) is the MgAlPO-5 material and (-) is
the ZnAlPO-5 material (N.B. sudden drop observedfor the CoAlPO-5 material was due
to a technical glitch which caused the temperature to cut out)
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Figure 5.9 TPD patterns o f the calcined/ non-impregnated (-) ZnSAPO -3 6 and
MeAlPO-36 materials, where (-) is the CoAlPO-36 material, (-) is the MgAlPO-36
material and (-) is the ZnAlPO-36 material
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Figure 5.10 TPD patterns o f the calcined/ non-impregnated (-) SAPO -3 4 and
MeAlPO-34 materials, where (-) is the CoAlPO-34 material, (-) is the MgAlPO-34
material and (-) is the ZnAlPO-34 material

As for the ZnAlPO-5, ZnSAPO-34 and M eA lPO -34 m aterials, only the weak
Bronsted or Lewis terminal acid sites (P-OH) were able to absorb pyridine.
The strong Bronsted acid sites are considered to be the active sites for the
hydroisom erisation reaction o f n-heptane. U nder m ild conditions, these are the only
sites strong enough to catalyse the isom erisation and cracking reactions o f alkanes 32,33.
Due to time restrictions none o f the samples could be re-run and therefore I
do n ’t have any data to hand to show how reproducible these results would be. I would
however expect this data to be very reproducibly with negligible experim ental error.

5.4.4 BET study of the as synthesised catalysts

Table 5.7 shows the results obtained from nitrogen physisorption measurem ents.
Apart from the zinc substituted A1PO m aterials, all the others exhibited high surface
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areas typical o f these materials. The zinc catalysts on the other hand were found to
possess very low surface areas. The collapsing o f these materials, as discussed
previously during XRD analysis, has in effect produced a material which possesses no
pores, therefore decreasing the overall surface area.

Catalyst
SAPO-5
CoAlPO-5
MgAlPO-5
ZnAlPO-5
ZnSAPO-36
CoAlPO-36
MgAlPO-36
ZnAlPO-36
SAPO-34
CoAlPO-34
MgAlPO-34
ZnAlPO-34

Surface area/ m 2g_1
358
297
232
29
370
367
332
62
356
370
361
61

Table 5.7 Surface area properties o f the calcined/ non-impregnated catalysts

5.4.5 TGA study of the as synthesised catalysts

Thermogravimetric analysis studies were undertaken to determine the nature o f
various loosely bound species present within the catalyst. Figures 5.11, 5.12 and 5.13
show the TGA data recorded for each o f the AFI, ATS and CHA-type as synthesised
materials.
Two different weight losses were observed overall, these included an exotherm
in the range T < 180°C and a second in the range 180 < T < 500°C (where T =
temperature). The first loss is attributed to loss o f surface and framework water whereas
the second is associated to desorption o f the physically occluded template 34. These
multistep losses have been seen many times before for these kind o f materials, one
example is FeAlPO-18 35.
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Figure 5.11 Thermogravimetric measurements o f the uncalcined/ non-impregnated (-)
SAPO-5 and MeAlPO-5 materials, where (-) is the CoAlPO-5 material, (-) is the
MgAlPO-5 material and (-) is the ZnAlPO-5 material
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Figure 5.12 Thermogravimetric measurements o f the uncalcined/ non-impregnated (-)
ZnSAPO-36 and MeAlPO-36 materials, where (-) is the CoAlPO-36 material, (-) is the
MgAlPO-36 material and (-) is the ZnAlPO-36 material
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Figure 5.13 Thermogravimetric measurements o f the uncalcined/ non-impregnated (-)
SAPO-34 and MeAlPO-34 materials, where (-) is the CoAlPO-34 material, (-) is the
MgAlPO-34 material and (-) is the ZnAlPO-34 material
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5.4.6 Catalytic investigation for the hydroisomerisation of n-heptane over the
platinum impregnated catalysts

Results for the n-heptane hydroisomerisation reaction over each o f the
impregnated catalysts are shown and discussed (chromatograms o f the analysis o f
Pt/Zeolite-p at 250°C and 275 °C are shown in appendices, figure D and E respectively).
The performance o f the catalysts were compared against Pt/zeolite-p (Si/Al=25, surface
0

1

area=530m g ' ), a well-documented active catalyst for this reaction

on oo o/r

’ ’ . Zeolite-p is

known to be most active at tem peratures around 200-275°C, however these studies were
carried out at more elevated tem peratures, favoured for SAPO and MeAlPO catalysts.
Comparisons are therefore drawn betw een the materials at 275°C.
Structural and acidic properties o f the catalysts were shown to affect both the
activity and selectivity of the reaction. The distribution to isomers was also seen to vary
greatly depending on the pore size and cavity o f the framework catalyst used.
Furthermore, n-Hexene hydroisomerisation reactions were undertaken for the
Pt/CoAlPO-5 and PtCoAlPO-34 catalysts to investigate as to whether the pore size o f
the smaller A1PO-34 framework was the reason as to why no conversion had been
observed for the n-heptane hydroisom erisation reaction. Both the n-heptane (C 7) and nhexene (C 6) hydroconversions involved cracking and isomerisation reactions. The
quantity o f aromatics and cyclic products formed was negligible and furthermore there
was no formation of alkenes or products heavier than C 6 or C 7 with either n-hexene or nheptane respectively.
Once again time restrictions m eant that there was a limit to the quantity o f
catalytic reactions that could be performed. For this reason no investigations were
carried out as to what effect particle size would have on the catalytic reaction. It is
however fair to say that a reduction in particle size would lead to the formation of fewer
by-products and hence a decrease in the deactivation o f the catalyst since the diffusional
path would be shorter. In addition, the reproducibility o f the investigation was
confirmed by the achievement o f similar data (error < 1%) from that o f past analysis
undertaken for Pt/Zeolite-p at 250°C by the research group in Cordoba.
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5.4.6.1 Hydroisomerisation of n-heptane over Pt/SAPO-5 and Pt/MeAlPO-5 (where
Me = Co/ Mg/ Zn)

Figure 5.14 below shows the effect o f tem perature on the hydroisom erisation o f
n-heptane over Pt/SAPO-5 and Pt/M eAlPO-5 (where M e = C o/ M g/ Zn) under identical
reaction conditions.
The arom atics and cyclic products produced during these studies accounted for
<0.5% for the reaction over the Pt/MgAlPO-5 catalyst at 330°C and 350°C and <2% for
the reaction over the Pt/CoAlPO-5 catalyst at 275°C.
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Figure 5.14 Effect o f temperature on the (a) conversion o f n-heptane, (b) selectivity to
mono- and multi-branched isomers and (c) selectivity to C5 - (crackingproducts), fo r the
hydroisomerisation o f n-heptane over (-) Pt/ zeolite-fl, (-) Pt/SAPO-5 and Pt/MeAlPO-5
catalysts, where (-) is the Pt/CoAlPO-5 catalyst, (-) is the Pt/MgAlPO-5 catalyst and (-)
is the Pt/ZnAlPO-5 catalyst (reaction conditions: H2flow -60m l/m in, WHSV=5.4ml/h,
catalyst weight=500mg)
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The graphs show that the more active material under these reaction conditions
was the CoAlPO-5 catalyst at 350°C. On comparison with Zeolite-p at 275°C, both
catalysts converted similar amounts o f n-heptane, however CoAlPO-5 was more
selective in the production o f isomers with 76.79% and 57.8% being produced for
CoAlPO-5 and Zeolite-p respectively. In addition, selectivies to cracking products for
the Zeolite-P catalyst were almost double that produced by the CoAlPO-5 catalyst.
On increasing the reaction temperature, all catalysts exhibited better conversions
o f n-heptane, although as demonstrated in graphs 5.14b and 5.14c, higher temperatures
meant that the selectivity to isomers decreased and simultaneously the amount o f
cracking products increased. In conclusion, the best tem perature observed for the
reaction o f n-heptane over CoAlPO-5 was between 330°C and 350°C, upon which 48.16
- 83.93% conversion o f n-heptane was observed, with selectivitys to isomers and
cracking products being detected as 94.79 - 76.79% and 5.15 - 23.21% respectively.
These results don’t however correlate with the TPD analysis, which shows both the
MgAlPO-5 and SAPO-5 materials to be more acidic than the CoAlPO-5 material. In
addition, BET measurements show the SAPO-5 material to have a higher surface area
than the CoAlPO-5 material. The SAPO-5 catalyst proved to be less effective than had
been expected. Having the largest surface area o f all the AFI materials studied and very
good Bronsted acidity as observed from the TPD analysis, it had been expected to be
the most effective catalyst for this experiment. Although low conversions o f n-heptane
were achieved it was still the most selective catalyst for the production o f isomers. The
ZnAlPO-5 catalytic results were however comparable with the results from both the
TPD and BET experiments in that the zinc substituted AFI catalyst was the least active
for the hydroisomerisation o f n-heptane.
The Co substituted A1PO-5 catalyst was observed to be more catalytically active
for this reaction, this may be due to the location o f the acid sites within the pores and
cavities of the framework and their accessibility by reactant molecules.
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5.4.6.2 Hydroisomerisation of n-heptane over Pt/ZnSAPO-36 and Pt/MeAlPO-36
(where Me = Co/ Mg/ Zn)
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Figure 5.15 Effect o f temperature on the (a) conversion o f n-heptane, (b) selectivity to
mono- and multi-branched isomers and (c) selectivity to C5 - (crackingproducts), fo r the
hydroisomerisation o f n-heptane over (-) Pt/ zeolite-fi, (-) Pt/ZnSAPO-36 and
Pt/MeAlPO-36 catalysts, where (-) is the Pt/CoAlPO-36 catalyst, (-) is the Pt/MgAlPO36 catalyst and (-) is the Pt/ZnAlPO-36 catalyst (reaction conditions: H 2
flow -60m l/m in, WHSV=5.4ml/h, catalyst weight-500mg)

Aromatics and cyclic products produced during these studies were observed
solely for the reaction over Pt/CoAlPO-36 catalyst, as <0.5% at 275°C and <0.2% at
350°C.
As seen in figure 5.15 above, the Pt/M gAlPO-36 catalyst exhibited higher
catalytic activity. On com paring previously determ ined TPD o f pyridine data, section
5.4.3, with the above results both findings correlate very well. A m ore defined second
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peak proves that there are stronger Bronsted acid sites within the MgAlPO-36
framework than for any o f the other materials. However, although Pt/MgAlPO-36
converted more n-heptane overall, it was the Pt/CoAlPO-36 catalyst which showed
better selectivity to isomers. The m ost selective ATS framework catalyst for the
production o f isomers was this time observed to be Pt/ZnAlPO-36. However,
conversion o f n-heptane was detected to be one third o f that for both the cobalt and
magnesium substituted Pt/AlPOs.
Both the cobalt and magnesium substituted A1PO-36 and the ZnSAPO-36
catalysts were found to possess large surface areas. The Pt/ZnSAPO-36 catalyst
however proved to be poorer than had first hoped, even though it possessed double
acidity due to both Zn2+ and Si4+ having been substituted in place o f both Al3+ and P5+
sites respectively. Once again the incorporation o f silicon into the framework increased
the selectivity towards isomers although the conversion o f n-heptane was almost half
that o f both the Pt/MgAlPO-36 and Pt/CoAlPO-36 catalysts.

5.4.6.3 Hydroisomerisation of n-heptane over Pt/SAPO-34 and Pt/M eAlPO-34
(where Me = Co/ M g and Zn)

The lack o f catalytic activity observed for both the Pt/SAPO-34 and
Pt/MeAlPO-34 catalysts could have been due to several possible factors. The most
likely explanation for the Pt/MeAlPO-34 catalysts was being the collapse o f the
structure during impregnation. W hereas for the Pt/SAPO-34 catalyst, it may have been
due to either the pore size o f the three-dimensional CHA microporous framework being
too small, thereby not allowing reactants/products to pass, or secondly, that the acid and
metal sites were located too far apart from each other, it would limit the reaction and the
consequent conversion rate o f n-heptane37'39.
The favoured mono- and multi-branched isomers that are formed upon reaction
o f n-heptane have molecular diameters o f 0.56nm and 0.70nm respectively. As the pore
sizes o f both the AFI and ATS structures are large, 0.73 x 0.73nm and 0.65 x 0.75nm
respectively, no diffusional restraints are present within the materials. Here, the
Pt/SAPO-34 catalyst was observed to produce isomers therefore indicating that there is
no steric hindrance observed in the formation of these molecules within the structures.
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5.4.6.4 Hydroisomerisation of n-hexene over Pt/CoAIPO-5 and Pt/CoAlPO-34
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Figure 5.16 Effect o f temperature on the (a) conversion o f n-hexane, (b) selectivity to
mono- and multi-branched isomers and (c) selectivity to C5 . (crackingproducts), fo r the
hydroisomerisation o f n-hexene over (-) P t/ zeolite-fi, (-) Pt/CoAlPO-5 and (-)
Pt/CoAlPO-34 (reaction condition: H 2 flow -60m l/m in, WHSV=5.4ml/h, catalyst
weight=500mg)

Further investigations were undertaken in order to ascertain as to whether it was
a limitation o f the m etal function or structural/ diffusional restraints that were the cause
o f no reaction having been observed for the n-heptane hydroisom erisation over the
Pt/SAPO-34 and Pt/M eAlPO-34 catalysts.
For this a sm aller reactant m olecule, nam ely n-hexene, was used for the
hydroisom erisation reaction. Only Pt/CoAlPO-5 and Pt/CoAlPO-34 catalysts were
studied, the former as a standard for it was known to readily convert the larger nheptane molecule under the same reaction conditions, as seen in section 5.4.6.1.
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At 310°C, small amounts o f isomers and cracking products were observed for
the Pt/CoAlPO-34 catalyst, despite only very negligible amounts o f n-hexene having
been converted. Yet, the Pt/CoAlPO-5 catalyst was observed to convert more n-hexene
at this temperature with very good selectivies to isomers, than under the same
conditions for the n-heptane hydroisomerisation reaction.
In conclusion, diffusional restraints o f the small-pore three-dimensional
chabazite structure were the most likely explanation for the poor catalytic performance
o f this material, as had there been a limitation factor with the accessibility o f the metal
sites, no reaction to isomers and cracking products should have been observed.
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5.5 Summary and Conclusions
In summary, twelve materials o f AFI, ATS and CHA-type frameworks were
successfully synthesised and characterised by XRD. Results found them to be
crystalline and phase-pure upon comparison with previously reported literature. On
impregnation o f the platinum species within the framework, apart from the exception o f
the zinc-substituted topologies, all the materials retained their crystalline structures.
Zinc substituted materials were observed to collapse upon calcination, prior to
impregnation.

An in situ study into the local co-ordination o f three calcined and reduced
platinum impregnated aluminophosphates revealed that in each case the results
confirmed that the reduction procedure resulted in the production o f platinum metal
particles with typical bond lengths o f approximately 2 .1 4 k and 2.02A respectively. The
most important result was the presence o f a low coordination number for Pt-Pt, which
indicated that small metal particles were present in the catalyst.

Analysis into the physical properties o f the materials revealed important
information leading to further understanding o f the catalytic reactions.
The majority o f the materials exhibited a high TPD pyridine chemisorption
capacity, consistent for materials that are highly acidic. Two high intensity peaks were
observed, indicating that there are at least two different types o f adsorbing sites o f
differing acidic strengths present within their frameworks. Specific surface area and
thermogravimetric measurements o f the materials produced results predictable for these
types o f materials. The only exception being in the case o f the zinc substituted
framework materials whose surface areas were found to be very low. This was due to
the collapse o f the structures during calcination as discovered by XRD.

The catalytic behaviour o f the Pt/SAPOs and Pt/MeAlPOs were found to be
influenced not only by the strength of the acid sites but also by the size of the pores and
location o f the catalytically active hydroxyl groups. For example, in the case o f
Pt/MgAlPO-36, the catalyst was found to be the most acidic out o f all the materials
studied and indeed was the most active in converting n-heptane. However the catalytic
study found the Pt/CoAlPO-5 catalyst was the most active for the selective conversion
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o f n-heptane to isomers. The trend observed for the overall activity and hence
conversion o f n-heptane for the hydroisomerisation reaction at 330°C was found to be:

Pt/MgAlPO-36 > Pt/COAlPO-36 > Pt/CoAlPO-5 > Pt/ZnSAPO-36 > Pt/MgAlPO-5 >
Pt/SAPO-5 > Pt/ZnAlPO-36 > Pt/ZnAlPO-5

The first three catalysts only differed by around 10% in their activity, converting
59.05%, 53.66% and 48.16% o f n-heptane respectively. However, the important factor
here is not in the conversion o f n-heptane, but in the selectivity to isomers produced
during the reaction. Here the trend observed is very different:

Pt/SAPO-5 > Pt/CoAlPO-5 > Pt/MgAlPO-5 > Pt/ZnAlPO-36 > Pt/ZnSAPO-36 >
Pt/ZnAlPO-5 > Pt/CoAlPO-36 > Pt/MgAlPO-36

The difference in the selectivity to isomers for the first three catalysts was < 5%.
Overall, the most effective catalyst for this reaction was Pt/CoAlPO-5. Lower
temperatures are favoured as they restrict the amount o f cracking during the reaction.
However for comparison, greater conversions o f n-heptane were observed over
Pt/CoAlPO-5 at 350°C, where > 8 3 % n-heptane was converted with selectivities to
isomers > 76% and selectivities to cracking products now a great deal higher at > 23%.

These studies correlate very well to previously reported literature, which states
that cobalt substituted Pt/MeAlPOs have greater activity than Pt/SAPO materials. This
is due to the type o f substitution, for example silicon island formation would reduce the
materials acidity40.

Comparable conversions and selectivities to the Pt/CoAlPO-5 catalyst were
observed for the Pt/Zeolite-p catalyst at 250°C.

In all cases, conversion o f reactant increased with increasing reaction
temperature. Additionally, whatever the acid strength o f the catalysts, some cracking o f
the isomers always transpired. It can therefore be proposed that selectivity is governed
by porosity rather than by acidity. The framework geometry plays a vital role in the
reaction as it can have an effect on the diffusion o f reactants and products into and out
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o f the catalyst. One-dimensional systems have offered the best results for the n-heptane
hydroisomerisation reaction as further re-arrangements o f the isomers take place within
the channels. This ultimately produces more multi-branched products, which are not
trapped within the material, and therefore cannot inhibit the onset o f carbonaceous
residues. Throughout this study, the one-dimensional AFI and ATS-type catalysts were
found to be the most active frameworks studied. However the pore size o f the CHAtype catalysts prevented the n-heptane molecule reacting and so no conclusions can be
drawn from this study so as to compare three-dimensional systems.

Unfortunately time restrictions meant that no time on stream (TOS) reactions
were carried out. However, it is fair to say that the majority o f the catalysts would most
likely have coked relatively quickly and some were found to have already started to
deactivate over the two-hour reaction time. This cannot be entirely avoided since the
presence of free hydrogen within the reacting environment would lead to hydride
transfer and ultimately the formation o f carbonaceous deposits within the pores o f the
catalyst. Coke can also form on the platinum sites due to the cracking of alkanes to CjC 5 hydrocarbons, however this can be beneficial as the coke suppresses the cracking o f
alkanes in limiting the num ber o f platinum sites 41.
Although one or two o f the catalysts were found to be as catalytically active as
Pt/zeolite-P, it is very unlikely that they would continue at this level for very long. In
addition some o f the catalysts were found to be more selective in the short-term for the
production o f isomers and cracking products. One big disadvantage that should be taken
into account is that Pt/AlPOs and Pt/SAPOs perform their best at elevated reaction
temperatures, over 50°C higher than Pt/zeolite-p, for example comparable conversions
and selectivitys to the Pt/CoAlPO-5 catalyst were observed for the Pt/zeolite-p catalyst
at 250°C.
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Chapter 6

Study into the activity of several cobalt substituted polyoxometalates
and the influence of intercalation between the sheets of a layered
double hydroxide for the oxidation of cyclohexane

6.1 Chapter Overview

This chapter concentrates on the properties o f several cobalt-substituted
polyoxometalates (PO M ’s) and polyoxometalate pillared layered double hydroxides
(POM-LDH’s). The results show the preparation of three cobalt substituted tungsten
Keggin ions, and the successful intercalation o f these materials within the layers o f a
double hydroxide (LDH) material comprised o f zinc and aluminium. The as synthesised
materials were characterised for crystallinity, purity and co-ordination by X-ray
diffraction (XRD), X-ray absorption fine structure (XAFS) and infrared (IR) techniques.
Chemical analysis o f the LDH was undertaken to clarify the true composition o f the
prepared material. Finally, catalytic studies for the oxidation o f cyclohexane in the
presence o f molecular oxygen and tert-butyl hydrogen peroxide TBHP were performed
and the results obtained proved that the layered double hydroxide substituted
polyoxometalate Zn 2Al-K 7H[Co(II)(Co(II).H 2 0 )W n 039] . 14 H 20 was the more active
material.
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6.2 Background on the Cyclohexane Oxidation Reaction
Cyclohexane conversion is important in the production o f adipic acid (one o f the
basic feedstock’s for the production o f nylon 6 ,6 ) and 8-caprolactam (a basic feedstock
in the production o f nylon 6 ). The initial step for both these materials is the oxidation of
cyclohexane to produce cyclohexanol and cyclohexanone (figure 6.1). The ketone/
alcohol mix is then converted to adipic acid by oxidation with nitric acid and to £caprolactam by cyclohexanone oximation and Beckmann rearrangement route.

COOH
HNO.
OH
0 2, Co(ll)

Cyclohexane

C yclohexanol C ylohexanone

1. NHXH
2.H SO
Caprolactam

Figure 6.1 Schematic depicting the conversion o f cyclohexane to adipic acid and e caprolactam (the oxidation reaction within the red box is the area which has been
research into)

6.2.1 Cobalt substituted catalysts for the cyclohexane oxidation reaction

Cobalt substituted redox catalysts have been investigated for many years into
their effective selective oxidation o f cyclohexane using molecular oxygen 1"3.
Cobalt substituted A1PO-5 and -36 frameworks have been researched in great
depth and are known to be very efficient catalysts for this reaction. Our aim however
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was to investigate alternative materials, for example the Keggin ion and the pillaring o f
this material within a layered double hydroxide, to see how their porous and expandable
framework adapted to this reaction.
Metal-substituted polyoxometalates are good oxidation catalysts for this reaction
due to their rigid co-ordination sites surrounding the metal centre, their high stability
towards oxygen donors and the possibility to incorporate several transition metals
within their structure 4,5.
Both hydrogen peroxide (H 2O 2) 6’7, tert-butyl hydrogen peroxide (TBHP ) 8 and
molecular oxygen 9 have all been used as oxidants for the cyclohexane reaction using
polyoxometalate catalysts. The advantage o f using molecular oxygen is that the rate o f
the C-H bond cleavage is high, therefore favouring the formation o f large quantities o f
cyclohexyl hydroperoxide, which then decomposes to cyclohexanol and cyclohexanone.
The main disadvantage o f using molecular oxygen is that as the gaseous oxidation
occurs under extreme conditions, it can be difficult to control the product selectivity.
Over the last ten years new catalysts have been developed which use less harsh
conditions and therefore the selectivity o f the products can be greatly controlled9. These
new processes also use a secondary oxidant, known as a co-catalyst. This helps
accelerate the initiation step o f the oxidation reaction and is usually either H 2O 2 or
TBHP.

6.3 Introduction to Polyoxometalate Layered Double Hydroxides
Since the late 1980’s a great amount o f work has been carried out into the
pillaring and catalytic properties o f layered double hydroxides (LDH’s) 10' 13. The
substitution of large anions, for example polyoxometalates (PO M ’s), can be achieved
between the bm cite layers o f an LDH through direct synthesis, ion exchange or co
precipitation 14. The interlamellar space between the layers is capable of swelling on
introduction o f the anions and thereby is able to control the catalytic activity o f the
material. Numerous PO M ’s having the Keggin structure have been substituted as pillars
15, each o f which performs catalytically different due to their varying negative charges
and consequently their differently sized pores.
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6.3.1 Introduction to polyoxometaltes

Polyoxometalates were first synthesised back in 1826 by Berzelius 16, who
described obtaining a yellow precipitate from the mixing o f ammonium molybdate and
phosphoric acid, now commonly known as 12-molybdophosphate. The material was
introduced into analytical chemistry in 1848 by Svanberg and Struve 17, however the
true compositions o f heteropoly acids (commonly known today as polyoxometalates)
were not properly determined until the discovery o f the tungstosilicic acids and their
salts by Marignac 18in 1862. By 1910, sixty different types o f heteropolyanions had
been synthesised. The first attempt at understanding the co-ordination o f these materials
was undertaking in 1908 by Miolati and Pizzighelli19, who proposed a hypothesis based
on W erner’s co-ordination theory, this was later developed by Rosenheim. During the
next 25 to 30 years Rosenheim made a huge impact in the field of polyanion chemistry,
which included the M iolati-Rosenheim (MR) theory that heteropoly acids were based
on six-co-ordinate heteroatoms with MC>42' or M 2O 72' anions as bridging groups or
ligands, for example, Hg[Si(W20 7 )6] (commonly known today as, H^SiW nC^o]).
However, in 1929 Pauling noticed that the crystal radii o f (molybdenum) Mo6+ and
(tungsten) W 6+were in fact more appropriate for the octahedral co-ordination o f oxygen.
In doing so he proposed a new structure for the 12:1 complexes, this was based on an
arrangement o f twelve M o (>6 or WC>6 octahedra, which surrounded a central XO4
tetrahedron. Although Pauling was wrong in assuming that the MoC>6 or WC>6 octahedra
only corner-shared everything else that he proposed were correct and led to further,
more direct attention into the structural properties o f heteropolyanions.
It was only four years after this discovery by Pauling that K eggin 20,21 used x-ray
diffraction (XRD) techniques to solve the structure o f H 3PW 12O40.5 H 2O. He proved that
whilst Pauling was correct in assuming that the anion was based on octahedral WC>6
units, not only where they comer-shared but in fact they were also edge-shared. Soon
afterwards, the structure o f the anion was confirmed by Bradley and Illingworth o f
which their own investigations by powder diffraction on H 3PW 12O40.29 H 2O

22

proposed

the same co-ordination as Keggin.

Polyoxometalates (PO M ’s) are themselves very strong Bronsted acids, as has
been established by IR spectroscopic studies o f pyridine adsorption

23

. They are stronger

than conventional acid catalysts, POM > H2SO4 > zeolite, and are highly soluble in
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polar solvents, though insoluble but transferable into non-polar solvents such as
hydrocarbons. The PO M ’s important features also include its high structural mobility
and multifunctionality 23,24. Their high acidity together with the fact that they are very
efficient oxidants exhibiting fast reversible multielectron redox transformations under
mild operating conditions, are the main reasons why they are very important catalysts 15.
The Keggin type polyoxometalate and their salts, have incurred the most attention as a
potentially viable catalyst, due to their wide availability as a starting material and their
relatively high thermal stability.
The Keggin ion structure o f the saturated anion can be represented by the
formula [XM i 204 o]x-8 , where X is the central heteroatom (e.g. Si, Co, P), M is the
addenda atom (typically tungsten (W) or molybdenum (Mo)) and x is its co-ordination
state. It is possible for the anion to possess both primary (central) and secondary
(peripheral) heteroatoms. The primary heteroatom (central) is essential in order to
complete the polyanion structure, although it may not be located in the centre o f the
anion. The addenda atom can also be partially substituted by many other metal ions, e.g.
V5+, Co2+15.
In the case o f Co(II)Wi2O405', the structure is composed o f a central tetrahedral
C0O4 heteroatom, surrounded by twelve edge and com er shared WC>6, as shown in
figure 6.2. This structure, referred to as the a-form, was the one originally reported by
Keggin in 1933 15.
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Figure 6.2 Polyhedral representation o f the Keggin ion [XM i 2 C>4 o]x-8 (the large white
sphere represents the cohalt heteroatom, the small light grey spheres represent the
tungsten atoms and the dark grey spheres represent the oxygen atoms)

Although the majority of heteroatoms possess tetrahedrally co-ordinated
structures, based on the Keggin ion, there are also a number of ‘lacunary’ or ‘defect’
derivatives that are produced by the removal of one or more MOe octahedra 15. The first
octahedron removed is a MOn+ group, subsequent octahedra are lost as either MO 2 or
M O 3 units.
The potential protonation centres in a Keggin anion are located in the three types
o f outer oxygen atoms. These include the terminal oxygen’s, M =0, and both the comer
shared and edge shared bridging oxygen’s, M-O-M. It is assumed that in the gas phase
the edge shared bridging M-O-M oxygen’s are most likely to be protonated whereas in
the liquid phase it is suggested that all the bridging oxygen atoms are protonated due to
them possessing a higher electron density than the terminal oxygen atoms. In the case o f
solid polyoxometalates, it is thought that the more accessible terminal oxygen’s may be
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the ones protonated since when forming the crystal structure it is these protons that take
part in the linking o f the neighbouring polyoxometalates. It has thus been discovered
using x-ray and neutron diffraction techniques, that the crystal structure o f
H 3[PW i20 4 o].6 H 2 0 is formed by the packing o f polyoxometalate anions into a bodycentred cubic structure by the hydrogen bonding o f diaquahydrogen ions. Each ion
connects four anions by forming hydrogen bonds with the terminal M = 0 oxygen’s 25.

The large voids that are created in the process o f forming the ionic crystal can
accommodate a large am ount o f crystallisation water, as much as 30 molecules o f water
per anionic unit. The water can be easily dehydrated and rehydrated by heating the
material to temperatures o f around 100-150°C. In doing so the volume o f the crystal cell
shrinks or expands (figure 6 .3 ) 26. This process is o f great importance to heterogeneous
catalysis as not only water, but also many other polar organic molecules, e.g. alcohols,
amines etc. can also enter and leave the structure 23.
Once dehydrated the almost planar diaquahydrogen ions take on a different
shape. The structure o f the bulk proton site is assumed to form directly upon
dehydration and is suggested as playing a major role in pseudoliquid catalysis by solid
polyoxometalates 23,27.

Advantages o f using PO M ’s as homogeneous catalysts are that they are noncorrosive materials, they create fewer side reactions and posses high protonation rates.
Disadvantages on the other hand include high cost, poor availability and the recovery
and1 or recyclability o f the materials is very difficult if not impossible. For this reason
the trend has moved towards the pillaring o f these materials, i.e. heterogenising the
homogeneous catalyst.
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Figure 6.3 Schematic demonstration o f the bulk proton sites in (a) aqueous
H 3[PW 120 4 oJ.6H 20 and (b) dehydrated H 3[PWI2O40J

6.3.2 Synthesis of polyoxometalates

Polyoxometalates are nanosized metal-oxygen cluster anions which, when in
solution, form by a self assembly process and can be isolated as solids with appropriate
counter-cations, e.g. H+ and alkali m etal cations.
Cobalt containing Keggin ions have been studied in great detail by a number o f
people as to its many features including its magnetic properties 28. Other Keggin ion
analogues have also been investigated, for example iron, manganese, chromium and
germanium, although to nowhere near the same extent as the cobalt species 6’7,29"32. It
has also been discovered during synthesis, that tungsten tends to adopt the Keggin
structure more easily than molybdenum and that the tungstic acids are more acidic, have
a lower oxidation potential and are more thermally stable at elevated temperatures (ca.
450°C )24 compared to the molybdic acids.
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6.3.3 History of layered double hydroxides

Layered Double Hydroxides (LDH’s), also known as ‘hydrotalcites’ or ‘anionic
clays’, are the only group o f materials in which it is possible to exchange anions
between an infinite series o f charged layers.
Hydrotalcite was first discovered back in 1842 in Sweden although its exact
formula

wasn’t

published

until

1915

when

Manasse

described

it

as,

[Mg 6Al2(0 H)i6]C0 3 .4 H 20 3\ It was not until some twenty-five years later though that
interest in this area grew. This was due to a series of papers published by Feitknecht, on
what he described as ‘doppelschichtstrukturen’ (double sheet structures) 34. His
description of the material was a structure, which comprised o f layers of one metal
hydroxide intercalated with a layer of a second metal hydroxide. This was later severely
criticised by Allmann and Taylor, who, using single crystal x-ray diffraction, discovered
that actually both the cations were in fact in the same layer 35,36.

There are two possible forms o f naturally occurring LDH’s, rhombohedral and
hexagonal (figure 6.4) 37. The difference between the two is that whilst for the
hexagonal form the lattice parameter, c, is equal to only twice the interlayer separation,
for the rhombohedral form, c is three times the interlayer separation.

Figure 6.4 Polymorphic representation o f the general structure o f an LDH: (a)
hexagonal and (b) rhombohedral
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The chemical composition o f an LDH is given by the general formula,
[M 2+(i-x)M3+x(0 H) 2]An-x/n-.mH2 0 , where M2+ is a divalent cation (e.g. Ca2+, Mg2+, Zn2+
etc.), M 3+ is a trivalent metal cation (e.g. Al3+, Fe3+, M n3+ etc.) and An' is a simple or
complex organic or inorganic anion (e.g. C1‘, NO 32', CO 32' etc.). For pure phases, the
value o f x lies between 0.17 and 0.33 38. Several people have also synthesised LDH’s
with two different M 2+/ M3+ cations 39-4
The structure o f an LDH consists o f layers o f metal cations o f similar ionic radii,
which are joined together by edge-sharing M 2+/ M 3+ (OH )6 octahedra, forming
numerous two-dimensional sheets stacked together by hydrogen bonding o f the
hydroxyl groups of adjacent sheets. Substitution o f trivalent metal cations for divalent
ions introduces a charge imbalance, thereby creating an overall positively charged
framework. This is balanced by the interlayer anions, between adjacent layers
maintaining the charge neutrality o f the m aterial42. Also present in the interlayer region
are water molecules. As proved by NM R experiments, the extensive hydrogen bonds
between the water molecules and both the metal hydroxide layers and the interlayer
anions are said to be continuously breaking and reforming. The overall amount o f water
in the interlayer regions depends on several factors including, the nature o f the
interlayer anions, the water vapour and temperature 43,44.
The flexible host lattice o f an LDH is characterised by their ability to expand on
intercalation in order to accommodate the guest species in a perpendicular direction to
the layers, causing disruption to the weak intra-layer forces. The layered lattices occupy
strong covalent intra-layer bonding, with the van der Waals interactions between the
layers being a lot weaker. The basal spacing o f a Zn-Al-N(>3- LDH is approximately
8.9A, with the brucite sheets approximately 4. 8 A thick 45.

The use o f LDH’s in catalysis has been extensively reviewed by Cavini et a l 46.
M ost LDH structures decompose around 350°C, nevertheless, LDH’s still have many
uses. Most interest falls around their use as catalysts or catalyst supports. Other
applications include separation and membrane technology, filtration, scavenging,
controlled release o f anions and electroactive and photoactive materials 47.
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6.3.4 Synthesis of layered double hydroxides

As described previously in section 6.3.3, layered double hydroxides can be
synthesised using numerous cations and anions. In particular, magnesium and zinc are
predominantly used as the divalent cations whilst aluminium is used as the trivalent
cation. Previous work has found that the Mg 2Al-LDH is structurally unstable even
under mild conditions. In comparison, the Zn 2Al-LDH has been reported to be more
stable, particularly when pillared with the robust Keggin anion 48.
The four main forms o f anions used to occupy the interlayer space and balance
out the interlayer net positive charge are C f, NC>32', SO42’ and CO32'. The preparation o f
the nitrate form o f a LDH has been found to be difficult as carbon dioxide in the
atmosphere can contaminate the synthesis. For this reason most LDH’s are prepared
under an argon or nitrogen atmosphere 14. However, the nitrate form o f a LDH has also
been found to be beneficial for the facile intercalation o f polyoxometalates, with the
trend for the order o f preferred exchange being NO32' > C f > SO /* > CO32.
The synthesis o f LDH materials can be performed using several different
methods, for example co-precipitation and ion exchange methods. Millipore water is
used throughout the preparation so as not to introduce unwanted ions into the synthesis.
The main problems that occur during synthesis are over concentration if not enough
stirring o f the mixture is ensured and inaccurate addition speed o f each solution as the
pH o f the reaction mixture has to be carefully monitored throughout the synthesis.

6.3.5 Intercalation of polyoxometalates

Polyoxometalates that are pillared within another material, e.g. layered double
hydroxides, possess a greater surface area, hence are more important for catalytic
applications. The degree o f acidity and catalytic activity o f the final material depends on
several factors, for example, the type o f support used, the amount o f polyoxometalate
loading and pre-treatment to name but a few. Several supports that have been used in
the past include both acid and neutral materials, e.g. silica, active carbon, ion-exchange
resins, layered double hydroxides e tc .23,24.
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The POM ’s are pillared between the positively charged layers o f the LDH. The
orientation of the Keggin anions within the layers is perpendicular to the inorganic
layers 49-51. The gallery height prior to intercalation of a Keggin ion POM is 8 . 9 A . After
intercalation the layers swell to approximately

9 .8 A ,

dependant on the POM pillared

(figure 6.5) 45.

Figure 6.5 Schematic representation o f the pillaring o f a polyoxometalate anion with
Keggin structure within the layers o f a LDH material

Previous work using XRD, BET and thermal analysis have shown that POMLDH materials can retain their crystallinity and structure up to about 200°C, suggesting
that these materials should be used solely for low temperature catalytic reactions 45.
The POM-LDH materials structural and chemical features have made them
useful for several important catalytic applications. Their shape selective nature lends
them effective catalysts for the epoxidation of alkenes 52 and the selective oxidation of
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ortho-xylene and or/Zzo-tolualdehyde 53. A vast amount o f research has been carried out
into their photo-catalytic properties and applications, for example the photo-oxidation o f
isopropyl alcohol to acetone 12,54. Other applications where PO M ’s may be applied to
catalysis include the oxidation o f alkanes, phenols and olefins, environmental issues for
cleaning polluted areas and in the green technology o f converting wood pulp into paper.

6.3.6 Synthesis of polyoxometalate intercalated layered double hydroxides

There are several ways to intercalate PO M ’s within the layers o f a LDH
material. One method is to firstly calcine the LDH then add it into an aqueous solution
o f POM, another uses a preswelling agent to facilitate the LDH ion exchange and there
is also a direct co-precipitation method where the LDH is formed around the POM salt

- ,

10 12 55,56

most common preparation o f a crystalline material though is a simple ion

exchange method where no pH control is necessary 51. The main considerations to note
for successful intercalation o f PO M ’s within a LDH are the pH and charge o f both
materials, the reaction temperature and the swelling properties o f the LDH.

6.3.7 Aims and Objectives

For the reasons mentioned so far in this chapter it was decided that cobalt and
tungsten substituted polyoxometalate materials would be prepared and intercalated
within the channels o f a zinc and aluminium layered double hydroxide. The materials
were characterised and subsequently analysed for the cyclohexane oxidation reaction.
Information was obtained on how the intercalation o f the different cobalt substituted
PO M ’s species within a LDH increased the catalytic performance o f the material.
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6.4 Experimental

6.4.1 Preparation of the materials

The polyoxometalates were prepared using solution chemistry techniques and
the layered double hydroxide material was prepared using a co-precipitation method and
hydrothermal techniques, both o f which have been previously reported. The final
polyoxometalate layered double hydroxide species were prepared under reflux
conditions that were developed in parallel to the preparation o f the materials.

6.4.1.1 Preparation of K6[SiCo(II) .(H 20 )W n 0

39 l

A solution containing 3.15g o f glacial acetic acid (Aldrich) and 1 1.5g o f silicon
tungstic acid (Aldrich) in 25g o f distilled water was prepared and to it were added 6 .12g
o f potassium hydrogen carbonate (Aldrich) to decrease the pH o f the solution to 6. Once
this pH had been reached the solution was heated close to its boiling point and a hot
solution containing 0.8g o f cobalt acetate tetrahydrate (Aldrich) and 2g o f water were
added. Subsequently, another solution containing 15g o f potassium acetate (Aldrich)
and 0.5g o f acetic acid (Aldrich) dissolved in 8g o f water was also added. The resulting
solution was stirred for a further 15 minutes then filtered hot using a Buchner funnel
and flask. The filtrate was left to crystallise for four hours and the resulting red crystals
were recovered by further filtration. The material was recrystallised by dissolving in
boiling water, cooling back to room temperature and after two hours further
crystallisation, large red crystals were once again collected by filtration prior to
analysis.
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6.4.1.2 Preparation of K7H[Co(II)(Co(II).H20)Wn039].14H20
19.8g o f sodium tungstate dihydrate (Aldrich) was dissolved in 40g o f distilled
water and the pH o f the solution adjusted to 7 with the addition o f 3.5g acetic acid
(Aldrich). The resulting colourless solution was heated to 120°C using vigorous stirring
then 2.5g o f cobalt acetate tetrahydrate (Aldrich) dissolved in 13g o f water was added
dropwise. The initial colourless solution became immediately dark blue, which after
fifteen minutes slowly changed to green as the reaction progressed. The green solution
was cooled and the insoluble solid filtered out. Once again the solution was heated up to
120°C and a hot solution containing 13g o f potassium chloride (Aldrich) in 25g o f water
was added. Heating was maintained for 15 minutes, then the solution was cooled to
room temperature and kept at 5°C overnight for crystallisation to take place. The green
crystals were collected using a Buchner funnel and flask and dried at room temperature,
prior to analysis.

6.4.1.3 Preparation o f K5H5[Co(III)Wi204o].16H20

4g

o f the

polyoxometalate

K7H[Co(II)(Co(II).H20)W n039].14H20,

was

dissolved in 20ml o f 1M hydrochloric acid (Aldrich). The solution was heated to 110°C
under vigorous stirring until a solid started forming. The solid was filtered o ff using a
Buchner funnel and flask and the filtrate left for crystallisation at -3°C for 36 hours.
Several large green crystals formed and were recovered once again by filtration and
dried at room temperature, prior to analysis.

6.4.1.4 Preparation of Zn2Al-NC>3

Two solutions were firstly prepared, one acidic and one basic. For the acidic
solution, 19.61g of Zinc nitrate (Aldrich) and 7 lg of millipore water were placed in a
100ml glass beaker and stirred on a hot-plate until fully dissolved, then 9.88g o f
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Aluminium nitrate (Aldrich) was added and the stirring continued until all had
dissolved. For the basic solution, 11.36g o f sodium nitrate (Aldrich) and 82.3 lg o f
millipore water were placed into a 100ml plastic beaker and stirred on a hot plate until
fully dissolved. To this was added 6.38g o f sodium hydroxide pellets (Aldrich) and the
beaker replace onto the hotplate until all had dissolved.
The two mixtures were then combined via a co-precipitation method. The acidic
and basic solution were added dropwise, using 50ml plastic syringes with their
connecting plastic tubes taped to a stirred 100ml plastic beaker, with the aid o f a double
peristaltic pump set at 60ml/min. The final pH o f the solution was approximately 5.9,
calculated using an automatic pH meter.
The solution was placed into an autoclavable bottle and placed into an oven at
60°C overnight (about 19 hours). Once removed and cooled the material was filtered
using a Buchner flask and funnel and washed with distilled water until the filtrate was
o f a neutral pH. The solid was dried in an oven at 60°C overnight, then analysed.

6.4.1.5 Preparation o f Zn 2Al-K 6 [SiCo(II).(H 2 0 )W n 0

39 ]

A simple ion exchange procedure was used to intercalate the POM within the
layers o f the LDH. 4.5g o f the previously prepared K 6[SiCo(II).(H 2 0 )W n 039 ] was
dissolved in 15ml o f millipore water and added dropwise using a peristaltic pump
(60ml/min) to a 50ml beaker containing a vigorously stirred slurry o f the previously
prepared Zn 2Al-N 0 3 , 1.5g dissolved in 10ml o f millipore water. The mixture was
heated at a constant temperature o f 90°C in an oil bath. Several aliquots o f the sample
were analysed over a period o f time and it was discovered that after 6 hours the material
had been successfully pillared. The material was filtered using a Buchner funnel and
flask and analysed.
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6.4.1.6 Preparation o f Zn2Al-K7H[Co(II)(Co(II).H20)W ii039].14H20
Again a simple ion exchange procedure was used to intercalate this POM
material

within

the

layers

o f the

LDH.

4.5g

o f the

previously

prepared

K7H[Co(II)(Co(II).H20)W ii039].14H 20 was dissolved in 15ml o f millipore water and
added dropwise using a peristaltic pump (60ml/min) to a 50ml beaker containing a
vigorously stirred slurry o f the previously prepared Zn 2Al-N 0 3 , l-5g dissolved in 10ml
o f millipore water. The mixture was heated at a constant temperature o f 90°C in an oil
bath. Several aliquots o f the sample were analysed over a period o f time and it was
found that after 25 hours the material had been successfully pillared. The material was
filtered using a Buchner funnel and flask and analysed.

6.4.1.7 Preparation o f Zn2AI-K5H5[Co(III)W,204o].16H20

Once more the simple ion exchange procedure was used to intercalate this POM
material

within

the

layers

o f the

LDH.

4.5g

o f the

previously

prepared

K5H5[Co(III)Wi204o].16H20 was dissolved in 15ml o f millipore water and added
dropwise using a peristaltic pump (60ml/min) to a 50ml beaker containing a vigorously
stirred slurry o f the previously prepared Zn 2Al-N 0 3 , 1.5g dissolved in 10ml o f millipore
water. The mixture was heated at a constant temperature o f 90°C in an oil bath. Several
aliquots o f the sample were analysed over a period o f time and it was found that after 6
hours the material had been pillared successfully. The material was filtered using a
Buchner funnel and flask and analysed.
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6.4.2 Characterisation

6.4.2.1 XRD m easurem ents

Phase purity, crystallinity and successful intercalation o f the as synthesised
materials was accounted for by X-ray diffraction (XRD) measurements analysed using a
Siemens D500 employing Cu-Kai radiation. In a typical experiment, the sample was
pressed onto a plate and smoothed prior to the plate being loaded into position. The
materials were analysed over a range o f 5-60 degrees (20) at a rate o f 0.02 degrees a
second.

6.4.2.2 XAS measurements

X-ray absorption spectroscopy (XAS) analysis was carried out to ascertain the
co-ordination and successful intercalation o f the as synthesised materials.
Co K-edge XAS measurements were carried out on station 8.1 at the Daresbury
Laboratory (DL). The station is equipped with a Si( 111) double crystal monochromator,
two ion chambers (one for measuring the incident beam intensity, the other for
measuring the transmitted beam intensity) and a thirteen element Canberra fluorescence
detector for collecting information on dilute samples. In a typical experiment,
approximately lOOmg of the polyoxometalate sample was pressed into a 20mm disc and
placed into an in situ cell and positioned in the beam. XAS spectra for each o f the as
synthesised materials were recorded at room temperature under a flow o f nitrogen for
approximately one hour. The data was then analysed using a suite o f programs available
at the Daresbury Laboratory, namely EXCALIB, EXBROOK and EXCURV98.
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6.4.2.3 IR measurements

IR measurements were carried out to ascertain the co-ordination and successful
intercalation o f the as synthesised materials.
IR analysis was achieved using an IFS 66V Bruker FTIR spectrometer fitted
with a KBr beam splitter and DLATGS detector. In a typical experiment, approximately
lm g o f the polyoxometalate sample was added to approximately lOOmg o f KBr and the
material ground to a fine powder in a pestle and mortar. The material was then pressed
into a 15mm OD disc before being placed onto a plate and loaded into position. The
resolution used was 4cm '1 and 32 scans were performed per analysis.

6.4.2.4 Chemical analysis

Chemical analysis was undertaken on the LDH material to check its true
composition. In a typical experiment, the sample was diluted in solvent then analysed
using an atomic absorption spectrometer (AAS).

6.4.2.4.1 Quantitative information

The data obtained from the chemical analysis o f the zinc and aluminium LDH
was given in parts per million (ppm). Using equation 6.1 below the molar ratio o f the
LDH was calculated 57.

M olar Ratio X =

M olar Ratio A1

(6.1)

M olar Ratio Zn + M olar Ratio A1
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6.4.2.5 Catalytic analysis
The gaseous reaction o f cyclohexane to predominantly cyclohexanone and
cyclohexanol was performed in a batch reactor. For these experiments, approximately
20mg o f the catalyst (powder, particle size approximately 5-20pm) were placed into the
autoclavable reactor along with the feed, which consisted o f 15g cyclohexane, lg
acetonitrile and lg TBHP. The reactor was then sealed and heated to approximately
83°C on which 4 bar molecular oxygen was introduced to the system and the reaction
started. The reactor was constantly stirred throughout the reaction. After 24 hours, the
material was cooled to room temperature then the contents analysed using a Varian
3400 gas chromatograph (GC) equipped with a 15m phenylmethylsilicone 5% semi
capillary column and FID detector. Mesitylene was used as the internal standard and the
results obtained were calculated by area normalisation techniques.

6.4.2.5.1 Quantitative information

Maximum conversion possible from the experiment was calculated using the
ideal gas law as detailed below in equation 6.2.
P V = nRT

(6.2)

Where P is the pressure o f a gas, V the volume it occupies, n is the number o f moles o f
gas present, R is the universal gas constant and T its temperature (in Kelvin).

Turnover number (TON) also known as turnover frequency (TOF) were
calculated to compare the catalysts activities. TON is the absolute number o f passes
through the catalytic cycle (typically one equivalent o f reactant is converted to one
equivalent o f product, per equivalent o f catalyst) before the catalysts becomes
deactivated. TON is defined as the amount, in moles, o f reactant divided by the amount,
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in moles, o f catalyst, as represented below in equation 6.3. A large TON (for example,
106- 1010) implies that the catalyst is stable and has a long life span.

TON = (number o f moles o f cyclohexane reacted)
(number o f moles o f catalyst)

(6.3)
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6.5 Results and Discussion

6.5.1 XRD study of the as synthesised catalysts

X-ray diffraction (XRD) patterns o f the as synthesised layered double hydroxide
(LDH), polyoxometalates (PO M ’s) and subsequent polyoxometalate layered double
hydroxide (POM-LDH) materials are shown below in figure 6.9. These patterns have
been compared to previously published work and correlate accurately suggesting that
the materials are indeed phase pure. The LDH and POM materials were found to be
crystalline however the POM -LDH’s were not so crystalline.

The nitrate form o f the LDH possesses d-spacings o f the [003] and [006] planes
o f 8.8 and 4.4A respectively. If there were any carbonate impurity present within the
sample then peaks for the [003] and [006] planes should be visible at 7.8 and 3.9A
respectively 58. As this was not the case and the only peaks visible are associated with
the nitrate form o f the material then it can be conceived that the material was phase
pure.

In addition, the XRD patterns o f the polyoxometalate intercalated layered double
hydroxide (POM-LDH) materials demonstrate successful intercalation as it was
observed that the interlayer distance o f the POM-LDH patterns increased. The patterns
for the POM-LDH materials show in total three approximately equally spaced peaks
which were assigned as the (dooi) reflections o f the hydrotalcite p h a ses51.
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Figure 6.6 XRD patterns o f the as synthesised (a) Zn 2Al-N 03 , (b)
K 6[SiCo(II).(H 20 )W 11039], (c) Zn 2Al-K 6[SiCo(II) .(H20 )W U0 3 9], (d)
K5H5[Co(III)W120 4o].16H20, (e) Zn2Al-K5H5[Co(III)WI2O40].16H2O, (f)
KjH[Co(lI)(Co(ll).H 20)W 11O39] . 1 4H20 and (g) Zn 2AlKjH[Co(II)(Co(II).H20)W]iC>39].14H20 catalysts

6.5.2 XAS study of the as synthesised catalysts

The XANES (figure 6.7) and EXAFS (figure 6.8 and table 6.1) data, taken from
the XAS analysis o f the cobalt-substituted m aterials are shown and discussed below.
During analysis, som e o f the m aterials were observed to undergo a reduction reaction in
the beam. This has led to some o f the results exhibiting a m ixture o f both octahedral and
tetrahedral

cobalt.

(N.b.

unfortunately

the

data

for

one

of

the

m aterials,

K7H [C o(II)(C o(II).H 20)W h 039].14H20 , was very poor and so couldn’t be included)
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Figure 6.7 Comparison o f the pre-edge peak o f the Co K-edge XANES fo r the as
synthesised cobalt substituted Keggin ions, namely (-) K6 [SiCo(lI).(H 2 0 ) W u 0 3 9 ], (-)
Zn 2Al-K 6[SiCo(II).(H 2 0 )W 1 j 0 3 9 j , (-) Zn 2Al-K 7H[Co(lI)(Co(II).H 2 0 )W ]10 3 9] . 1 4 H 2 0 , (-)
K5H5[Co(III)WI2O40].16H 2O and (-) Zn 2Al- K5H 5[Co(1II)WI20 4o].16H20 (the inset
shows a clearer view o f the pre-edge peak)
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Figure 6.8 Best f it Co K-edge EXAFS (left) and Fourier Transform (right) data fo r the
as synthesised cobalt substituted Keggin ions, namely (a) K 6 [SiCo(II).(H 2 0 )W i] 0 3 g],
(b) Zn 2Al-K 6[SiCo(II). (H2 0 ) W u 0 39], (c)
Zn 2AI-K 7H[Co(I1)(Co(I1).H2 0)W U O 39]. 14H20, (d) K5H5[Co(I1I)W120 4o].16H20 and
(e) Zn 2Al- KsHfiCo (III) Wi2 0 4 o]. 16H20 (the red line represents the experimental data
whilst the black line represents the calculated data)

10

M aterial

K-edge

KJSiCodlMHaOIWnC^I
Zn2Al-K6[SiCo(II).(H20 ) Wj
Zn2Al-K7H[Co(II)(Co(II).H20)W 110 39].14H20
K5H5[Co(III)W120 4o]. 16H20
Zn2Al- K5H5[Co(III)Wl204o].16H20

Co
Co
Co
Co
Co

Atom
pair
Co-O
Co-O
Co-O
Co-O
Co-O

N
5
5.5
4.4
3
5.3

R(A)

2 g2 (A2)

2.05
2.07
1.96
1.88
2.06

0.016
0.021
0.03
0.007
0.025

Table 6.1 Structural parameters obtained from EXAFS analysis performed on the
cobalt-substituted Keggin ions. Where: N = co-ordination number, R (A) = bond length

a n d 2o2 (A2) - Debye-Wallerfactor

The XANES region o f the XAS spectrum provides information on both the
oxidation state and co-ordination o f the absorbing species 59. A small pre-edge (figure

6.7

inset) indicates octahedral Co2+ (C o-0 distance approximately 2.10A) 60 or Co3+

(C o-0 distance approximately

1.96A)

Co2+ (C o-0 distance approximately

1.80A)

whereas a large pre-edge indicates tetrahedral

1.94A)

or Co3+ (C o-0 distance approximately

60. Therefore from the XANES data, it can be ascertained that the

K5H5[Co(III)W1204o].16H20

and Zn2Al- K5H5[Co(III)W i204o].16H20

materials

contain tetrahedral cobalt, whereas all the other materials possess octahedral cobalt.

The EXAFS region o f the XAS spectrum provides information on the local
geometry o f a specific atom. In this case the local co-ordination o f the cobalt ions were
studied, using only the first shell o f the atom for data interpretation. Here it was
observed that the cobalt ions substituted in the tetrahedral 2+ position for Zn2AlK5H5[Co(II)W120 4o]. 16H20 . For K 5H5[Co(III)Wi204o].16H20 , it was most likely that
there was a mixed oxidation state o f tetrahedral Co3+ and Co2+ since the bond distance
measured was 1.88A. This may have been due to the sample having been reduced when
in the beam. As for all the other materials, they were analysed as possessing bond
lengths indicative o f octahedral cobalt substituted in the 2+ state.

The co-ordination num ber (N) and the Debye-Waller factor (2a2 (A2)) are larger
than normal due to self-absorption, which is itself due to a large amount o f cobalt
present within the materials.
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6.5.3 IR study of the as synthesised catalysts

In addition to the XAS results, the co-ordination geom etry o f the cobaltpolyoxom etalates were also investigated using infrared analysis.
Evidence for the retention o f Keggin PO M ’s within the layers o f the LDH is
provided by the IR data in figures 6.9, 6.10, 6.11 and 6.12.
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Figure 6.9 Comparison o f a blank KBr spectrum (red) with the Zn 2Al-N 0 3 spectrum
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The pure Zn 2Al-N 0 3 2' material has no absorption in the range 700-1100cm'1,
where characteristic absorption bands associated with the tungsten-oxygen (W-O)
vibrations o f a Keggin anion appear. It is observed in the above spectra (figures 6.10,
6.11 and 6.12), that the Keggin structure was present prior to and retained after
intercalation. The three main absorption bands are visible at 808 cm '1, assigned to the
W -0 vibration o f oxygen in tetrahedral co-ordination linked to one cobalt and three
tungsten atoms, 887 cm '1, associated with the W-O vibrations o f oxygen bridged
between two tungsten atoms, and 979 cm '1, associated with the terminal W-O bonds.
Whilst K 6[SiW nCo(II) 039 .(H 2 0 )] (figure 6.11) shows absorption bands at the
wavenumbers

listed

above

K 5H 5[Co(III)Wi204o].16 .H 20

indicative

of

Co2+ in

octahedral

co-ordination,

(figure 6.10) does not. This material does however

possess bands at 951,890 and 750cm '1characteristic o f Co3+ in tetrahedral arrangement.
In addition, figure 6.9 once again guarantees the fact that the nitrate form o f the LDH
has in fact been prepared successfully, as there is a sharp peak at 1380cm'1
characteristic o f the presence o f nitrate anions. For comparison, the spectra o f the pure
Zn 2Al-NC>32' LDH and KBr blank spectra are also shown (figure 6.9).
The decrease in the intensities o f the absorption peaks for the IR spectra
representing the POM -LDH’s is due to the hydrogen bonding interactions between the
protonated POM anion and the hydroxyl anion in the brucite sheet.

6.5.4 Chemical analysis of the layered double hydroxide

Chemical analysis on the as synthesised LDH confirmed that although the
synthesis involved quantities for the preparation o f Zn 3Al-N 0 3 , it was in fact the more
stable Zn 2Al-N 03 LDH that was formed.
0.0320g o f the LDH material was dissolved in 58.3210g o f solvent. The results
showed the zinc content to be 204.7ppm and the aluminium content to be 40.7ppm. The
molar ratio o f the material when calculated using equation 6.1 was found to be
Zn(0 .55)Al(0.27)-NO 3(x).
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6.5.5 Catalytic investigation for the Cyclohexane oxidation reaction using the as
synthesised catalysts

The maximum conversion o f cyclohexane under the parameters used in this
analysis was 4.92%. This was calculated using equation 6.2, described earlier in this
chapter.

As shown by the results given in table 6.5, It is shown that both the layered and
non-layered PO M ’s synthesised via various techniques described earlier in this chapter
(6.3.1), are active for the conversion o f cyclohexane. The results show that a small
amount o f cyclohexane was converted over the pure Zn 2Al-N 03 although the most
active

catalyst

prepared

K 7H[Co(II)(Co(II).H 20 )W ii 039 ] . 14H 2 0 ,

was
which

the

di-substituted
converted

Zn 2Al-

cyclohexane

to

predominantly cyclohexanone and cyclohexanol, with a TON o f 77. Insertion o f the
POM between the layers o f the LDH produces more active/ selective catalysts than
when in their pure form. The majority o f materials studied were more selective to the
formation o f cyclohexanone than cyclohexanol or other by-products. Furthermore, the
formation o f adipic acid and other by-products tended to be favoured more for the non
layered materials as opposed to the layered materials. The lower formation o f by
products by the POM-LDH’s is most likely due to their increased shape selective
properties and hence reduced access to the POM active sites. It is unlikely that the
activities observed for the LDH catalysts are due to leaching o f the POM ions into
solution as no anions are generated in the oxidation reaction for the displacement o f the
POM ions from the LDH surfaces. In addition no-colour change was observed in the
catalyst after the reaction. However, leaching o f the cobalt ions from the POM into
solution was not investigated. Once again this was not expected to have occurred and
hence should not have had any impact towards the catalyst’s activities.
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Cyclohexane
Conversion
(%)

-one

-ol

Zn 2A l-N 0 3

1.1

33.1

39.6

K 5H5[Co(II)W 1204o].16H20

1.3

35.9

26.6

62.5

Zn 2Al- K 5H 5[Co(II)W i 20 4 o].16 H 20

1.5

^ 41.7

32.5

K$ [ SiW \ i C 0 O 39.(H 20 )]

2.0

40.9

Zn 2Al-K6[SiWi iC o 0 39.(H 20 )]

2.3

K 7H[Co(II)(Co(II).H 20 )W 11039]. 14H20
Zn 2Al-K 7H[Co(II)(Co(II).H 20 )W 110 39]. 14H20

CATALYST
IDENTIFICATION

SELECT][VITY (%
-one &
Adipic
-ol
Acid
72.7
1.1

TON

Xa

Others

Ratio
-one/ -ol

22.2

3.8

0.84

2

0.8

28.1

8.6

1.35

37

74.2

0.6

25.2

0

1.28

48

35.6

76.5

2.2

18.6

2.7

1.15

53

42.2

42.2

84.4

0.6

12.1

2.9

1.00

65

1.6

33.6

37.4

71.0

1.2

26.8

1.0

0.90

47

2.5

44.6

40.8

85.4

1.1

12.6

0.9

1.09
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T able 6.2 Cyclohexane oxidation results fo r the layered and non-layered polyoxometalate materials. Reaction conditions: 0.2g o f catalyst, P(02)
- 1 bar, reaction temperature = 83° C, TOS = 24 hrs, Feed: 15g o f cyclohexane, lg o f acetonitrile and l g ofTBHP. aX is an unknown product

with a chromatographic peak at t — 11.4 minutes.

VO

to

6.6 Summary and Conclusions
2

Zn 2Al-NC>3 ' layered double hydroxide, as confirmed by chemical analysis, a
series o f polyoxometalates and the intercalation o f these PO M ’s within the layers o f the
LDH precursor have been successfully synthesised. The success in the synthesis o f the
POM-LDH’s was due to slightly altering several previously reported conventional
pillaring methods based on the size and complexity o f the POM anion being
investigated. The winning formulation was found to be with the use o f wet LDH slurry
and the POM in solution. Reaction temperature was kept constant throughout each o f
the POM intercalation’s, although the time-scale for successful pillaring varied
depending on the size o f the POM. No pH changes where necessary to the solution
throughout the reaction.
X-ray diffraction studies found that the synthesised materials were both
crystalline and phase pure and corroborated the fact that the pillaring was successful
since the patterns showed the first two peaks o f the LDH phase to have expanded.
Intercalation was further backed up by XAS analysis which found the presence o f cobalt
ions within the samples. Bond lengths o f the cobalt incorporated species were analysed
as being mainly octahedral Co2+ with the exception o f K5H5[C o(II)W i 204 o] .16H20 and
Zn2Al- K5H5[C o(II)W i 204 o].16H20 which were found to contain tetrahedral Co3+ and
Co2+ respectively. Additionally, Infrared studies also found intercalation to have been a
success and the same cobalt geometries were again found on analysis o f the data.
Catalytic investigations into the activity o f the pure LDH and POM materials
were compared against the intercalated POM-LDH’s. Although overall these catalysts
weren’t excellent for the conversion o f cyclohexane, a trend was observed showing that
the pillared POM-LDH’s were more active for the reaction than the pure materials. Each
o f the layered materials studied exhibited more selectivity towards the formation o f
cyclohexanone than cyclohexanol or other by-products however more adipic acid was
observed to form on reaction with the non-layered materials. The most active catalyst
was found to be the di-substituted Zn2Al-K7H[Co(II)(Co(II).H20)Wn039].14H20,
which converted cyclohexane to predominantly cyclohexanone and cyclohexanol, with
a TON o f 77. This increased activity was most likely due to the presence o f Co2+ in
tetrahedral co-ordination.
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Chapter 7

Final Conclusions

Overall, the research within this thesis was very successful in identifying and
understanding the acid and redox catalytic properties o f a series o f metal substituted
aluminophosphates, silicoaluminophosphates and polyoxometalates.

The aim o f the work discussed in chapter three, was to investigate the shape
selective and redox properties associated firstly with the substitution o f different metal
ions within individual aluminophosphate frameworks, and secondly the substitution o f
the same metal ion within different aluminophosphate frameworks.
In summary, several transition metals were successfully substituted into a
variety o f microporous frameworks. Characterisation was achieved via X-ray diffraction
(XRD) patterns of the as synthesised aluminophosphates, which found the materials to
be phase pure. Previously reported XAS data obtained within our research group was
used to understand how the transition metal ions were incorporated within the
framework materials. Studies into the catalytic activity o f the as synthesised materials
for the methanol to olefin (MTO) reaction found the same trend for each o f the
frameworks studied. Both the cobalt and manganese substituted materials converted the
greatest amount o f methanol and were the most active catalysts. Catalytic selectivitys
varied dependent on the microporous structure o f the catalysts. The activity trend
observed was Co> Mn> Fe> Ti. As expected, it was found that the small-pore materials
were more selective for the production of light olefins in contrast to the higher
hydrocarbons produced on reaction over the large-pore catalysts. In particular MnAlPO5 was the best catalyst for the selective production of C 3.C5 olefins at 350°C and TOS =
30 minutes, with methanol conversion > 97%.
A time on stream (TOS) study was carried out to determine the extent to which
the Co and Mn substituted A1PO-18 catalysts continued to convert methanol feed. These
results showed that there was no significant decline in either activity or selectivity for
both catalysts, for up to two hours. The performance o f the catalyst was also tested after
regeneration. Once again the results suggested that there was no significant decline in
the conversion level after a further two-hour reaction. The slight decrease that was
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noticed was likely to be due to the formation o f coke. Based on the initial conversion
after each cycle and under the conditions employed in this study, it was proposed that
there was no significant leaching of the active metal centres during reaction.
To determine as to which cobalt-substituted framework was most active, a
comparative study o f the cobalt substituted catalysts was carried out at 350°C, TOS =
30minutes. The trend observed for the catalytic activity in terms o f amount methanol
converted was CoAlPO-18> CoAlPO-5> CoAlPO-36> CoAlPO-39.
Comparing this information to previous XAS studies into the co-ordination and
geometry o f the cobalt substituted ions within these different framework topologies, one
explanation that could be drawn as to why the above trend is observed is that whereas
the cobalt ion in CoAlPO-18 undergoes complete oxidation upon removal o f the SDA
(Co(II) to Co(III)) and reduction upon reaction with methanol yielding Bronsted acid
sites. Whereas, the cobalt ion in CoAlPO-5 and CoAlPO-36 are only observed to
partially oxidise (no data has yet been collected for CoAlPO-39 and therefore it is not
possible to discuss how this may affect the catalytic performance o f this material) and
the remaining Co(II) ions are believed to be associated with Lewis acid sites which may
not participate in the methanol dehydration reaction. Therefore although the selectivity
to products varies in consideration to the pore size o f the material under investigation, if
all the cobalt ions were to have oxidised in the CoAlPO-36 framework, then this one
dimensional material may have been more active towards the methanol to olefin
reaction.

Chapter four was based around an investigation into the state o f iron, cobalt and
titanium ions within the zeolite-p and A1PO-5 materials. Catalytic studies were
performed for the hydroxylation o f phenol to ascertain what effect this and temperature
had on the catalyst activities.
In brief, several iron and cobalt exchanged zeolite-p and A1PO-5 materials were
synthesised via ion-exchange techniques in relation to a paper published by Wang et al.
X-ray diffraction studies found the materials to be both crystalline and phase-pure, on
comparison to previously reported patterns outlined in the IZA structure database. The
ED AX results did not completely agree with those found in the work reported by Wang
et al 1 since here surface analysis was employed whereas they had used bulk analysis.
For this reason the information in table 3.4 cannot be used quantitatively however it can
be used as a suggestion o f approximate levels o f each element within the materials. The
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results also show that there was preferential exchange o f the metal ions within the
zeolite. Investigations into the local geometry o f the ion-exchanged zeolites by EXAFS
analysis revealed that for each o f the materials, cobalt ions were present in the
octahedral 2 + state, whilst the iron ions were in tetrahedral sites with a mixture of 2 +
and 3+ oxidation states. Unfortunately poor data quality for the A1PO-5 exchanged
materials due to high background noise and therefore no reasonable information was
obtainable.
Overall, the catalytic results demonstrate that the exchange o f metal ions into the
extra framework sites significantly improved the conversion o f phenol. Catalytic
investigations observed no reaction over pure A1PO-5, whereas >5% phenol was
converted over pure NH 4-P at both 40°C and 60°C indicating that the non-metal
exchanged materials were not active for the reaction. The studies revealed that of all the
exchanged materials, CoFeNH4-p were observed to be the most active catalyst for the
hydroxylation o f phenol with H 2O 2 at 40°C and selective towards the production o f
dihydroxybenzenes at 40°C. In addition, although no reaction was observed for any of
the exchanged A1PO-5 catalysts at 40°C, at 60°C FeAlPO-5 was observed as being the
most active o f all the catalysts investigated. The most preferable catalyst however must
be the one which is most active at temperatures as close to ambient as possible.
Unfortunately time restrictions prevented further studies into the leaching of the metal
ions, however this would be an interesting study to see as to whether these remained
stable if successive reactions were performed.

Chapter five centred on investigating the use o f alternative materials for the
isomerisation o f paraffins. Due to more intense European laws regarding the limitation
o f aromatic compounds in gasoline coming into effect over the last decade many
investigations have been and are still being carried out into the use of alternative
compounds as a solution to the problem. One idea that has been suggested is the
isomerisation of n-heptane, to mono and multi-branched products. Our research was
based around the investigation of a series o f bifunctional platinum impregnated
silicoaluminophosphate

(Pt/SAPO)

and

metal

substituted

aluminophosphate

(Pt/MeAlPO) catalysts.
In summary, twelve materials o f AFI, ATS and CHA-type frameworks were
successfully synthesised and characterised by XRD. Results found them to be
crystalline and phase-pure upon comparison with previously reported literature. On
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impregnation o f the platinum species within the framework, apart from the exception o f
the zinc substituted topologies, all the materials retained their crystalline structures.
Zinc substituted materials were observed to collapse upon calcination, prior to
impregnation. An in situ study into the local co-ordination of three calcined and reduced
platinum impregnated aluminophosphates revealed that in each case the results
confirmed that the reduction procedure resulted in the production o f platinum metal
particles with typical bond lengths o f approximately 2.1 A h and 2.02A respectively. The
most important result was the presence o f a low coordination number for Pt-Pt, which
indicated that small metal particles were present in the catalyst. Analysis into the
physical properties o f the materials revealed important information leading to further
understanding o f the catalytic reactions. The majority o f the materials exhibited a high
TPD pyridine chemisorption capacity, consistent for materials that are highly acidic.
Two high intensity peaks were observed, indicating that there are at least two different
types o f adsorbing sites o f differing acidic strengths present within their frameworks.
Specific surface area and thermogravimetric measurements o f the materials produced
results predictable for these types o f materials. The only exception being in the case o f
the zinc substituted framework materials whose surface areas were found to be very
low. This is due to the collapse o f the structures during calcination as discovered by
XRD.
The catalytic behaviour o f the Pt/SAPOs and Pt/MeAlPOs were found to be
influenced not only by the strength o f the acid sites but also by the size o f the pores and
location o f the catalytically active hydroxyl groups. For example, in the case o f
Pt/MgAlPO-36, the catalyst was found to be the most acidic out o f all the materials
studied and indeed was the most active in converting n-heptane. However the catalytic
study found the Pt/CoAlPO-5 material was the most active for the selective conversion
o f n-heptane to isomers. The trend observed for the overall activity and hence
conversion of n-heptane for the hydroisomerisation reaction at 330°C was found to be:
Pt/MgAlPO-36 > Pt/CoAlPO-36 > Pt/CoAlPO-5 > Pt/ZnSAPO-36 > Pt/MgAlPO-5 >
Pt/SAPO-5 > Pt/ZnAlPO-36 > Pt/ZnAlPO-5. The first three catalysts only differed by
around 10% in their activity, converting 59.05%, 53.66% and 48.16% o f n-heptane
respectively. However, the important factor here is not in the conversion of n-heptane,
but in the selectivity to isomers produced during the reaction. Here the trend observed is
very different: Pt/SAPO-5 > Pt/CoAlPO-5 > Pt/MgAlPO-5 > Pt/ZnAlPO-36 >
Pt/ZnSAPO-36 > Pt/ZnAlPO-5 > Pt/CoAlPO-36 > Pt/MgAlPO-36. The difference in
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the selectivity to isomers for the first three catalysts was < 5 % . Overall, the most
effective catalyst for this reaction was Pt/CoAlPO-5. Lower temperatures are favoured
as they restrict the amount o f cracking during the reaction. However for comparison,
greater conversions o f n-heptane were observed over Pt/CoAlPO-5 at 350°C, where >
83% n-heptane was converted with selectivities to isomers > 76% and selectivities to
cracking products now a great deal higher at > 23%. These studies correlate very well to
previously reported literature, which states that cobalt substituted Pt/MeAlPOs have
greater activity than Pt/SAPO materials. This is due to the type of substitution, for
example island formation would reduce the materials acidity.
Comparable conversions and selectivities to the Pt/CoAlPO-5 catalyst were
observed for the Pt/Zeolite-(3 catalyst at 250°C. In all cases, conversion o f reactant
increased with increasing reaction temperature. Additionally, whatever the acid strength
o f the catalysts, some cracking o f the isomers always transpired. It can therefore be
proposed that selectivity is governed by porosity rather than by acidity. The framework
geometry plays a vital role in the reaction as it can have an effect on the diffusion o f
reactants and products into and out o f the catalyst. One-dimensional systems have
offered the best results for the n-heptane hydroisomerisation reaction as not only can
further re-arrangements o f the isomers take place within the channels. This ultimately
produces more multi-branched products, which are not trapped within the material, and
therefore cannot inhibit the onset o f carbonaceous residues. Throughout this study, the
one-dimensional AFI and ATS-type catalysts were found to be the most active
frameworks studied. However the restricted pore size o f the CHA-type catalysts
prevented the n-heptane molecule reacting and so no conclusions can be drawn from
this study so as to compare three-dimensional systems.
Unfortunately time restrictions meant that no time on stream (TOS) reactions
were carried out. However, it is fair to say that the majority of the catalysts would most
likely have coked relatively quickly and some were found to have already started to
deactivate over the two-hour reaction time. This cannot be entirely avoided since the
presence o f free hydrogen within the reacting environment would lead to hydride
transfer and ultimately the formation o f carbonaceous deposits within the pores o f the
catalyst. Coke can also form on the platinum sites due to the cracking of alkanes to CiC 5 hydrocarbons, however this can be beneficial as the coke suppresses the cracking o f
alkanes in limiting the num ber o f platinum sites.
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Although one or two o f the catalysts were found to be as catalytically active as
Pt/zeolite-p, it is very unlikely that they would continue at this level for very long. In
addition some o f the catalysts were found to be more selective in the short-term for the
production o f isomers and cracking products. One big disadvantage that should be taken
into account is that Pt/AlPOs and Pt/SAPOs perform their best at elevated reaction
temperatures, over 50°C higher than Pt/zeolite-p, for example comparable conversions
and selectivitys to the Pt/CoAlPO-5 catalyst were observed for the Pt/zeolite-P catalyst
at 250°C.

The aim o f the work discussed in chapter six was to investigate the properties of
several cobalt-substituted polyoxometalates (PO M ’s) and polyoxometalate pillared
layered double hydroxides (POM -LDH’s) and to study their activity for the oxidation o f
cyclohexane in the presence o f TBHP.
Several materials were successfully synthesised, including a Zn 2Al-N 03 2'
layered double hydroxide, a series o f polyoxometalates and the intercalation o f these
PO M ’s within the layers o f the LDH precursor. X-ray diffraction studies found that the
synthesised materials were both crystalline and phase pure and corroborated the fact that
the pillaring was successful since the patterns showed the first two peaks o f the LDH
phase to have expanded. Intercalation was further backed up by XAS analysis which
found the presence o f cobalt ions within the samples. Bond lengths o f the cobalt
incorporated species were analysed as being mainly octahedral Co2+ with the exception
o f K5H5[Co(II)Wi2O40].16H2O

and Zn2Al- K5H5[Co(II)W i204o].16H20 which were

found to contain tetrahedral Co3+ and Co2+ respectively. Additionally, Infrared studies
also found intercalation to have been a success and the same cobalt geometries were
again found on analysis o f the data.
Catalytic investigations into the activity of the pure LDH and POM materials
were compared against the intercalated POM-LDH’s. Although overall these catalysts
were not very active for the conversion o f cyclohexane, a trend was observed showing
that the pillared POM-LDH’s were more active for the reaction than the pure materials.
Each of the layered materials studied exhibited more selectivity towards the formation
o f cyclohexanone than cyclohexanol or other by-products however more adipic acid
was observed to form on reaction with the non-layered materials. The most active
catalyst

was

found

to

K7H[C o(II)(C o(II).H20 )W ii 039].14H20 ,

be
which

the

di-substituted
converted

Zn2Al-

cyclohexane

to
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predominantly cyclohexanone and cyclohexanol, with a TON o f 77. This increased
activity was most likely due to the presence o f Co2+ in tetrahedral co-ordination.

In summary, several catalytic materials described within this thesis showed
promising potential applications for both acid catalysed and oxidation reactions. Further
detailed studies and improvements are necessary to attract commercial interest in some
o f these systems.
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Appendix

Peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
Total:

Result
(%)
0.2892
6.2538
0.0238
36.1400
2.2491
9.9888
11.8856
12.2895
4.9870
3.2847
4.2492
1.7681
2.7357
3.8554
99.9999

Retention Time
(minutes)
0.956
2.887
3.327
7.219
9.213
11.393
11.807
12.254
12.821
13.310
18.892
19.821
20.575
28.666

Area Counts
7127
154104
587
890543
55421
246139
292879
302832
122888
80941
104707
43569
69413
95003
2464153

Figure A Chromatogram obtainedfrom analysis into the MTO reaction over
CoAlPO-5, TOS = 10 minutes, Temperature - 3 5(fC
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Peak
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
Total:

Result
(%)
0.2393
3.2238
0.0138
30.4049
4.5244
9.1283
19.7598
11.8841
4.7446
3.1789
0.1135
4.2887
1.9910
2.9648
2.3706
1.1695
100.0000

Retention Time
(minutes)
0.972
2.910
3.346
7.209
9.201
11.380
11.773
12.237
12.809
13.298
18.112
18.885
19.804
20.566
28.112
28.634

Area Counts
10930
147236
629
1388641
206637
416904
902460
542768
216692
145184
5185
195872
909132
135408
108269
53414
4567161

Figure B Chromatogram obtainedfrom analysis into the MTO reaction over CoA IPO5, TOS = 45 minutes, Temperature = 35(fC
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M ixed
Std.
CH4
C2H4
C2H6
C2H2
C3H6
C3H4
C4H10

RT

RRT

RUN 1
A rea

0.94 1.00
2.88 3.07
3.32 3.53
4.15 4.41
7.23 7.69
8.92 9.49
12.46 13.26

858
1496
1752
1314
4671
1959
3893

RRF

M ixed
Std.
1 CH4
0.573529 C2H4
0.489726 C2H6
0.652968 C2H2
0.183687 C3H6
0.437979 C3H4
0.220396 C4H10

RT

RRT

0.95
1.00
2.89 3.04
3.13 3.29
4.16 4.38
7.24 7.62
8.94 9.41
12.46 13.12

RUN 2
A rea
559
837
853
798
2657
1335
2301

RRF

M ixed
Std.
1 CH4
0.667861 C2H4
0.655334 C2H6
0.700501 C2H2
0.210388 C3H6
0.418727 C3H4
0.242938 C4H10

T able A External Standardisation data fo r the m ixed standardised gas canister

RT

RRT

RUN 3
A rea

0.85
1.00
2.79 3.28
3.23 3.80
4.09 4.81
7.17 8.44
8.88 10.45
12.41 14.60

450
765
868
757
2357
1162
1701

RRF
1
0.588235
0.518433
0.594452
0.190921
0.387263
0.264550

Alkane
Std.
CH4
C2H6
C3H8
C4H10
C5H12

RT

RRT

RUN 1
Area

1.00
0.91
3.32 3.65
7.32 8.05
12.55 13.79
19.98 21.96

29099
49750
62980
73458
80041

RRF

Alkane
Std.
1 CH4
0.584905 C2H6
0.462036 C3H8
0.396131 C4H10
0.363551 C5H12

RT

RRT

0.93
1.00
3.31 3.56
7.29 7.84
12.49 13.43
19.89 21.39

RUN 2
Area
23091
43425
62130
84753
105233

RRF

Alkane
Std.
1 CH4
0.531744 C2H6
0.371656 C3H8
0.272451 C4H10
0.219427 C5H12

Table B External Standardisation data fo r the alkane standardised gas canister

RT

RRT

RUN 3
Area

0.94 1.00
3.31 3.52
7.29 7.76
12.49 13.29
19.91 21.18

3143
5812
8572
12567
16580

RRF
1
0.540778
0.366659
0.250099
0.189566

A lkene
Std.
C2H4
C3H6
C4H8
C5H10
C6H12

RT

RUN 1
A rea

2.84
7.17
12.19
19.50
27.85

5898
8591
9360
13617
21086

RRF

A lkene
Std.
1 C2H4
0.686532 C3H6
0.630128 C4H8
0.433135 C5H10
0.279712 C6H12

RT
2.90
7.25
12.30
19.63
27.94

RUN 2
A rea
6139
9014
11437
15740
22871

RRF

A lkene
Std.
1 C2H4
0.681052 C3H6
0.536767 C4H8
0.390025 C5H10
0.268419 C6H12

T able C External Standardisation data fo r the alkene standardised gas canister

RT

RUN 3
A rea

2.86
7.20
10.25
19.58
27.89

6289
9210
12450
16950
23045

RRF
1
0.683792
0.583447
0.41158
0.274065

RRF
CH 4
C2H4
C2H 6
C3H 6
C3H 8
C4H 8
C4H10
C5H10
C5H12
DM E
C6H12

1.00
0.56
0.58
0.38
0.40
0.33
0.31
0.23
0.26
0.58
0.15

RT

0.91
2.90
3.30
7.20
7.30
12.19
12.55
19.50
19.98
9.14
27.9

Table D Averaged values fo r the data o f all the standardised gas canisters
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Figure C Chromatogram obtainedfrom the calibration o f the reactants and products
d) §for the catalytic hydroxylation o f phenol
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RT
Hydroquinone
Benzoquinone
Catechol
Phenol
4-Fluorophenol

10.939
16.433
18.540
28.653
33.898

Area
Counts

RRF

205445
470205
97824

0.3280
0.1423

124176
67395

0.5427

0.6889

1

Table E RRF values fo r the calibrated phenol hydroxylation standards

1 1.83

8.77

5.71

(mVolt)
2.65

ro -co

0.41

so oo
•

ao

cm

r-t CM

-3.47

0.00

8.00

r~

24.00
16.00
Time (min)
Filename C:\WCC\RAFA\2ABR2I.DAT
Sample name :2°
Analysed :2/04/00 15:24

32.00

x

40.00

RAFA ROLDAN
Operator ID
Method Name
Analysed

Rafa
prueba
2/04/00

Company Name : C6sar
Method File
: RAFA.MTH
Printed
: 29/04/2003

15:24

18:08

Sample ID
2°
Channel
: Channel D
Analysis Type : UnkNown (Area)
Calc. Method : Area %
Chromatogram
C :\WCC\RAFA\2ABR2I .DAT
Warning Chromatogram has been subjected to manual integration.
Retention Time
(Min)

Area
(«V/Sec*10)

Area %

Responce Fact.

Concentration

16.85
17.21
17.74
19.57
20.25
23.04
23.80
24.71
26.37
26.71
27.33
28.83
29.58
29.59
29.77
30.37
31.31
32.49
35.07

3743
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22834
364423
382493
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100.0000

Figure D Chromatogram obtainedfrom analysis into the hydroisomerisation o f nheptane over Pt/Zeolite-fi, TOS = 30 minutes, Temperature = 2 5 (f C
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Figure E Chromatogram obtainedfrom analysis into the hydroisomerisation o f nheptane over Pt/Zeolite-fi, TOS = 30 minutes, Temperature = 275°C
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