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CATALYTIC SYNERGY AND STRUCTURE-PROPERTY 

CORRELATIONS IN MULTIMETALLIC ALUMINOPHOSPHATE 

MOLECULAR SIEVES. 

 

By Rebecca May Leithall 

 

Traditionally, oxidation catalysis has used stoichiometric oxidants, often producing toxic and 

non-recyclable metal waste. Engineering catalyst active sites in heterogeneous catalysts which 

are capable of harnessing molecular oxygen from the air is greatly advantageous as it is benign, 

produces water as the by-product, is easy to handle and is cheap and readily available.  

 

This work examines the simultaneous isomorphous substitution of two transition metal 

centres into the inorganic framework positions of aluminophosphate (AlPO) structures. The 

two metal centres have a profound electronic influence on each other, displaying a synergistic 

effect to facilitate enhanced conversion and selectivity towards the desired product. For 

example in the ammoximation of cyclohexanone, when cobalt and titanium were 

simultaneously substituted into the AFI (CoTiAlPO-5) framework greater activity was achieved 

than for the monometallic analogues, or a physical mixture of the two. Probing the transition 

metal active sites using DR UV/Visible spectroscopy and EXAFS showed that the titanium site 

displayed greater tetrahedral character when present in the same framework with cobalt, 

while the cobalt site showed a greater proportion of cycling between Co(II)/Co(III) compared 

to previously reported estimates for monometallic CoAlPO-5.  

 

Establishing the role of each metal in the CoTiAlPO-5 system and contextualising this as 

either inherent structural synergy (as is suggested by the trends in the spectroscopic data), as 

mechanistic synergy (where the presence of the two different transition metals facilitates an 
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alternative reaction pathway) or a combination of the two, has allowed structure-property 

correlations to be deduced. The ratio of the two transition metals substituted into the AFI 

framework were varied and screened in a model epoxidation reaction, showing that the 

system was most effective with a lower (as small as 1 atom %) loading of the (oxophilic) 

titanium centre – highlighting the importance of site isolation – while the cobalt active centre 

was most effective in slightly higher loadings (of up to 6 atom %). 

 

Understanding the genesis of this cooperative behaviour has enabled the design of further 

bimetallic catalyst systems. New combinations of redox-capable transition metals were 

combined with the titanium active site, showing that MnTiAlPO-5 was less effective than 

CoTiAlPO-5, while VTiAlPO-5 was more effective. Epoxidation of cyclohexene and the selective 

oxidation of benzyl alcohol were used as model reactions and mechanistic hypothesises have 

been suggested using trends in catalytic data and links to detailed spectroscopic analysis. 

Augmenting the trends observed with the CoTiAlPO-5 system, spectroscopy studies suggested 

that the oxophilic titanium centre was capable of interacting with a peroxy species and showed 

significant tetrahedral character when present in low atom % loadings. Vanadium centres were 

shown to undergo interaction with peroxy species while also being an effective redox centre, 

and was significantly active in higher atom % loadings. These correlations and differences 

confirm that VTiAlPO-5 system is likely to be more active than the CoTiAlPO-5 combination, 

suggesting that the vanadium and titanium combination clearly expresses both structural and 

mechanistic synergy. 

 

Further work has applied analogous design strategies to develop hierarchical catalyst 

systems, introducing mesoporosity (~20 Å) into the regular, repeating microporous 

architecture of the AlPO frameworks, using the supramolecular templating approach to 

generate secondary mesoporosity. Implementing a different surfactant was shown to alter 

both the average pore-size distribution of the mesopores as well as the nature of the titanium 

site. Using functionalised phosphonic acids (tetra decylphosphonic acid) enhanced the 

tetrahedral character of the titanium site, while using the CTAB surfactant (Cetyl 

trimethylammonium bromide), generated titanium active centres with more octahedral 

character. Depicting greater clarity about the primary role (supramolecular scaffold for 

mesopore growth) and secondary role (interaction with the transition metals substituted into 

the aluminophosphate framework) of the surfactants in future studies will assist in mapping 

structure-property correlations, along with complementary synergies and differences between 

the observations for the microporous analogues.  
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Chapter 1 - Literature Review 

 

1.1 Principles of Catalysis 

 

In his 1836 report in Jahres-Bericht über der Fortschritte der Physischen 

Wissenschaften, Swedish scientist, J. J. Berzelius,
1,2

 describes some of the earliest 

encounters with a catalyst using a term he coined “Katalytische Kraft” or “catalytic 

force”. He described the group of compounds as having a unique phenomenon; “a new 

power to produce chemical activity belonging to both inorganic and organic nature 

which is surely more widespread than we hitherto believed and the nature of which is 

still concealed from us. When I call it a new power, I do not mean to imply that is a 

capacity independent of the electrochemical properties of the substance… catalytic 

power actually means that substances are able to awaken affinities that are asleep at 

this temperature.”  

 

While his revolutionary thinking contained a few flaws (such as the belief that the 

substances exerted their catalytic force from a distance and not via interaction of their 

own affinities), Berzelius had marked the beginning of a new area for chemistry – 

catalysis. 

 

Figure 1.1: Swedish Chemist Jöns Jacob Berzelius (1779–1848).
3,4

 

 

Since the times of Berzelius, it has been recognised that developing an understanding 

of the function of the catalyst and its’ active site is of paramount importance in 

progressing and designing functional, sophisticated reaction systems.  

 

The school teaching resources published by Johnson Matthey outline that; “In 

chemistry, a catalyst is a substance that decreases the activation energy of a chemical 

reaction without itself being changed at the end of the chemical reaction. Catalysts 

participate in reactions but are neither reactants nor products of the reaction they 

catalyse. A catalyst is a substance that can increase the rate of a chemical reaction by 
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interacting with reactant molecules via a pathway that makes the formation of products 

energetically easier.”
5

 

 

 

Figure 1.2: Basic potential energy diagram for the reaction pathway for a catalysed (red 

trace) and non-catalysed (blue trace) reaction, highlighting the lower activation energy 

in the catalysed reaction, where the reaction path proceeds via a different sequence of 

transition states. 

 

Furthering the knowledge of how the catalyst decreases the activation energy, why it is 

regenerated and not changed in the chemical reaction and what interactions facilitate 

the process
6

 will be discussed in terms of the principles in the following sections, 

which will underpin the results and discussions sections in this thesis. 

 

1.1.1 Substrate Interactions with the Catalyst Surface 

 

The catalytic processes discussed in this thesis focus on a class of catalysis known as 

heterogeneous catalysis. In this type of reaction the reagent (or substrate) and the 

catalyst are in different phases - usually the catalyst being in the solid form while the 

reagent is a liquid or gas.
6

 On the contrary, homogeneous catalyst systems are also 

well studied, where the catalyst and the reagent are in the same phase (usually a 

liquid). In the following section, the types of interaction between the substrate and the 

catalyst surface will be reviewed in order to contextualise the findings of the results 

represented in this thesis. 

 

It is recognised that in order for a catalyst to act on a substrate, one or more of the 

reagents needs to adsorb (usually by chemisorption) onto the surface of the solid 

catalyst in order to be modified from the interaction and thus be altered by the 

reaction. A number of modes by which this may occur have been identified and 

documented; the two most common being the Langmuir-Hinshelwood (LH mechanism) 

and the Eley-Rideal (ER mechanism).  
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The fractional coverage of a surface, denoted Ɵ, is a ratio of the number of adsorption 

sites which are occupied by the reactants and the total number of adsorption sites 

available. 

 

Fractional 

Coverage,  

Ɵ 

= 

Number of occupied adsorption sites 

Total number of adsorption sites 

 

In his early work, Langmuir described a model for an adsorption isotherm based on the 

fractional coverage using a number of critical assumptions: 

 

1)  The surface coverage is that of a monolayer 

2)  The surface is uniform and all the adsorption sites are equivalent 

3)  The adsorption of a molecule onto the surface is independent of the other 

adsorbed molecules and is not affected by any positive or negative interactions. 

 

In reality, the surface and the interaction of the molecules on the surface will not obey 

any of the above rules in their entirety, which calls for a more advanced analysis of the 

process. The BET isotherm theory, proposed by Stephen Bruner, Paul Emmett and 

Edward Teller,
7

 which accounts for the interaction between molecules at the surface of 

the solid and the deviation away from the monolayer, will be discussed in further detail 

in Chapter 2 of this thesis. 

 

The Langmuir-Hinshelwood Mechanism of Surface Reaction 

 

The Langmuir-Hinshelwood mechanism of surface reaction describes an encounter 

between two molecules or atoms which are both adsorbed to the surface of the 

catalyst. Therefore there are two independent steps in the process – the addition of 

both reacting molecules to the surface – and then the subsequent reaction between 

them; 

 

A + S = AS 

B + S = BS 

AS + BS = AB + S 

Where A and B are two molecules and S is the surface of the catalyst.  
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This process is shown pictorially in the figure below. 

 

Figure 1.3: Schematic representation of the Langmuir-Hinshelwood reaction between 

two molecules at the surface of a catalyst. 

 

Therefore in the LH reaction, the rate of the reaction is dependent on both the 

fractional coverage of both A and B: ʋ = k Ɵ
A 

Ɵ
B

, giving an expression which is second 

order with respect to the extent of surface coverage. 

 

The Eley-Rideal Mechanism of Surface Reaction 

 

The Eley-Rideal mechanism occurs when a molecule interacts or collides with a 

molecule which is already adsorbed onto the surface on the catalyst.  

 

A + S = AS 

B + AS = AB + S 

Where A and B are two molecules and S is the surface of the catalyst.  

 

Therefore in this mechanism, the rate of reaction only depends on one molecule 

adsorbing onto the surface and thus the fractional coverage only appears in the rate 

expression once.
8,9

 The partial pressure or concentration of the second molecule makes 

up the second component of the rate expression, giving; ʋ = k Ɵ
A 

p
B

. The following 

figure shows a schematic of the ER surface reaction. 

 

 

Figure 1.4: Schematic representation of the Eley-Rideal reaction between two molecules 

at the surface of a catalyst. 
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Other Surface Interactions at the Catalyst Surface 

 

Studies in the 1920’s by the group of Prease and Taylor
10

 on the oxidation processes at 

a copper surface proposed that a slightly different mechanism may also prevail at the 

surface of an active catalyst. Prease and Taylor
10

 describe this interaction between the 

reagent and the activated formation as occurring via the formation of an “incipient 

oxide”. In these studies, it is suggested that the copper oxide layer on the outer most 

surface of the catalyst is responsible for the activity of the metal and that in fact lattice 

components from the oxide itself may appear in the oxidation products. It wasn’t until 

the work of Mars and van Krevelen in 1954
11

 on vanadium oxide catalysts used in the 

oxidation of benzene, toluene, naphthalene, and anthracene that this suggested 

reaction mechanism was more widely accepted. The surface reaction where an oxygen 

atom from the active lattice is included in the reaction products and the vacancy 

regenerated to form a new active oxide framework position has since been coined the 

Mars van Krevelen, or MvK reaction.
12,13

 The figure below shows a schematic of the MvK 

reaction using the example of vanadium oxides in the oxidation of toluene to 

benzaldehyde as discussed by Mars and van Krevelen.
11

 

 

Figure 1.5: Schematic representation of the Mars van Krevelen (MvK) reaction 

indicating the consumption and regeneration of the oxide lattice in order to achieve 

the oxidation of toluene to benzaldehye. 

 

Experiments aimed at studying how oxygen can exchange into the lattice of various 

oxides have been carried out using isotopic 
18

O.
14,15

 In this work the surface sensitivity 

of the oxides – for example magnesium oxide – is affected by parameters such as the 

atmosphere under which the sample is prepared. Developing an understanding of the 

interaction of molecular oxygen with the low coordinate ion pairs of the lattice can be 

applied to the steps involved in the MvK reaction. 
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Further to the example above where certain oxide lattices can be used to cycle oxygen, 

recent work has shown that nitrogen can also be transferred in a similar way. Using the 

Co
3

Mo
3

N catalyst in a comparative ammonia synthesis reaction, McKay and co-workers
16

 

showed that it was possible to cycle between Co
6

Mo
6

N and the parent catalyst structure 

in the presence of nitrogen. In this study, the nitrogen required in the ammonia 

synthesis reaction was removed from the framework, and then replenished without 

loss of framework integrity.  

 

With these recent compelling developments in surface interactions, the possibility of 

the MvK reaction in catalysis is often more widely considered when making links 

between trends in data and the evidence from physico-chemical analysis of the 

heterogeneous catalyst. Therefore this type of pathway will be considered as a possible 

mechanistic route in the work herein.  

 

1.1.2 Defining Quantities for Comparison 

 

In order to quantitatively compare and contrast the performance of a catalyst, a 

number of metrics are used.  Boudart and co-workers
17

 described the requirement for a 

universal measure in order to compare systems in their 1966 study on the specific 

activity for the low temperature hydrogenation of cyclopropane on platinum catalysts 

on different forms of alumina. It was suggested that: 

 

“Indeed, the catalytic activity, for a valid comparison, must be referred to the number 

of exposed surface atoms of a specified kind. Thus a convenient way to express 

catalytic activity is by means of a turnover number equal to the number of reactant 

molecules converted per minute per catalytic site for given reaction conditions.” 

 

In order to arrive at the turnover number (TON) or turnover frequency (TOF) for a 

catalyst towards a specific product, a number of other crucial measures must first be 

calculated. 

 

Conversion:  

The conversion is a measure of how much of the starting reagent is converted to 

product. The conversion is often quoted as a total of all the products, as opposed to 

the yield which is a measure of how much of a specific product is formed. 
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Conversion 

(%) 

= 

(moles of starting substrate – moles of product) 

X 100 

(moles of starting substrate) 

 

Selectivity:  

The selectivity is a measure of the distribution of the products which have been made 

by the catalyst system, calculated as a value for each component. 

 

Selectivity 

(%) 

= 

 (moles of individual product) 

X 100 

(moles of all products) 

TON: 

The turnover number (TON) gives a numerical value for the number of catalytic cycles 

which are completed by each of the metal centres (or active sites). If the turnover 

number is one then the system is usually considered as not catalytic as the system has 

proceeded in a stoichiometric manner. Higher turnover numbers indicate that the 

active centres are catalytic and the greater the number, the greater catalytic ability of 

the system. TON’s are often used in order to provide a normalisation for the number of 

active centres which are present in a catalyst compared with another.
18

 

 

TON = 

 Moles of product 

Moles of active centres 

 

TOF: 

The turnover frequency (TOF) is derived from the TON and provides a measure of how 

many catalytic cycles have been completed per unit time. The turnover number is 

expressed as time
-1

 as the TON is a ratio and possesses no specific unit, while the time 

function is on the denominator of the expression. In enzyme analysis the time is 

usually considered in seconds but is it more customary in analysis of catalysis studies 

to refer to TOF with respect to hours. 

 

TOF = 

 Turnover Number (TON) 

Unit of time 
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1.2 Zeolite and Aluminophosphate Structures 

 

Zeolites (aluminosilicates) and aluminophosphates are classed as molecular sieves, due 

to their porous properties of various molecular scale dimensions, enabling them to 

‘sort’ molecules primarily by their size. It is these properties which have enabled the 

molecular sieve family to be utilised in numerous commercial applications, including 

water purification, detergents, nuclear processing and in catalysis. It is the latter of 

these applications which will be discussed further in this work, as the size exclusion of 

the molecular sieve structures enables them to enhance the activity and selectivity of 

catalysis reactions. 

 

1.2.1 Aluminosilicates 

 

The name zeolite was originally coined for aluminosilicates in 1756 by Swedish 

mineralogist Axel Fredrik Cronstedt.
19

 He observed that when his sample of the Stilbite 

mineral was rapidly heated, it produced large amounts of steam from water that had 

been bound or adsorbed into the material. This property lead him to call the material 

zeolite, from the Greek ζέω (zéō), meaning "to boil" and λίθος (líthos), meaning "stone". 

While they are naturally occurring in areas of volcanic activity, where the volcanic ash, 

layers of rock sediments and ground water have been subjected to great temperature 

and pressure, the resulting minerals are not pure as they are associated with other 

structure types. The curious “boiling stone” property of the aluminosilicate minerals 

has subsequently been exploited for many commercial applications. Aluminosilicates 

can be synthetically made under analogous heat and pressure, yielding a pure and 

highly usable form of the mineral. 

 

Aluminosilicates (zeolites) are a class of structure which is obtained when some of the 

Si(IV) species in silicates minerals are replaced by Al(III) species. The extent of 

aluminium substitution in the zeolite framework is variable and is therefore classified 

by assigning a Si:Al ratio. This value can range from being 1 (where there are equal 

amounts of aluminium and silicon) through to purely siliceous (although argued not 

strictly a zeolite if no aluminium is present).
20

 The structures cannot accommodate Al-

O-Al linkages, as explored by Lowenstein, who proposed the rule that; “Whenever two 

tetrahedra are linked by one oxygen bridge, the centre of only one of them can be 

occupied by aluminium; the other centre must be occupied by silicon, or another small 

ion of electrovalence four or more, e.g. phosphorus. Likewise, whenever two 

aluminium ions are neighbours to the same oxygen anion, at least one of them must 

have a coordination number larger than four, that is, five or six, towards oxygen”.
21
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Zeolites are typified by the presence of the charge compensating cations which are 

required in order to maintain the charge neutrality of the framework which is 

perturbed by the presence of the lower valence Al(III) species in a Si(IV) vacancy. The 

charge compensating cations are often sodium, potassium or calcium, enabling them 

to be used as cation exchangers. The cation can also be a proton, which thus gives to 

structure isolated strong acid sites enabling them to be an ideal candidate in acid 

catalysed reactions such as cracking and isomerisation processing of petrochemicals. 

 

 

Figure 1.6: Representation of the aluminosilicate sodalite. The tetrahedral silicon (and 

aluminium) atoms are depicted in yellow, while the bridging oxygen atoms are shown 

in red. The room in the framework cages are highlighted by the green internal space 

features.
22
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1.2.2 Aluminophosphates 

 

The aluminophosphate family is closely related to aluminosilicates, where the silicon in 

the framework is substituted by phosphorus. Where in aluminosilicates the charge 

imbalance between the Si(IV) and Al(III) atoms requires an associated charge 

compensating cation, the P(V) and Al(III) atoms in the strictly alternating arrangement 

do not require this cation as the framework is inherently charge neutral. 

 

 

Figure 1.7: Representations of the pore structures in AlPO-18, AlPO-34, AlPO-36 and 

AlPO-5. Adapted from the image by Thomas and co-workers.
23

 

 

The age of aluminophosphate research began in the early 1980’s when Wilson and co-

workers
24

 successfully synthesised the first microporous aluminophosphate structure 

using organic amines to template the formation of the intricate network of pores and 

channels. Later research in the same group showed that the synthesis was very flexible 

and could be applied in order to form a number of different framework structures 

which were analogous to the previously known zeolite family. Further, it was also 

shown that the addition of metal ions into the synthesis gel could also create 

isomorphously substituted metal ions into the framework positions of either the 

aluminium or phosphorus atoms.
25

 This type of substitution is markedly different to 

the cation exchange observed in the zeolite structures where the cation is necessary in 

order to maintain the framework neutrality. 
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Figure 1.8: Diagrammatic representation of isomorphous substitution of the 

tetrahedral framework aluminium and phosphorus sites. Top: transition metals (eg: 

cobalt) in the aluminium sites. Bottom: (single-site) silicon in the phosphorus site. 

 



Rebecca Leithall  Chapter 1 

 16  

1.2.3 Aluminophosphates in Catalysis 

 

Since the discovery of this class of microporous structure, a great number of groups 

have used these materials as a basis in order to explore their properties and 

applications. The most intriguing of these properties is arguably the flexibility and 

scope for tuning the structure and substituted metal in order to generate highly active 

catalysts. 

 

Figure 1.9: Schematic of the AFI structure highlighting the three mechanisms by which 

the aluminium and phosphorous framework sites can be isomorphously substituted to 

give catalytic activity. 

 

The size constraints in the pores of the aluminophosphate structures can aid directing 

where the reaction occurs, enabling for example terminal groups to be oxidised over 

the middle of the chain, which may under non-constrained conditions be remarkably 

more favourable.
26

 This concept of active site domain and selectivity enhancement by 

shape and confinement is largely analogous to the protein derived active sites in 

enzymes. Exploiting the design techniques used in nature in order to iterate highly and 

selective enzymes, the intelligent design of biomimetic inorganic catalysis can be 

achieved.
27,28

  

 

Thomas, Raja and co-workers have demonstrated a diverse range of reactions which 

exploit the metal substituted aluminophosphates for catalysis applications.
29,30

 For 

example, in the oxyfunctionalisation of alkanes,
26,31,32

 the production of lactones from 

ketones
33

, the production of adipic acid from cychexane
23

 and the oxidation of 

toluene.
34
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Scheme 1.1: Examples of the reactions discussed by Raja and Thomas in their studies 

using metal substituted aluminophosphate structures. 

 

In their various studies, it was shown that the activity and the selectivity of the 

reactions was dependent on not only the external reaction conditions, but also that the 

features of the catalyst could be designed in order to facilitate the desired reaction and 

product distribution. Both the framework and the metal ions isomorphously 

substituted play a crucial and distinct role in the catalysis reaction.  

 

One such example is in the aerial oxidation of cyclohexane using iron substituted 

aluminophosphate structures. In this work, the selectivity profile between the FeAlPO-5 

and FeAlPO-31 were markedly different.
35

 The AlPO-5 structure was shown to favour 

the cyclohexanone product, while the AlPO-31 counterpart gave greater selectivity 

towards adipic acid. The authors attribute this distinct difference to the effect of the 

ring constrains in the smaller pore aperture of the AlPO-31 structure (5.4 Å compared 

with 7.3 Å), thus facilitating the further reaction of the cyclohexanone product to 

adipic acid as diffusion out of the pores is hindered.  

 

Figure 1.10: Comparison of the selectivity profiles between FeAlPO-5 and FeAlPO-31 

for the aerial oxidation of cyclohexane, after 24 hours at 373 K.
35
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Further examples of the differences in the framework structures and the substituted 

metals were seen in the study into the oxidation of linear alkanes such as n-hexane.
31

 It 

was shown that exploiting the narrow cages in the CoAlPO-34 and CoAlPO-18 

structures facilitated the oxidation of the terminal groups, which in the case of double 

oxidation, could result in the formation of adipic acid. 

 

Further, it was also shown that using the metal substituted aluminophosphate catalysts 

in combination with different oxidants also produced different levels of activity with 

associated variations in the selectivity profile.
34

 Focussing on the FeAlPO-5 sample, 

distinct differences in the activity and selectivity in the oxidation of toluene was 

observed, outlined in table 1.1 below. 

 

FeAlPO-5 
Conversion 

(%) 

Selectivity (%) 

Benzyl 

Alcohol 
Benzaldehyde 

Benzoic 

Acid 

Hydrogen Peroxide 34.7 9.3 29.0 33.0 

Air (oxygen) 14.9 --- 13.6 83.4 

Cumene Hydroperoxide 68.9 --- --- 35.6 

Table 1.1: Comparison of activity and selectivity for FeAlPO-5 using three different 

oxidants, NB: selectivity towards other minor by-products is not shown here for clarity. 

Table adapted from the published work by Raja et al.
34

 

 

It is evident from the examples of results discussed here that the aluminophosphate 

structures provide a significant portfolio of modifications (including transition metal 

substitution into framework sites) which can be applied to different classes of small 

molecules possessing many types of functional groups. 
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1.3 Sustainable Redox Catalysis 

 

The underpinning principles in sustainable redox chemistry
6

 are outlined in the “12 

Principles of Green Chemistry” where each of the points highlights an integral aspect to 

consider.
36

 From using lower temperature and pressure, to avoiding stoichiometric 

oxidants and renewable feedstock sources, the 12 principles provide a comprehensive 

overview of concepts which should be examined in the design and development of new 

catalytic processes. 

1)  Prevention 

It is better to prevent waste than to treat or clean up waste after it has been created. 

2)  Atom Economy 

Synthetic methods should be designed to maximise the incorporation of all 

materials used in the process into the final product. 

3)  Less Hazardous Chemical Syntheses 

Wherever practicable, synthetic methods should be designed to use and generate 

substances that possess little or no toxicity to human health and the environment. 

4)  Designing Safer Chemicals 

Chemical products should be designed to effect their desired function while 

minimising their toxicity. 

5)  Safer Solvents and Auxiliaries 

The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be 

made unnecessary wherever possible and innocuous when used. 

6)  Design for Energy Efficiency 

Energy requirements of chemical processes should be recognised for their 

environmental and economic impacts and should be minimised. If possible, 

synthetic methods should be conducted at ambient temperature and pressure. 

7)  Use of Renewable Feedstocks 

A raw material or feedstock should be renewable rather than depleting whenever 

technically and economically practicable. 

8)  Reduce Derivatives 

Unnecessary derivatisation (use of blocking groups, protection/ deprotection, 

temporary modification of physical/chemical processes) should be minimised or 

avoided if possible, because such steps require additional reagents and can 

generate waste. 

9)  Catalysis 

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 

10) Design for Degradation 

Chemical products should be designed so that at the end of their function they 
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break down into innocuous degradation products and do not persist in the 

environment. 

11) Real-time analysis for Pollution Prevention 

Analytical methodologies need to be further developed to allow for real-time, in-

process monitoring and control prior to the formation of hazardous substances. 

12) Inherently Safer Chemistry for Accident Prevention 

Substances and the form of a substance used in a chemical process should be 

chosen to minimise the potential for chemical accidents, including releases, 

explosions, and fires. 

 

1.3.1 Avoiding Stoichiometric Oxidants 

 

In many examples of traditional organic synthesis where the addition or alteration of 

an oxygen functionality has been performed on a molecule, a number of stoichiometric 

oxidant reagents have been used in order to achieve this. In this class of oxidation 

reaction, equal molar quantities of the reagent to be oxidised are used alongside an 

additional (transition metal-based) oxidant; the stoichiometric oxidant. This strategy 

for oxidation is not favourable for a number of reasons, including (but not limited to) 

the excess quantities of harmful waste products produced, the energy cost of purifying 

the products and the trace quantities of toxic heavy metals remaining in the oxidised 

product. Further to these reasons, stoichiometric oxidants are also often not selective 

and partial oxidation of a functional group can prove very difficult and result in the 

generation of further unwanted waste in the form of over-oxidised side-products. 

 

In a popular Organic Chemistry textbook (and undergraduate teaching resource) by 

Clayden et al
37

 a number of examples of the use of stoichiometric oxidants - or 

catalysts which use a sacrificial oxygen donor - are outlined in classic routes to the 

oxidation of alcohols to aldehydes and carboxylic acids. Specific examples include the 

use of pyridinium dichromate or tetrapropylammonium perruthenate to generate the 

aldehyde functionality, combined with the use of the oxygen donor, N-

methylmorpholine-N-oxide (which is reduced in tandem, generating the amine 

analogue).  

 

Other key examples discussed in traditional organic chemistry textbooks, include the 

use of ferrous-based oxidants, chromyl chloride, cobalt acetate and potassium 

permanganate to facilitate oxidations such as toluene to benzaldehyde and the 

production of analogous moieties for the use in dyes, flavourings, perfumes and 

pharmaceuticals.
38-41
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With these challenging aspects in mind, it is of paramount importance for process 

chemistry to move away from using these traditional methods and develop new and 

less ecologically damaging methods for producing an effective and selective oxidation 

of organic molecules.
42

 

 

1.3.2 Peroxide-based Catalysis Reactions 

 

In parallel to the development of the aluminophosphate catalysts, the titanium silicate 

catalysts were also advancing in their scope for clean conversions. In particular, the TS-

1 catalyst showed great promise in reactions such as the oxidation of alcohols and 

olefins, and the ammoximation of cyclohexanone.
43-45

 In all three classes of reaction, 

the temperatures used to produce the products were significantly decreased and were 

able to utilise hydrogen peroxide as the oxidant as opposed to the traditional 

stoichiometric oxidants. In contrast to the aluminophosphate family, the silica based 

structure of TS-1 is more hydrophobic than the aluminium and phosphorus units are in 

AlPO’s, making their interaction with certain molecules and reaction conditions 

markedly different.
46

 

 

Further to the success of the TS-1 catalyst, other groups have also had success 

utilising hydrogen peroxide to produce challenging commodity intermediates. The 

group of Sato
47-49

 have used a tungsten-based phase-transfer catalyst to produce adipic 

acid from cyclohexene. It was shown that using their Na
2

WO
4

 catalyst in combination 

with a quaternary hydrogen sulfate counter cation that the complex oxidation reaction 

could be achieved in 93 % yield, with a 30 wt % aqueous hydrogen peroxide solution.
47

 

It was also observed that the reaction was more effective when the oxidant was used in 

weaker solutions as the yield was significantly lower when carried out using a 60 wt % 

aqueous solution. The scheme below shows the proposed steps in this oxidation and 

rearrangement reaction. 

 

Scheme 1.2: Multi-step oxidation of cyclohexene to adipic acid as demonstrated by 

Sato and co-workers.
47
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Additionally, it was later demonstrated by the same group, that their catalyst system 

could also be used to achieve primary and secondary alcohol oxidations and the 

production of sulfones and sulfoxides from sulphide moieties.
49

 The high yield of these 

reactions is owed to the phase-transfer process which allows the products to 

successfully move away from the reaction sphere allowing the reaction of new 

substrate molecules, while also avoiding the further oxidation of the products. It was 

proposed that the active catalyst is present in equilibrium in protonated forms which 

enables the exchange with the counter cation, meaning that the H
2

WO
4

 form of the 

system is also highly active in the mild oxidation conditions. The phase transfer nature 

was further established when it was also demonstrated that the catalysts were less 

active when a solvent was added to the reaction.
48

 The scheme below depicts how this 

process may occur for the oxidation of a primary alcohol. 

 

Scheme 1.3: Phase-transfer oxidation of the tungstate based oxidation of olefins using 

aqueous hydrogen peroxide.
49

 Q (the complementary cation in the Na
+

-Q
+

 ion 

exchange) = CH
3

(n-C
8

H
17

)
3

N
+

. 

 

Hydrogen peroxide is considered favourable in comparison with stoichiomteric 

oxidants as it does not produce waste products as its only by-product is water. 

Furthermore, the oxidant has often been shown to be more selective than the 

traditional metal-based oxidants. With these considerations in favour, it is also 

noteworthy that hydrogen peroxide does not come without its drawbacks. For 

example, the transport and storage of the liquid substance is potentially dangerous 

due to its’ explosive nature.  
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In order to overcome the safe transportation and storage issues associated with the 

liquid hydrogen peroxide oxidant, Raja et al
50,51

 developed a solid form of peroxide – 

APB, acetyl peroxyborate. APB is synthesised by ‘locking’ the reactive peroxide species 

into a borate-based solid crystalline derivative, by the reaction between peracetic acid 

and borax. The resulting white solid can be used in an aqueous reaction media, when 

the peroxides are released on interaction with water and a redox metal in situ of the 

reaction. 

 

Scheme 1.4: One proposed structural morphology of acetylperoxyborate 

(APB), the solid oxidant used in the studies by Raja et al.
50,51

 

 

Structural studies were carried out on the samples of APB in both solid and liquid 

phase. The solid phase powder XRD showed that a number of different and amorphous 

phases occurred (including, but not limited, to the proposed structure shown in 

scheme 1.4 above), whereas liquid phase studies showed that simple peroxide-type 

species are formed. Resolving both carbon (
13

C) and hydrogen (
1

H) NMR showed that 

upon dissolution in water, an equilibrium between the peracetic acid and acetic acid 

existed in the following: 

 

[CH3CO3H] + [H2O] ↔ [CH3CO2H] + [H2O2] 
 

This equilibrium suggests that upon dissolving the APB in water, peracetic acid is 

formed which then establishes an equilibrium with hydrogen peroxide and thus 

generates active oxidant. The figure below shows how the ratio of peracetic acid to 

acetic acid decreases over time, as hydrogen peroxide is generated in-situ.  
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Figure 1.11: Decomposition of the peracetic acid to acetic acid (after ABP has been 

dissolved in aqueous solution) as a function of time. Main graph: at 25 ºC, inset 

graph: at 65ºC.
51

 

 

The work by Raja and co-workers showed that APB was effective at producing oxidation 

products in many model reactions, including linear alcohols, cyclic alcohols, 

functionalised aryl rings
50

 and interestingly in the oxidation of cyclohexane to adipic 

acid
51

; analogous to the work reported in their earlier studies.
35

 The work showed that 

while the APB oxidant was slightly less reactive than the parent peracetic acid oxidant, 

selectivities towards the desired product were superior when using the combination of 

single-site microporous FeAlPO-31 and the APB oxidant. The two plots in figure 1.12 

highlight the combination of efficiency and selectivity for the oxidation of cyclohexane 

to adipic acid using APB and FeAlPO-31 as the catalyst. 
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Figure 1.12: Oxidation of cyclohexane to adipic acid. Others refer to other further 

oxidation products. Cyclohexane = 2.5 g, FeAlPO-31 = 0.25 g, T = 383 K, solid APB = 

3.49 g (shown by titration to liberate 0.701 g of PAA and 0.045 g of hydrogen 

peroxide upon dissolution in aqueous media). Top: Conversion of cyclohexane 

substrate. Bottom: Selectivity, Bold lines represent the selectivity to adipic acid, while 

dashed lines represent the other reaction products. 

 

1.3.3 Harnessing Molecular Oxygen from Air 

 

Assessing the stoichiometric oxidants used in traditional chemical synthesis and the 

alternative peroxide based oxidant, it is evident that while vast progress has been 

achieved in order to improve the methods employed in synthesis, further 

developments still need to be made. Ideally, substituting both of these routes to add or 

transform oxygen functionality into molecules would be achieved by utilising molecular 

oxygen. This is an attractive alternative as it is cheap, readily available (from air in the 

atmosphere) and the product of the oxidation reaction is simply water.  
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In his report concerning the “Mechanisms of Oxidation using Oxygen”, Taube
52

 

speculates that the difficulty of using molecular oxygen as an oxidant reagent could be 

due to the fact that the ground state of the molecule has two unpaired electrons in 

antibonding orbitals, whereas often the products of the oxidation reactions have a 

stable spin state of zero.  

 

Figure 1.13: The molecular orbital energy level diagram for homonuclear diatomic 

oxygen.
53

 

 

He continues his overview to suggest
52

 that the use of transition metal ions helps to 

overcome this as the issue of the difference in spin state can be readily circumvented 

by the interactions with the orbitals on the metal ion. Therefore, developing transition 

metal ion incorporated catalysts which are designed in order to facilitate this activation 

and subsequent reaction will aid in the advancement of using molecular oxygen as 

benign oxidant in redox reactions. 
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1.3.4 Development Strategy 

 

Assessing the options available in the design and synthesis of novel heterogeneous 

catalysis in order to affect the oxidation of key commodity chemicals, there are a 

number of desirable features which can be summarised from the discussions above. A 

viable redox catalyst should: 

 

 Be genuinely heterogeneous for the ease of separation and purification steps 

after the functional group transformation (by oxidation) has been completed. 

 Be robust in a range of chemical conditions (such as temperature, pressure and 

pH) and not leach its transition metal active centres. 

 Avoid the use of harmful oxidants and endeavour to activate and utilise 

molecular oxygen. 

 

In his 2009 report in Topics in Catalysis, surveying the general strategy for the design 

of new solid catalysts for environmentally benign conversions, J. M. Thomas quotes
54

 in 

a simplified expression that; “to design new solid catalysts, take high-area nanoporous 

solids of the appropriate kind and ‘sprinkle’ spatially isolated centres over the entire 

internal surface area.” Using this design principle and the requirements listed above, 

chemists can begin to design new catalysts for a specific process. 

 

In order to bench-mark and evaluate the success of new and modified catalysts, a 

number of spectroscopic techniques and model reactions must be selected in order to 

probe the sample. The spectroscopic methods and their application to the results 

presented in this thesis are discussed in following chapter. 

 

Selecting a suitable probe reaction is of vital importance in order to rank the 

successfulness of a new catalyst. This is highlighted in the work by Hutchings et al
55

 in 

their studies on the morphology variations in a number of TS-1 samples for oxidation 

reactions. Oxidation reactions on phenol (hydroxylation), crotyl alcohol and 

epoxidation of norbornylene were carried out using aqueous hydrogen peroxide as the 

oxidant, as shown in the scheme below. 
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Scheme 1.5: Oxidation reactions studied in the work by Hutchings et al
55

 on the 

reactivity of TS-1 catalysts with different morphologies. 

 

The allylic crotyl alcohol substrate was chosen as it is not a particularly reactive 

substituted alkene, indeed showing that the oxidation is not dependent on the TS-1 

catalyst and that a modest amount of conversion was observed in both the amorphous 

silica material and the globular precursor both used as controls.  

 

This study also concluded that phenol was not a suitable probe for assessing the 

different TS-1 morphologies as it consistently showed low reactivity, and also that the 

auto-oxidation of the hydroquinone product to quinine (which could then polymerise 

inside the microporous cavities of the catalyst) deemed this probe unsuitable for this 

purpose. However, aside from the potential of catalyst deactivation (over extended 

periods) and the discrepancy with the product distribution, it was worth noting in the 

test with phenol hydroxylation as the probe reaction, the transformations only 

occurred when the crystalline TS-1 catalyst was used and not when the amorphous 

controls were added instead, suggesting reactions took place inside the well ordered 

wall of the crystalline structure. 

 

Norbornylene was used in this study as the effective van der Waals’ radius of the 

molecule was not suitable for it to pass through the channels of the microporous TS-1 

catalyst and thus can only react at the exterior surface sites or the superficial active 

centre near the pore mouth. This is indeed the result obtained for this molecule, and 

confirms that the true activity of the TS-1 catalyst is from the interior, well-defined 

tetrahedral titanium centres. 

 

This study illustrates eloquently that the choice of probe reaction in order to evaluate 

the efficacy of a catalyst series is vital in order to make meaningful conclusions. These 

lessons will be considered in the development of the catalysts reported in the following 

results. 
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1.4 Cooperativity and Synergy in Catalysis 

 

The Oxford Dictionary defines synergy as “the interaction or cooperation of two or 

more organizations, substances, or other agents to produce a combined effect greater 

than the sum of their separate effects”.
56

 The terms cooperativity or synergy are often 

used in order to describe a catalyst configuration, where the effect of two or more 

aspects in the design of the system elicits an enhancement in the activity of the 

catalyst over the parent configuration which may only display one such aspect.  

 

Examples of synergy in catalysis can be interpreted as catalyst-support synergy (where 

a transition metal or organocatalyst is hosted on a solid structure) or as metal-metal 

synergy, both displaying a superior effect as a combined entity than either alone. The 

discussions below outline some examples of these phenomena in the literature.  

 

1.4.1 Catalyst-Support Synergy 

 

Immobilisation of a nanoparticle, bimetallic cluster, organocatalyst moiety or transition 

metal bound to an amino acid are all examples of where catalyst-support synergy can 

be seen. In these examples, the effect of the immobilisation and the interaction of the 

host structure will produce greater efficacy of the reaction than the non-immobilised 

analogue.
57

  

 

Catalyst-support synergy is eloquently shown in the work of both Xuereb
58,59

 and 

Dzierzak
27,28,60

 where various supports have been used in order to enhance the catalytic 

activity of amino acid, organocatalyst and biomimetic moieties via immobilisation 

methods. Producing a constrained environment plays to both facilitate the favourable 

production of one transition state over another, while also using the complementary 

characteristics of the support (such as its intrinsic acidity, varying hydrophobicity
61,62

 or 

pendant ligands). 

 

In a study using the same immobilised organocatalyst onto the surface of three silica 

supports of different average pore size, Xuereb
58,59

 observed that with a greater degree 

of flexibility inside the active site yields a product distribution with lower 

enatioselectivity than in a catalyst where a greater degree of confinement prevailed. 

Therefore it was evident the preferential production of a particular stereoisomer was 

not favoured when there were fewer interactions with the host wall. The results for this 

study are presented in the figure below. 
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Figure 1.14: Distinct differences in conversion, selectivity and enantiomeric excess (ee) 

for organocatalysts immobilised into the pores of three silicas of different pore 

aperture. 

 

These researchers also showed that not only the pore size of one type of host plays a 

crucial role in the selectivity of the reaction, but also that the nature of the support is 

an integral factor in the synergy played between the immobilised catalyst and its 

support. Dzierzak
58,60

 reports that on direct comparison between an Fe
3+

-proline zeolite-

encapsulated biomimetic catalyst and one which has been covalently tethered onto the 

pendant silanyl groups of a silica support, that the additional synergy of the silica host 

enhances the turnover numbers of the oxidation of benzyl alcohol with respect to the 

zeolite encapsulated analogue. (It is also noteworthy that while this trend is significant, 

the turnover numbers for both of the supported Fe
3+

-proline systems are far greater 

than that observed for the homogeneous complex. This is highlighted in the figure 

below.)  

 

Figure 1.15: Enhanced turnover numbers achieved in the oxidation of benzyl alcohol 

(using air and TBHP as oxidants) for three forms of an Fe
3+

-proline complex. 
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It is noted in this comparative study that the reasons for the enhanced turnover for the 

immobilised catalyst are likely three-fold;  

1)  the additional site isolation of the covalent anchoring method over the 

encapsulation strategy,  

2)  the greater rate of diffusion in the larger pores of the silica host,  

3)  the structure-property differences in the degree of hydrophobicity/hydrophilicity 

of the two different host supports.  

 

Further to these examples, Choudhury and co-workers
63

 also describe a set of catalysts 

which exploit the shape and size of the support in order to yield the desirable product 

distribution of branched decane isomers. The bifunctional zeolites, Pt/NaHY and Pt/H-

ZSM-22 were shown to produce different products due to the shape selectivity of the 

Pt/H-ZSM-22 over the non-shape selective Pt/NaHY. Combined with the effective metal 

centre and the acidic properties of the framework, the additional shape selectivity of 

the pore and channel network yields a narrow reaction product window. Additionally, 

the researchers also showed that combining the two systems in tandem allows the 

product distribution to be tuned further by evoking primary monobranching at the 

Pt/H-ZSM-22 followed by further secondary multibranching in the Pt/NaHY zeolite. 

 

Other groups have also exploited the additional intrinsic properties of the host support 

material in order to enhance the activity of the immobilised catalyst. Examples include 

a variety of finely dispersed bimetallic nanoparticles - reported in studies by Hermans 

and co-workers
64

 and Huang and co-workers
65

 – supported on siliceous materials. The 

catalyst series in these examples were used in the hydroformylation of ethylene and 

the selective hydrogenation of olefinic groups on cyclooctadienes and 

cyclododecantrienes. While both of these groups have concluded that the support 

material also plays benefit to the efficacy of the catalyst, it is also evident that the 

bimetallic nature of the nanoparticles also effects an enhancement. This class of metal-

metal synergy will be discussed further in the following section. 
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1.4.2 Metal-Metal Synergy 

 

The highly dispersed bimetallic nanoparticle systems hosted on silica-based supports 

outlined above by Hermans and co-workers
64

 and Huang and co-workers
65

 are examples 

of where both catalyst-support and metal-metal synergy are exploited.  

 

Huang and co-workers describe their cobalt-ruthenium catalysts for the 

hydroformylation of ethylene as having an enhanced synergy by the production of a 

bimetallic cluster in an optimal 3:1 Co:Ru ratio, formed by the metal carbonyl 

decomposition approach and yielding a bimetallic alloy. The authors describe their 

catalysts distinct enhancement as being due to the “intimate contact” between the two 

metals. 

 

Similarly, bimetallic nanoclusters are also reported by Hermans and co-workers
64,66-69

 

using a variety of metal combinations and metal ratios. These authors have reported 

successful catalytic trends in the selective hydrogenation of cyclic olefins. Examples of 

the substrates and conversions are shown in the selected data below. 

 

 

Catalyst 
Conversion 

/mol % 

TOF 

/h-1 

Selectivity 

A B C 

Ru
6

Sn/ 

MCM-41 

13.4 503 32.5 68.2 - 

Pd
6

Ru
6

/ 

MCM-41 

62.0 1975 - 36.2 63.6 

Table 1.2: Conversion, turnover frequency and selectivity for two bimetallic 

nanoclusters anchored onto MCM-41, highlighting the difference in the product 

distribution for the two systems. Temperature = 353 K, Time = 24 hours. 
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In the example above - using the supported carbidic Ru
6

Sn nanoparticle anchored onto 

an MCM-41 host - the tin was selected as the co-metal as it has been shown in other 

examples to be a promoter (which can help to activate the desired ruthenium centres 

by altering the local electronic environment by actually deactivating certain faces of the 

ruthenium nanocrystals prone to giving unwanted side-products). Spectroscopic 

characterisation using techniques such as XAS showed that no tin-tin bonds were 

present in the system but rather that the isolated tin centre provided an anchoring site 

onto the MCM-41 host structure. 

 

Other examples of metal-metal synergy discussed in the literature exploit the effect of 

two crystal phases of a lattice structure, which have co-crystallised to form an 

intermediate phase which can then be tuned to optimise the conversion and selectivity 

of the catalyst system. Examples of this type of metal-metal synergy are discussed in 

work by Carrazán and co-workers
70

 and by Wan and co-workers
71

 where both examples 

used a magnesium vanadate structure where varying the ratio of vanadium and 

magnesium correspondingly altered the product profile (of the oxidative 

dehydrogenation of propane). In the example by Carrazán and co-workers
70

 additional 

work highlights a further example of cooperative catalysis, where the introduction of 

an antimony phase (α-Sb
2

O
4

) acts via oxygen spillover by donating into vacancies in the 

magnesium vanadate parent structure. 

 

Synergy is also demonstrated among metal oxides in the work by Kanai and co-

workers
72

 who exploited a mixture of copper and zinc oxide on silica supports to affect 

the synthesis of methanol from carbon dioxide. In this work the interface between the 

zinc oxide and the copper species yields an active Cu
+

-O-Zn moiety which can be tuned 

by altering the precursor mixture in order to optimise the Cu
+

 to Cu ratio. The authors 

postulate that the enhanced activity is a function of the hydrogen spillover effect from 

a “reservoir” of atomic hydrogen generated at the zinc oxide surface under operating 

conditions. 

 

Other examples of synergistic mixed metal systems are described in the work by Tang 

and co-workers
73

 who produced a manganese-nickel mixed hydroxide catalyst which 

was shown to be active in the aerobic oxidation of benzyl alcohol. The optimal ratio for 

the structure was shown to be 6:4 Mn:Ni, where deviation from this range induced a 

phase segregation and the synergistic enhancement diminished. The scheme below 

highlights the alternating Mn(III)/Ni(II) cations, bridged via oxygen atoms and the 

exchange mechanism for alcohol oxidation suggested by the authors. 

 



Rebecca Leithall  Chapter 1 

 34  

 

Scheme 1.6: Proposed mechanism of aerobic oxidation of benzyl alcohol to 

benzaldehyde using the Mn-Ni mixed hydroxide catalyst by Tang and co-workers
73

 

 

A final class of examples of metal-metal synergy is discussed in the work by 

Weckhuysen et al
74

 who synthesised a series of bimetallic transition metal substituted 

AlPO-5 structures. The most noteworthy of these was the combination of vanadium 

and cobalt chemically synthesised into the same structure (CoVAlPO-5). Spectroscopic 

analysis by techniques such as DR-UV/Vis showed that the cobalt ion completely 

substituted at the aluminium site and was able to cycle between the Co(II) and Co(III) 

site, while the vanadium ions appeared to adopt a slightly more loosely bound 

configuration showing signs of being anchored by two or three oxygen bridges. This 

chemical system was shown to be active in the oxidation of cyclohexane to 

cyclohexanone and cyclohexanol. 
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1.5 Establishing Structure-property Correlations 

 

1.5.1 Principles of Structure-property Correlations 

 

The concepts of structure-property correlations are formally referred to in the IUPAC 

“Gold Book” (The Compendium of Chemical Terminology) as “statistical mathematical 

methods used to correlate any molecular property (intrinsic, chemical or biological) to 

any other property, using statistical regression or pattern recognition techniques.”
75

 

This definition however, is widely used less formally in order to describe trends 

between the physical molecular properties of a sample, with the way in which it 

behaves under certain conditions. This is of particular interest in catalysis as the 

property of the metal centre (eg: oxidation state or geometry around the metal ion) can 

be directly related to the activity or selectivity of the given reaction. Exploring these 

trends is important in the design of new sophisticated catalysts; linking current 

knowledge of successful systems with how and why they are active. 

 

In their 2011 review of the recent progress in synergistic patterns in heteroatom 

nanoparticles, Jiang and Xu
76

 discuss the relationship between the observed physical 

and chemical properties of leading nanoparticle systems and link these to the catalytic 

trends. They quote that “since the properties of the catalyst surfaces are closely 

correlated with the catalytic activities, the precise modification of the catalyst surface 

by introducing another component or changing the morphology could facilitate the 

controlled tuning of the catalyst properties”. 

 

1.5.2 Structure-property Correlations in Titanium-based Catalysts 

 

In numerous literature examples, titanium ions have been shown to be excellent at 

facilitating oxidation catalysis. Linking the spectroscopic evidence - such as UV/Visible, 

XAS and EPR – the nature of the titanium active site can be correlated with the catalysis 

results. 

 

A pivotal example of this is seen in the 1995 work by Maschmeyer et al
77

 in their 

development of a heterogeneous titanium grafted MCM-41 material. In this work, it 

was shown that the position of the titanium pre-edge peak in the XAS spectra could be 

monitored during both the synthesis of their materials and during the course of the 

reaction. It was shown that the most active catalysts were those where a well-defined 

tetrahedral single-site was formed, which was then tracked during the oxidation 

reaction as the 4-fold coordinated centre increased to 6-fold as it accommodated the 
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incoming reagent and returned to an intact tetrahedral site after the catalyst cycle had 

finished.  

 

 

Figure 1.16: XAS spectra of titanium grafted MCM-41. Left: well-defined tetrahedral 

titanium centre. Right: the catalyst probed during reaction shows marked differences 

in the XAS spectra, highlighted by the red (XANES region) and green (EXAFS regions) 

arrows. Images adapted from Maschmeyer et al.
77

 

 

These observations confirmed that the presence of the tetrahedral titanium site was of 

integral importance in order to facilitate the turn-over of the substrate, while the 

authors quote, “we can establish a direct relationship between structure and function 

by combining catalytic studies with in situ XAS studies”. 

 

These points are substantiated in the studies by Marchese et al
78

  in 1999, where the 

spectroscopic and catalytic results of the grafted Ti-MCM-41 were studied in further 

detail in order to deduce more about the structure-functionality relationship. In this 

study, two different methods for producing titanium grafted MCM-41 were used; 

prepared in both dry argon and in atmospheric air (ie: such that ambient water vapour 

was present). The samples prepared in argon where shown to be more active for the 

epoxidation of cyclohexene using tertiary butyl hydroperoxide (TBHP), than those 

prepared in air. Further to these different methods of synthesis, the loading of the 

titanium in the catalyst was also altered, which showed distinct changes in the precise 

nature of the active site by spectroscopic methods. It was observed that those 

synthesised with loading of less than 2 weight % of titanium showed a greater 

abundance of species which are tetrahedrally bonded to the silica host, which absorb 
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at 210 – 230 nm under DR-UV/Visible spectroscopy. Similarly, samples synthesised 

with a loading of greater than 4 weight % were shown using the sample probing 

spectroscopy methods to contain TiO
2

 microclusters which absorb with maxima at 

greater than 250 nm.  

 

 

Figure 1.17: Diffuse reflectance UV/Visible spectroscopy of titanium grafted MCM-41. 

Left: four loadings of titanium synthesised in air. Middle; four loadings of titanium 

synthesised under argon. Right: direct comparison of the low loading samples, 

highlighting the difference in the spectral traces for the two synthesis conditions. 

 

It was interesting to note that the samples synthesised at atmospheric conditions 

exhibited small TiO
2

-like clusters even at the lowest loadings, which was attributed to 

the presence of moisture in the air. The presence of these higher coordinate oligomeric 

species indicate that the lower activity of the samples synthesised in air and those of 

higher loading is linked to the types of titanium sites present. 

 

In addition to these two examples, further work in 2002 by Barker and co-workers
79

 

combined EXAFS results with density functional theory methods in order to deduce 

information about the structure and coordination of the oxygen-donating species on 

the Ti-MCM-41. It was shown that a number of different Ti(η2

-peroxo) and Ti(η1

-peroxo) 

type species were formed from the attack of peroxide on the tetrahedral centre, 

yielding a combination of radical and anion complexes. The attack from both TBHP and 

hydrogen peroxide gave systems with a 6 coordinate titanium centre. This would have 

not been able to form if the titanium centre was already coordinatively saturated, 

substantiating earlier observations that the efficacy of these systems is owed to the 

discrete tetrahedral centres. 
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In addition to the examples discussed above using the titanium grafted mesoporous 

MCM-41 structure, similar titanium-containing silicon substituted microporous 

structures have also been studied for the efficiency in redox reactions. In particular, 

the TS-1 catalyst has been shown in many examples to be highly active in redox 

reactions such as the epoxidation of olefins, the oxidation of alcohols and the 

ammoximation of ketones.
43,46,80

 As has been explored in the previous discussions, the 

discrete single site tetrahedral nature of the titanium centre in the titanium-silicate 

structure is owed to its corresponding activity in catalysis. 

 

Anderson et al
81

 developed another titanium-silicate structure, ETS-10, which also 

exhibited titanium ions substituted into the framework of a silicalite structure. 

However, in this example, the structure comprises of corner-sharing SiO
4

 tetrahedra 

and TiO
6

 octahedra linked via bridging oxygen atoms. Correspondingly, the ETS-10 

structure is less effective as an oxidation catalyst as it is not able to expand its 

coordination geometry around the titanium centre in order to accommodate substrate 

or oxidant molecules. 

 

The effective coordination sphere expansion is demonstrated in the work by Zecchina 

et al
82

 in their spectroscopic studies on various metal-substituted silicate structures 

using probe molecules. In this Fourier transform infrared (FT-IR) study, the presence of 

an additional characteristic absorption at 960 cm
-1

 (which is not present in the spectra 

for undoped silicate) is ascribed to the tetrahedral adsorption of the Ti(IV) species in 

the framework of the titanium silicate structure. Previously, authors
83

 have speculated 

that this band could be due to the presence of a titanyl (Ti=O) group. However, in his 

study Zecchina et al
82

 regard this assignment as less likely as the position of the 

adsorption is shifted up the spectral trace by the dosing of water or ammonia solution. 

If the interaction with these probe molecules was with the originally postulated titanyl 

group then the position of the adsorption would move downwards. Therefore, this 

present study reveals that the titanium present in the silicate structures is greatly 

perturbed by the dosing of base and therefore acts as a Lewis acid centre which can 

expand its coordination from tetrahedral to octahedral.  
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1.5.3 Structure-property Correlations in Aluminophosphates 

 

Extending the concepts of relating physical and molecular properties of a catalyst with 

its activity in catalysis, some clear correlations can be seen in the work on the 

CoTiAlPO-5 catalyst reported by Paterson
84,85

. In this work, the authors report the 

synergy between the cobalt centres substituted into the aluminophosphate framework 

simultaneously with titanium and begin to establish characteristic differences between 

this bimetallic example and the monometallic analogues of CoAlPO-5 and TiAlPO-5. 

 

It is proposed that the cobalt ion substitutes at the aluminium centre (as either Co(II) 

or Co(III)) while the titanium(IV) ion is likely to substitute at the phosphorus site (also 

yielding a charge compensating proton). It is hypothesised that the proximity of the 

two metal ions simultaneously substituted into the same framework structure elicits a 

synergistic effect in the catalysis reactions, and is thus more active than both of the 

monometallic analogues or a physical mixture of the two. The test reactions used in 

this study were the epoxidation of cyclohexene (using APB, as discussed in previous 

sections) and the ammoximation of cyclohexanone (using air and ammonium 

hydroxide).  

 

In addition to the synergy between the two metals discussed in these samples, the 

spectroscopic evidence obtained was used to link the properties of the CoTiAlPO-5 

catalyst to the trends observed in the model reactions. Two distinct differences were 

noted between the CoTiAlPO-5 sample and CoAlPO-5, and between the CoTiAlPO-5 

sample and TiAlPO-5.  

 

In the first comparison, the extent of the redox cycle between the Co(II) and Co(III) 

oxidation states was observed to be greater in the bimetallic sample than in the 

monometallic sample, indicating that more of the active sites could undergo more 

efficient redox cycle in the bimetallic sample.  
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Figure 1.18: DR UV/Visible spectra for calcined (red; trace a) and reduced (blue; trace 

b) CoTiAlPO-5, highlighting the changes in the cobalt oxidation state and geometry 

upon exposure to oxygen and hydrogen respectively, eliciting cycling between the 

Co(II) and Co(III) states.
84

 

 

In the other spectroscopic comparison, the titanium centre in the bitmetallic sample 

was shown to have greater tetrahedral character than in the monometallic TiAlPO-5 

sample, indicating that the bimetallic sample is also more effective at expanding its 

tetrahedral coordination in order to accommodate the substrate and oxidants.  
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Figure 1.19: DR UV/Visible spectra for: Blue trace (a) CoTiAlPO-5, Red trace (b) 

CoTiAlPO-5 and Black trace (c) Titanium grafted MCM-41, highlighting the additional 

tetrahedral character of the titanium centres when combined in the sample AlPO-5 

framework as cobalt.
84

 

 

Coupling these two markedly different characteristics of the bimetallic sample allows 

some conclusions to be drawn about the structure-property relationships in the 

CoTiAlPO-5 catalyst which will aid in the understanding of the catalyst system and in 

the fine tuning and further design of these types of catalysts which can be employed in 

other important reactions. 
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1.6 Aims and Objectives 

 

The aim of this work is to develop a greater understanding of the structure-property 

correlations and catalytic synergy in transition metal substituted aluminophosphate 

catalysts. The points below outline how these concepts will be explored. 

1. Examine the ammoximation of ketones (using air and ammonia) using the 

CoTiAlPO-5 catalyst, to hypothesis how the simultaneous substitution of cobalt 

and titanium ions into the framework of AlPO-5 acts to enhance the catalytic 

activity towards the desired oxime product. 

2. Evaluate the synthesis parameters used in producing the CoTiAlPO-5 catalysts in 

order to link the conditions of synthesis to both the spectroscopic interrogation 

of the active site and the trends in catalytic activity in a model oxidation 

reaction. 

3. Draw comparisons about the redox catalyst system, by studying other effective 

redox active transition metals in place of the cobalt centre in the CoTiAlPO-5 

system, allowing different combinations of redox metal plus titanium pairing to 

be ranked by effective catalytic activity. 

4. Develop further bimetallic combinations by altering both the primary redox metal 

centre and the ratio of redox metal to titanium loading in the bimetallic AlPO-5 

catalyst system.  

5. Link sophisticated spectroscopic techniques such as DR UV/Visible spectroscopy, 

EPR and XAS, with the trends in catalytic data of a model oxidation reaction in 

order to draw firmer evidence-based conclusions about the structure-property 

correlations of the bimetallic system. 

6. Hypothesise the modes of interaction and the mechanism of reaction for a 

number of model oxidation reactions (such as epoxidation of olefins and 

oxidation of alcohols) enabling a defined role for each of the metal centres in 

the bimetallic AlPO-5 catalyst. 

7. Develop an aluminophosphate system which is able to activate molecular oxygen 

as the oxidant at low temperatures and pressures. 

8. Expand the scope of the concepts of bimetallic substitution of microporous 

aluminophosphates into hierarchical samples, adding simultaneous 

mesoporosity to the AlPO-5 structure. 

9. Draw further conclusions about structure-property correlations in hierarchical 

samples by assessing the spectroscopic analysis and catalytic probe reactions. 
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Chapter 2 

Characterisation Techniques  

and Experimental Methods 

 

The following chapter aims to provide an overview of the techniques of 

characterisation used in this report. Each sub-section includes a brief description of the  

technique, but will focus predominantly on how it can be used in the specific examples 

in this work.
1

 

 

2.1 Analysis of Catalysis Reactions 

 

2.1.1 Gas Chromatography (GC) 

 

Gas Chromatography (GC) can be used to analyse and determine quantities of organic 

components which can be vaporised without causing them to decompose. GC is used 

in the experimental section of this work in order to analyse the components of the 

catalysis reaction. The percentage quantity of each of the components is calculated by 

using a calibration obtained by running standard solutions of varying amounts of an 

authenticated pure form of the molecule (usually purchased from a chemical supplier). 

The position of the standard molecule is referenced against the peaks observed in the 

catalysis reaction, allowing the position of the starting material and the products to be 

determined. (Note that in a few occasions where small amounts of an additional side 

product were formed and could not be identified in this way; GC-MS was used in order 

to determine the unknown peak.)  

 

A property of the molecule, called the response factor (RF), is calculated for each 

component of the reaction mixture by using known quantities of the samples in a 

stock solution and comparing this to the area under the peaks in the GC trace. The 

relative amounts of each component were compared to that of an internal standard 

(IS). The internal standard is a carefully chosen molecule which is not reactive under 

the reaction conditions of the catalysis process and has a distinct peak which does not 

overlap with the substrate or reaction product peaks so it can be easily identified. The 

calibration plots and the formula for each of the components are given in the 

experimental section associated with each chapter. Completing a calibration for each 

molecule (and on each column) against an internal standard (and not using crude area 

peak values) is integral to ensure that results are reliable, as the way in which a 

molecule interacts with the separating column is a unique property of the molecule 
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and therefore not completing this step can give data which is not entirely 

representative of the reaction.  Further, completing an accurate calibration calculation 

allows the mass balance for a reaction to be completed to ensure that reactants are not 

lost (for example in evolved gas) by comparing the zero-time sample with the amount 

of products which are present at the end of the reaction. Note that a mass balance 

check was carried out on each reaction discussed in the core parts of the experimental 

work for each class of catalyst used. 

 

In practical terms, GC requires a small sample of the reaction mixture to be collected 

and injected into the sample port of the GC. In this chamber it is vaporised before 

being transported through a narrow heated column (the stationary phase) by an inert 

carrier gas (the mobile phase or effluent; in this work the gas used was helium).  The 

separated components are then detected and analysed. The basic set-up of a GC is 

shown in Figure 2.1 below.  

 

 

Figure 2.1: Schematic diagram of a GC fitted with an FID.
2

 

 

The column used (the stationary phase) in the separation step is made from a micro-

scale layer of molecules (usually an immobilised liquid or polymer) on an inert solid 

support. The layer is deposited onto the surface of a narrow glass tube, which is 

usually around 20 metres or more in length. The interaction between the immobilised 

column coating and the flowing sample cause the separation to occur, aided by the 

heating of the oven in which the column is mounted. The temperature of the oven 

(ramp rate and times) can be carefully controlled in order to produce good separation 
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profiles of the reaction components. The type of coating chosen in the GC analysis is 

also integral to the response and separation as different molecules will interact in 

varying ways with the immobilised surfaces. In this work, a polymer column was used 

in order to separate molecules predominately by their boiling point (and to a small 

degree their relative polarity as it did not always follow that the lowest boiling 

components eluted first). 

 

There are a number of different detectors which have been developed and tailored to 

the needs of analytical chemists, however in this work, a flame ionisation detector (FID) 

was used. The eluent from the column is mixed with hydrogen and air, and ignited 

using a small heat source. The organic compounds from the separation stage are then 

burnt in the flame, producing ions and electrons which can conduct electricity through 

the flame. A large electrical potential is applied at the burner tip, and a collector 

electrode is located above the flame. The current resulting from the pyrolysis of the 

organic compounds is measured and gives an output which is translated into the trace 

recorded on the user interface.  FIDs are favourable for this work as they are flexible 

and have a number of advantages such as being suitable for most organic 

components, are highly sensitive, have a large response range and are not intrinsically 

noisy. They are also mass sensitive rather than concentration sensitive which allows for 

slight fluctuations in the flow to not affect the response output. 
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2.2 Characterisation of Physical Properties of the Catalysts 

 

2.2.1 Powder X-ray Diffraction 

 

Powder X-ray diffraction (PXRD) was used in the structure synthesis section of this work 

as the main technique for the analysis of phase purity of the aluminophosphate 

frameworks. Each aluminophosphate structure has a characteristic diffraction pattern 

with peaks appearing in the same order and position between each sample, therefore 

making an initial indication of the phase and phase purity of a sample easily 

identifiable. Further analysis of the sample was carried out by using Rietvelt refinement 

using the CellRef programme.
3

 This allows the lattice expansion and shift of the 

diffraction peaks to be analysed relative to the ideal structure, listed in the Atlas Of 

Zeolite Framework Types.
4,5

 

 

The pattern generated from PXRD analysis is a result of the interaction between 

incident X-rays with the atoms in the crystal structure, which are diffracted and 

detected by the instrument. Constructive interference of the monochromatic X-rays 

(generated by a cathode ray tube and then filtered to produce suitable radiation) are 

diffracted by the atoms in the crystalline sample. In order for the X-rays to produce a 

characteristic diffraction pattern, interaction of the incident rays with the sample must 

satisfy Bragg’s law. 

 

Bragg’s law relates the wavelength of incident beam to the diffraction angle and the 

lattice spacing (d-spacing) in a crystalline sample. The diffracted X-rays are detected, 

processed and recorded as “counts”. The sample is swept through all possible 

diffraction directions by scanning a range of 2θ angles. For observation of diffraction 

patterns the incident rays must be in phase so that the extra distance travelled by all 

the waves are equal to nλ integers thus each wave will produce constructive 

interference and will result in a peak in a diffraction pattern. 
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Figure 2.2: Derivation of the Bragg equation using the extra distance X-rays travel to 

atomic points deeper in the crystal structure (eg: point C) while still forming 

constructive interference. Note that the deep blue triangle has been expanded for 

clarity of distances and angles. 

 

Using the figure above for an ideal crystal structure, for constructive interference each 

wave of radiation must reach the detector in phase and therefore be in phase at point 

C. Therefore AB + BC is the extra distance travelled by the second wave and this must 

equal nλ. The following equations describe how this relationship (Bragg’s law) is 

applied to the crystal structure. 

 

nλ = AB + BC 

since AB = BC then: 

nλ = 2AB 

 from the deep blue triangle, it can be seen that: sin θ = AB/d 

therefore: nλ = 2d sin θ 

 

The peaks observed in the powder pattern can be indexed to produce Miller indices 

using the 2θ values and also to give relative d-spacing between the planes. Miller 

indices are a notation system in crystallography to describe the directions and planes 
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in crystal lattices. The positions of the Miller indices are unique to a particular 

structure. The d-spacing expresses the relative distance between atomic planes in the 

crystalline material. Note that, the PXRD patterns can also measure the crystallinity of a 

microporous material where the higher, sharper and more defined peaks in the pattern 

are a result of greater crystallinity.  

 

In this work, the main structure under study is the AFI (AlPO-5) structure and the initial 

PXRD patterns are used to determine that the dense impurity phase (typically tridymite) 

is not present alongside the desired porous structure. Further, significant amounts of 

amorphous material can also be detected in the PXRD technique as there is no defined 

pattern produced; rather broad background doming of the detected X-rays is seen. In 

the hierarchical investigation in Chapter 6 of this work, PXRD is also used in order to 

detect the secondary mesoporosity of the framework. The unit cell and lattice 

parameters of mesoporous sections are much larger and since the 2θ values are 

inversely proportional to the d-spacings, the peaks are often observed at low degrees 

and can thus be more difficult to identify the specific features.  
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2.2.2 Brunauer Emmett Teller (BET) Surface Area Techniques 

 

Adsorption is the physical or chemical interaction of molecules or ions onto a surface 

of a different phase. The amount of adsorbed molecules measured on a substance is 

directly related to the material’s surface area. The large surface area and inter-

connecting porous networks inside zeotype materials is key to the physical properties 

exhibited in these systems and understanding changes in these can help to describe 

and characterise the single site heterogeneous nature of these materials as catalysts. 

 

The adsorption of inert gaseous molecules on a surface can be modelled through 

Langmuir or BET (Brunauer-Emmett-Teller)
6

 isotherms; the basic schematic model of 

these is shown in the figure below. 

 

Figure 2.3: Langmuir (Left) and BET (Brunauer-Emmett-Teller; Right) models of gaseous 

molecules absorbed at the surface of a material. 

 

The fractional coverage of a surface, denoted Ɵ, is a ratio of the number of adsorption 

sites which are occupied by the reactants and the total number of adsorption sites 

available. 

 

Fractional 

Coverage,  

Ɵ 

= 

Number of occupied adsorption sites 

Total number of adsorption sites 

 

In his early work, Langmuir described a model for an adsorption isotherm based on the 

fraction coverage using a number of critical assumptions: 
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1)  The surface coverage is that of a monolayer 

2)  The surface is uniform and all the adsorption sites are equivalent 

3)  The adsorption of a molecule onto the surface is independent of the other 

adsorbed molecules and is not affected by any positive or negative interactions. 

These assumptions can be expressed in the form of the following equation derivation. 

 

If the fractional number of sites occupied = θ 

then the number of vacant sites = (1-θ) 

The rate of adsorption = k
1

P(1- θ) 

while the rate of desorption = k
2

θ 

At equilibrium, the rate of adsorption = rate of desorption so: k
1

P(1- θ) = k
2

θ 

The two rate constants for the equilibrium state can be expressed as k
1

/k
2

=K 

then: KP - KP θ = θ 

or 

KP = (1+KP) θ 

This rearranges to give: 

Θ = 

KP 

(1+KP) 

 

(Where θ = fraction of occupied sites, K = equilibrium constant and P = pressure) 

 

In many examples however, molecules will absorb onto surfaces in multilayers rather 

than the monolayer described in the Langmuir derivation above. The theory for 

adsorption proposed by Brunauer-Emmett-Teller
6

 (BET) takes this into account and is 

developed from the assumptions that (near) infinite layers of gas molecules can be 

physisorbed onto the surface with no interactions between layers (Right-hand 

schematic in Figure 2.3). This model is a more accurate description of the interaction 

of molecules with a surface and allows the BET theory to be applied for multiple layers 

of gas adsorptions rather than a single layer in the Langmuir technique. The derivation 

for BET isotherm is also considerably more complex than the Langmuir model but can 

be explained in terms of calculating the sum of substituting each equilibrium equation 

of adsorbing/desorbing gas molecules for each layer into the equilibrium term of the 

neighbouring layer. This cumulative approach leads towards the sum of an infinite 

geometric progression (of layers of molecules) since at the saturation pressure of the 
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gas, the number of adsorbate layers on the surface is infinite. Evaluation of the 

expression and rearrangement gives the following expression:  

x 
= 

1 
+ 

x(c-1) 

v(1-x) VmC VmC 

Where x = P/Po, v = volume of gas at standard temperature and pressure, Vm = 

monolayer volume and c = KPo.  

 

The difference in the isotherms generated by these two models of expressing the 

interaction of molecules at the surface of a material are profoundly different, as shown 

in the figure below. 

 

Figure 2.4: Comparison of the shapes of isotherms produced for the evaluation of 

interaction between N
2

 molecules and the surface of solid using the Langmuir model 

(blue trace) and the BET model (red trace). 
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2.2.3 Isotherm Characteristics 

 

The type of BET isotherm which is generated from the analysis of the volume of gas 

and partial pressure absorbed can be indicative of the type of material and pore 

present. The schematics below show the five classes of isotherm described in the 

literature.
7

 

 

Figure 2.5: The five main types of isotherm as described by Brunauer.
8

 

 

The characteristics of the isotherm produced from the BET experiment can indicate the 

type of material under study. The adsorption of gases onto (and into) the surfaces of 

porous materials gives rise the type IV and type V isotherms, whereas surfaces tend to 

show characteristics from the first three in the figure above. The differences are owed 
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to the internal surfaces of the pores, where there is a finite width inside the pores with 

which the gas molecules can interact and adsorb. The type IV and type V isotherms 

have similar characteristics as the type II isotherm, except that at increasing pressures, 

the isotherm reaches a saturation maxima and plateaus at P/Po = 1. 

 

Associated with the type IV and type V isotherms in porous media are also the 

presence of the hysteresis loop, where the amount adsorbed at a given relative 

pressure (P/Po) on the desorption branch is greater than that of the adsorption branch. 

 

Figure 2.6: Example of a hysteresis loop produced when the nitrogen isotherm of a 

porous material is analyses  

The shape of the isotherm is explained by the capillary condensation which occurs 

inside the pores of aluminophosphate material. Capillary condensation is expressed by 

the IUPAC gold book as when “multilayer adsorption from a vapour proceeds to the 

point at which pore spaces are filled with liquid separated from the gas phase by 

menisci.”
9

 The vapour condensation occurs below the saturation vapour pressure (P
sat

) 

of the pure liquid, which is attributed to the increase in van der Waals’ interactions 

between the vapour and the confined space inside the walls of the capillary (or pore). 

The resulting meniscus forms an interface between the liquid and the gas molecules 

which allows the equilibrium to occur below the saturation vapour pressure.
10

 

 

Looking at the difference in the isotherms produced for the aluminophoshate samples, 

especially those where the additional mesopores were designed by the addition of 

surfactant molecules during the preparation, allowed the extent of porosity to be 

compared between standard microporous and hierarchical (micro and mesoporous) 

samples to be achieved. The isotherm values were also used in order to assess 

information about the size of the additional mesopores, as discussed in the next 

section. 

http://goldbook.iupac.org/M04050.html
http://en.wikipedia.org/wiki/Vapor-liquid_equilibrium
http://en.wikipedia.org/wiki/Saturation_vapor_pressure


Rebecca Leithall  Chapter 2 

 62  

2.2.4 Barret-Joyner-Halenda (BJH) pore distribution 

 

In 1951, Elliot Barret, Leslie Joyner and Paul Halenda developed a method in order to 

calculate the pore size distribution in mesoporous solids
11

 using the data obtained 

from the isotherms (as discussed above). This method developed from ideas proposed 

years previously in the paper on the BET methods and from the ideas of other leading 

scientists such as Wheeler and Shull. The method looks at the differential of the 

volume of adsorption as a function of the differential over a range of pore sizes. The 

equation can be simplified to give the following expression: 

 

y-axis values = 

d(volume of gas absorbed) 

d(diameter of the pores) 

 

In this work, an appropriate method was programmed into the BET apparatus in order 

to estimate the pore size distribution in the hierarchically porous samples developed in 

Chapter 6 of this work. This calculated value is then plotted against the pore diameter 

values which are programmed into the instrument to give a smooth and continuous 

curve describing the pore distribution. The resulting BJH pore size distribution gives a 

plot similar to that shown in the figure below. 

 

Figure 2.7: Hypothetical example of the BJH pore size distribution as calculated from 

the adsorption isotherm using the methods developed by Barret, Joyner and Halenda. 

 

It is important to note that while this method can cope with the presence of more than 

one range of pore sizes, the analysis is relatively limited to the pores produced in 

meso- and macroporous samples and is not suitable for the analysis of micropores. 

Therefore in this work, the technique was only applied to samples were the pores were 

likely to be over ~8 Å. 
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2.2.5 Scanning Electron Microscopy (SEM)  

 

Scanning electron microscopy (SEM) allows the sample to be imaged in order to draw 

conclusions about the characteristics such as the particle size, morphology and surface 

topography. These aspects of the sample can be very important in relating the surface 

properties to the spectroscopy samples and thus also the catalyst behaviour.  

 

 

Figure 2.8: Schematic representation of a scanning electron microscope (SEM)  

 

SEM involves the use of a high energy electron beam (1 keV – 30 keV) interacting with 

the surface of the sample to produce a detectable signal. The high energy electrons of 

the instrument beam collide with electrons on the surface of the material causing them 

to be ejected from the electron shell. The negatively charged emitted electrons are 

attracted towards the positively charged detector. This is repeated across the surface 

of the sample in a raster scan, producing a high resolution map of the material. The 
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type of detectable radiation in this technique is called secondary electrons (as they are 

produced as a result of inelastic interactions with the electron beam) and it the most 

commonly used imaging type. This is owed to the relatively small sampling volume of 

the secondary electrons which allows good spatial resolution of the features of the 

surface of the material. Other types of detectable radiation which can be generated by 

the interaction of the electron beam with the sample include backscattered electrons 

and Auger electrons. These are generated from different processes which occur at 

deeper depths from the sample surface.
10

  

 

Figure 2.9: Representation of the interaction volume and the regions from which the 

different kinds of emissions (secondary electrons, backscattered electrons and X-rays) 

can be detected. 

 

Energy dispersive X-ray spectroscopy (EDX) was carried out alongside SEM to provide 

an analysis of the elemental composition at the surface of the sample from the back 

scattered electrons. The incident beam ejects a core electron from the elements of the 

material and a higher energy electron falls in energy to fill the electron ‘hole’ that is 

produced. On quenching the excited state through electron relaxation, energy is 

released in the form of X-rays, which are measured in terms of number and energy 

(wavelength). The energy of the radiation emitted is characteristic of the difference in 

energy between the two shells and therefore finite for the atomic structure of each 

particular element. The technique is surface sensitive so only measures the top 1 to 10 

nm of the material. Bulk elemental analysis was carried out using ICP (discussed in 

section 2.2.7 below) and allowing the composition of the bulk and the surface to be 

compared. 
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2.2.6 Transmission Electron Microscopy (TEM) 

 

Much like the SEM imaging technique discussed above, TEM was also used in this work 

to study the appearance of the catalyst samples. While SEM is predominantly used in 

order to study the surface features of the sample, TEM can be used to probe further 

layers of the sample by focussing the image at different depths. 

 

Transmission electron microscopy was developed in 1931 by Max Knoll and Ernst 

Ruska.
12

 The transmission electron microscope (TEM) operates on the same basic 

principles as the light microscope but uses electrons instead of light. The 

magnification which can be achieved from a light microscope is limited by the 

wavelength of light and therefore the use of electrons in the place of light means that 

(by applying the de Broglie relation) TEM’s can image and resolve near-atomic scales. 

 

A source of electrons is generated by passing a high voltage (in the region of 1 - 30 

keV) through a tungsten filament at the top of the microscope, emitting the electrons 

used for imaging. The electrons travel through a vacuum in the column of the 

microscope, which is focussed using electromagnetic lenses to produce a very thin 

beam. The electron beam travels through the specimen in the chamber.  

 

Figure 2.10: Schematic of a Transmission Electron Microscope (TEM). 

 

Depending on the density of the sample, some electrons are scattered and disappear 

from the beam, while those transmitted (unscattered) are detected at the bottom of the 

microscope by a fluorescent screen, which gives rise to a "shadow image" or “negative” 
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of the specimen with the lighter areas of the image representing the places where a 

greater number of electrons were able to pass through the sample and the darker 

areas corresponding to the dense areas of the object. The image can be studied 

directly by the operator on the fluorescent screen or recorded by sophisticated 

photographic software for further comparison and analysis. It is of great importance in 

the imaging of a sample using a TEM that the specimen is sufficiently thin in order to 

allow a certain number of electrons to pass through the sample to be detected. 
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2.2.7 Inductively-Coupled Plasma Resonance Spectroscopy (ICP) 

 

Bulk elemental analysis was carried out on the catalyst samples in order to determine 

how much metal (either weight % or mole %) was present in the sample. This 

information allows the turnover number (substrate converted to product per active site) 

and thus turnover frequency to be calculated. This quantity (discussed in Chapter 1) 

allows meaningful comparisons of catalysts to be made even if the metal loading 

differs between samples. Further to the TON and TOF, elemental analysis is also 

routinely carried out on the liquid reaction mixture in order to detect leaching of 

metals from the catalyst sample during the course of the reaction. This is also a crucial 

aspect of the work as it ensures that the catalytic turnover of the sample is due to the 

single-site heterogeneous catalyst and not due to a solvated homogenous metal 

centre. 

 

The method of choice for these calculations was a bulk (and destructive technique), 

inductively coupled plasma (ICP) resonance. This technique is carried out via the 

digestion of the sample in concentrated acids such as HCl/HNO
3

. The sample is 

injected into a plasma of argon, which is produced by a flow of gas in a high energy 

field causing ionisation and intense heating. Upon entering the plasma the atoms in 

the sample dissociate and undergo excitation and ionisation transitions.  Analogous to 

many spectroscopy techniques, these excitation and ionisation transitions can be 

detected and produce characteristic spectral lines for each element.  
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Figure 2.11: Schematic diagram of the method used in order to identity metals in an 

inductively coupled plasma resonance spectrometer.
13

 

 

In optical emission spectrometry (OES), the intensity of the light emitted at specific 

wavelengths is measured and related to the concentrations of the elements of interest 

in order to determine the quantitative value.  Note that other alternative detection and 

quantification methods of the elemental composition include atomic absorption 

spectrometry (AAS) and atomic fluorescence spectrometry (AFS) which involve 

measuring the amount of light absorbed by elements or the fluorescence produced by 

excited elemental decay. 
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2.3 Elucidating the Nature of the Catalyst Active Sites 

 

By combining a number of spectroscopic techniques the coordination geometry, 

oxidation state and nearest neighbours of the metal centres in the catalyst could be 

mapped and then linked to both the structural characteristics (deduced using the 

techniques discussed above) and the catalytic properties of the sample. The key 

spectroscopy techniques used are discussed in context of their specific use in the 

sections below. 

 

2.3.1 Diffuse-Reflectance Ultra-Violet/Visible Spectroscopy (DR-UV/Vis) 

 

Diffuse-reflectance ultra-violet spectroscopy was used in order to probe the oxidation 

state, geometry and ligand coordination around the transition metal centres in the 

aluminophosphate catalysts. Using UV/Visible spectroscopy, changes in the metal 

centre can be readily detected by the changes in the characteristics of the spectral 

traces, such as the position and intensity of the peaks, or in the addition of new peaks 

and shoulders in maxima already present.  

 

In a case where there are no pendant ligands around the metal centre all the energies 

of the five d-orbitals are degenerate. However, when ligands coordinate to the metal 

centre the distribution of electron density is perturbed and strict degeneracy is no 

longer observed. The nature of the interaction between the metal centre and the ligand 

(and thus also the relative energies of the d-orbitals) depends on the type, number and 

geometric arrangement of the ligands.
14

 The loss of the degeneracy in the d-orbitals is 

referred to as the crystal field splitting and the magnitude of the splitting depends on 

many factors including the size and charge of the metal ion and ligands interacting. 

Therefore some of the transitions observed in this technique arise from the 

redistribution of the electrons in the partially filled, non-degenerate d-orbitals. The 

transitions of electrons between the d-orbitals are referred to as metal-metal or d-d 

transitions. The energy differences - the excitation energy between occupied and 

unoccupied orbitals - depends upon the geometry and spin state (high or low) of the 

metal centre. The splitting in the tetrahedral and octahedral coordination geometry is 

represented in the figure below.
15
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Figure 2.12: Energy level diagrams for tetrahedral and octahedral giving rise to d-d- 

transitions. 

 

In order for the UV transitions to occur, the following selection rules must be obeyed 

by the electrons, noting that the intensity of the absorbance band is dependent on how 

many of these rules are conserved: 

  

1) Transitions involve a change in quantum number l  (where l =0 is an s-orbital, l 

=2 a p-orbital, l =3 a d-orbital etc) of ±1. This means that formally, d-d 

transitions are forbidden. The rule can be broken by the additional mixing and 

contribution of the ligand orbitals.  

 

2)  Transitions are allowed if spin state is conserved (either spin up or spin down).  

 

3)  The Laporte selection rule is based on the symmetry of the complex. This rule 

forbids transitions between energy levels with the same symmetry with respect 

to the centre of inversion. Therefore transitions must be between a gerade 

orbital and an ungerade orbital.  

 

Electronic transitions can also occur between the metal and the coordinated ligands. 

These absorptions arise from either ligand-to-metal charge transfers (LMCT) or the 

reverse, metal-to-ligand charge transfer (MLCT; if the ligand possesses low lying empty 

orbitals). These transitions are analogous to the oxidation and reduction of the metal 

centre and often cause intense colours in the complex. Note that this more intense 

process can mask the d-d transitions. The figure below shows a representation of the 

interaction between the frontier metal orbitals and the ligand orbitals, highlighting the 

transitions between the mixed orbitals which are possible in LMCT.  
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Figure 2.13: Schematic of the molecular orbital diagram showing the transitions in 

ligand to metal charge transfer. 

 

Unlike liquid or solution UV/Visible spectroscopy, solid state analysis requires greater 

analysis than the simple linear relationship suggested by Beer and Lambert (see 

below). 

A = εcl 

 

Where:   A is the absorbance,  

c is the concentration,  

l is the path length of the sample cell  

ε is the extinction coefficient of the sample being studied. 

 

A theory for diffuse reflectance of scattering solid surfaces was proposed by Paul 

Kubelka and Franz Munk in 1931,
16

 which related the concentration of a sample to the 

measured reflected scattered light. The figure below shows how a rough particulate 

surface can scattered the incident light. 
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Figure 2.14: Schematic representation of diffuse reflectance at the surface of a solid, 

highlighting the difference between mirror reflectance (specular) and diffuse 

reflectance. 

 

The formula derived by Kubelka and Munk can be simplified to the following equation, 

which is used in order to convert the detected light in the UV/Visible experiment into a 

meaningful spectrum.
17

 

f(R) = 

(1-R
2

) 

= 

k 

2R s 

Where:  R = absolute reflectance of the layer 

k = molar absorption coefficient 

s = scattering coefficient 

 

The DR UV/Visible technique was used in this work in order to deduce information 

about the local coordination geometry and oxidation state of the active metal centres 

in the aluminophosphate (AlPO) structure. The samples were subjected to oxidising 

and reducing atmospheres as well as being dosed with probe molecules in order to 

detect the differences in the coordination and oxidation environments of the transition 

metals. Detailed structural information coupled with this spectroscopic information 

allowed structure-property correlations to be established for the AlPO materials. 

Correlating the information obtained in the DR UV/Visible experiments with other 

techniques discussed below also enabled theories to be validated regarding the 

rationale in the catalytic trends and the transition metal coordination in the active 

centres. 
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2.3.2 X-ray Absorption Spectroscopy (XAS) 

 

XAS (X-ray absorption spectroscopy) encompasses both EXAFS (Extended X-ray 

absorption fine structure) and XANES (X-ray absorption near edge structure). The 

different regions of an XAS spectrum are shown in the figure below. The XANES (and 

pre-edge) part of the spectrum allows information about the geometry and 

coordination to be deduced, while the EXAFS region can be used to gain further insight 

into the nearest neighbours and structural characteristics of the sample.
14,18-21

  

 

Figure 2.15: Representation of the type of spectrum produced in the XAS technique, 

highlighting the two different regions of the spectrum. 

 

The XAS technique is specific to each element, which allows fingerprint information to 

be obtained for each element in the sample individually. However, it is important to 

note that this is a bulk technique and so the spectra produced are an average of all of 

the elemental environments in the sample, meaning that if there is more than one type 

of coordination geometry for example, it can be difficult to separate the contribution 

from each metal centre. 
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Upon interaction with the sample, the incoming X-rays excite an electron in the core of 

the element which in turn produces a core hole. The higher valance electrons can fall 

into the core hole, producing a photoelectron. The photoelectrons leaving the 

absorbing atom have a specific energy which is characteristic of the element. The 

ejected photoelectron can interact with the nearest neighbours of the atoms bound to 

the parent atom, which produces either constructive or destructive interference, which 

is detected in the oscillatory nature of the spectral trace produced using this 

technique. The analysis of XANES and EXAFS data is far from trivial and requires the 

application of models and specially developed software in order to interpret the 

spectral patterns. However, complex coordination and nearest neighbour information 

can be obtained from this technique and used to verify predicted models for structure. 

 

The XAS data can be tuned for the element under study using a crystalline 

monochromator (of the incoming X-ray beam from the synchrotron) to a range of core 

electrons. The class of the edge is attributed to the core electron which is excited by 

the X-ray beam and corresponds to the principle quantum number.  

 

In this work, the pre-edge and XANES regions were used in combination with DR 

UV/Vis to confirm and further probe the nature of the coordination geometry around 

the metal centres in the AlPO structures. Of particular interest was the titanium pre-

edge XANES regions, which can be used to infer the difference between tetrahedral and 

octahedral coordination. The analysis in this work was limited to comparison with 

model compounds of known structure, due to the difficulty of working with titanium 

(and vanadium) metals in very low concentration (relative to the bulk sample).   
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2.3.3 Electron Paramagnetic Resonance Spectroscopy (EPR) 

 

Electron paramagnetic resonance (EPR) spectroscopy is a powerful technique for 

studying the characteristics of metals with unpaired (singlet) electrons in a sample. The 

distribution of the unpaired electrons can be mapped and thus deduce information 

about the delocalisation of electrons in the surrounding environment. There are two 

fundamental values which are obtained from EPR – the g value and the A value – both 

of which are unique to the sample under study.  

 

The g value relies on the property of an electron that it can adopt either the m
s

 = +1/2 

or -1/2 orientation along the direction of an applied magnetic field, B. The difference 

between the two spin state energies is given by: 

 

ΔE = gμBB 

 

Where, μ
B

 is the value of the Bohr magneton, B is the applied magnetic field and g is a 

characteristic constant of the metal under study. The g value of a free electron is 

defined as the “free spin” (g
e

 = 2.0023), therefore variation of this value demonstrates 

the change in the local environment of the bonded metal.
10

 In order for a resonance 

signal to occur, the frequency (ʋ) applied must satisfy the following expression: 

 

hʋ = gμBB 

 

The g value is then calculated by using the value of the frequency required in order to 

produce the resonance signal. Note that the value of g can be greater or less than the 

constant value for the free spin, quoted above. It is noteworthy, especially in EPR 

techniques applied to this work that a metal centre confined in a crystal lattice 

structure can posses different g values along different axis (often quoted as parallel 

and perpendicular values) which also reveals information about the symmetry in of the 

components bonded to the metal centre. (Note that a symmetrical octahedral complex 

has the same g value in all directions.) 

 

The second property of a metal in a complex or lattice structure is the A value, related 

to the hyperfine splitting of resonant peaks. If there are additional magnetic nuclei in 

the sample (those with a nonzero spin) the interaction with the unpaired electron with 

the nuclei will cause the resonant signal to split to give a more complicated ‘family’ of 

peaks. The extent of the splitting is therefore indicative of the amount of delocalisation 

of the electron away from the metal centre to which it was originally bonded. 



Rebecca Leithall  Chapter 2 

 76  

 

In this work, greater detail about the local environment and spin properties of the 

metal samples
22

 in vanadium and titanium substituted aluminophosphates were carried 

out using ESEEM (Electron Spin Echo Envelope Modulation) and HYSCORE (HYperfine 

Sub-level CORrElation) techniques. These experiments were carried out with the 

expertise of Dr Sara Maurelli and Dr Mario Chiesa at the University of Turin in Italy. 

 

ESEEM experiments use a pulsed signal with a varied time domain, τ, which allows 

interaction of the unpaired electron with different nuclei to be assessed, more akin to 

that of an NMR spectrum.  

 

The corresponding HYSCORE technique, uses the same principles as the ESEEM 

experiments but the interpretation of the resulting spectra is seemingly simplified by 

‘transferring’ the direction of the pulse. As in an ESEEM experiment, the peaks 

observed can be regarded as similar to an NMR spectrum of nuclei that are coupled to 

the electron.  HYSCORE extends the ESEEM spectrum into a second dimension, giving a 

2D electron map with four quadrants. Peaks appearing in the upper right and lower left 

quadrants typically arise from nuclei in which the hyperfine coupling is less than the 

Larmor frequency or appearing at the Larmor frequency, separated by the hyperfine 

coupling.  Peaks from nuclei in which the hyperfine interaction is greater than the 

Larmor frequency appear in the upper left and lower right quadrants.
23,24
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2.3.4 Cyclic Voltammetry (CV) 

 

Cyclic voltammetry was used in this work in order to look at the differences in the 

oxidation and reduction peak positions and intensities when a voltage was applied to 

an aluminophosphate sample (AlPO) sweeping across a potential window range. CV is 

often used in materials research to study the electrochemical properties of the sample 

(such as its oxidation and reduction properties as well as more specific properties such 

as the capacitance). There are only a handful of examples in the literature where this 

technique is used to study analogous properties of aluminophosphates. Of particular 

interest in these studies was looking at the differences between the monometallic and 

bimetallic AlPO samples, to qualitatively show how the addition of the second metal 

into the framework of the AlPO affects the position of the oxidation and reduction 

peaks. Further to this, the technique was also applied to different loadings of transition 

metals into the sample in order to look at how the nature of the monometallic metal 

differed. 

 

The techniques used in this work were developed by the group of J. Owen
25

 and were 

also applied in the work carried out by Dr A. J. Paterson in his thesis,
26

 which focussed 

predominantly on the cobalt and manganese redox peaks in aluminophosphates. The 

CV was carried out relative to lithium metal. The instrument set-up in order to carry 

out this experiment is shown in the figure below. 

 

 

Figure 2.16: Set-up of the air-tight Swagelok cell used in order to produce cyclic 

voltammograms on transition metal substituted aluminophosphates 

 

The swept voltage across a defined potential window, gives a varying current flux 

which is relatively specific for each aluminophosphate sample. The following figure 

shows a qualitative diagram of the peak shape and height which also could allow 

further quantitative evaluation to be carried out. These assessments would give values 
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for the redox couple (for example in the Co(II)/Co(III) couple or analogous vanadium 

couples) using the positions of the oxidation and reduction peaks and the relative 

number of redox active sites, given by the height of the observed peak. Note that the 

sweep rate in each of the experiments was maintained as this variable will alter the 

results of the CV produced. 

 

Figure 2.17: Schematic of the CV trace produced, highlighting the oxidation and 

reduction peaks and the relative value for the redox couple.  
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2.3.5 Fourier Transform Infrared Spectroscopy (FT-IR) 

 

Fourier transform infrared spectroscopy (FT-IR) was used in this work in combination 

with dosing with probe molecules – carbon monoxide and the oxidant used in the 

catalysis reactions, acetyl peroxy borate (APB). In these studies, the changes in the 

undosed sample and interactions with the molecules were assessed by looking at the 

regions at which the unbound probe molecule features occur. By comparison with 

known interactions and between those of the various monometallic and bimetallic 

substituted aluminophosphate molecular sieves, information about the nature, 

bonding and redox properties of the transition metal centre could be deduced.  

 

The FT-IR techniques relies on the interaction between molecules and infrared radiation 

(1 – 1000 μm), which in turn excites the vibrational and rotational atom oscillations of 

the sample under study. For an observable IR transition, the bond requires a dipole to 

be present around which the species can oscillate. Vibrational motion can occur in a 

number of ways; symmetrical stretching, asymmetrical stretching, scissoring, rocking, 

wagging and twisting.  The functional groups (in this work, focussing on the dosed 

probe molecules) and symmetry of a sample can be deduced through observed bands 

at characteristic energies in the IR spectrum. The bands for functional groups are at 

specific frequencies because the energy of the vibrational transition is related to the 

strength of the bond between atoms; dependent on the distribution of electron density 

in a molecule, the elements of the bond in question and the number of bonds between 

the atoms.  

 

Carbon monoxide (CO) was used in this work as a probe molecule due to its 

characteristic bonding properties with transition metals. CO is a π-acceptor ligand in 

organometallic chemistry and typically interacts with the metal centre via its low-lying 

LUMO which is more closely associated with the carbon atom (as the more 

electronegative oxygen atom interacts more closely with the bonding electrons). The 

bond between the carbon and the oxygen is weakened by the π interaction with the d-

electrons on a transition metal and therefore alter the position of the CO stretching in 

an IR spectrum.  
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Figure 2.18: σ-donor, π-acceptor bonding between a transition metal and a carbon 

monoxide molecule.
15

 

 

 

Also crucial in the studies carried out in this work, it is important to recognise that 

only transition metal centres capable of undergoing redox exchange of electrons will 

interact with the LUMO on the carbon monoxide probe molecule. Therefore important 

information can be translated into speculating which of the transition metals are also 

likely to undergo redox transitions when present in the catalysis reaction. The shape 

and relative height of the observed peaks also serve as an important qualitative 

indication of the extent of the redox ability of the transition metal centre. 
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Appendix Information: 

Background studies with outlining the type of Parr reactor used in these studies, blank 

and background reactions, qualitative comparison of catalyst acidity, by-product 

analysis and carbon mass balance can be found in the appendix of this thesis. 
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Chapter 3 

Ammoximation of Cyclohexanone 

 

In 2009, Paterson
33

 reported a series of bimetallic and bifunctional AlPO-5 catalysts 

with tetrahedrally coordinated, framework substituted Co
III

 or Mn
III

 ions with 

simultaneous substitution of Ti
IV

 ions, synthesised and characterised for use in the 

ammoximation of cyclohexanone. These AlPO’s have been shown to have a high 

degree of phase-purity, and characterisation by techniques such as DR UV/Visible has 

allowed the nature of the active site to be probed. It has been shown that Co
III

Ti
IV

AlPO-5 

and Mn
III

Ti
IV

AlPO-5 are particularly active in effecting the ammoximation of 

cyclohexanone to its corresponding oxime with a greater efficiency than their 

monometallic analogues, suggesting a synergistic influence from the presence of the 

second metal in the framework.  

 

 

Scheme 3.1: Ammoximation of cyclohexanone to its' oxime 

The discussions in this chapter aim to develop a deeper understanding of the 

processes occurring in the catalytic ammoximation reaction using (specifically) 

CoTiAlPO-5, including postulating how the mechanism of reaction proceeds. 

Comparing catalytic with non-catalytic results and examples of other ammoximation 

systems in the literature, mechanistic and structural synergy of the CoTiAlPO-5 catalyst 

are discussed. 
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3.1 Introduction –  

An Overview of Current Ammoximation Strategies 

 

3.1.1 Industrial Significance 

 

Polyamides – more commonly known as “nylons” – are one of the first examples of a 

malleable engineering plastic and still represent one of the biggest and most important 

class of polymer materials. Early patents and development of nylons date to the 1930’s 

in the DuPont laboratories. Since these discoveries, a number of improvements have 

been made to the synthesis of the final product but also to the steps proceeding 

polymerisation in order to synthesise the discrete monomer units. The name and more 

importantly, the properties of the final product are derived from the nature of the 

monomer unit (or units) used in order to build the polymer.
1-3

 In this work, discussions 

will focus on the 6-carbon polymer chain in the nylon family, and more specifically 

nylon-6, polymerised from the monomer unit ε-caprolactam. 

 

Cyclohexanone oxime is an important intermediate in the industrial production of 

nylon-6. Nylon-6 is a versatile and potentially recyclable plastic which has many useful 

commercial applications, including textiles, floorings, engineering and films (for use in 

food packaging for example).
4

 

 

Scheme 3.2: Cyclohexanone oxime is a key intermediate in the production of nylon-6. 

Recycling of the Nylon-6 can be achieved by reversing the ring opening polymerisation. 

The application of nylon-6 over its related polymer, nylon 6-6, is preferred from an 

environmental view-point, due to the greater ease of switching between the cyclic 

monomer (ε-caprolactam) and the linear polymer.  

 

Scheme 3.3: Ring opening of ε-caprolactam yields the polymerisation product, nylon-6. 
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Nylon 6-6 however is made by the addition of adipic acid and hexane-1,6-diamine, thus 

the reversal of the polymerisation process is much more complicated and less 

industrially favourable. 

 

Scheme  3.4: Nylon-6,6 polymer is constructed from hexane-1,6-diamine and adipic 

acid polymerisation. 

 

With this consideration in mind, it is thus favourable to adapt and improve the 

methods by which the nylon-6 polymer is synthesised industrially. ε-Caprolactam (the 

nylon-6 monomer) is synthesised from cyclohexanone oxime by the acid-catalysed 

Beckmann rearrangement. 

 

3.1.2 Raschig Process 

 

Freidrich Raschig was an important player in the industrial chemicals field in the late 

1800’s and early 1900’s and was instrumental in the development of many processes. 

Most significantly for this aspect of work, Raschig pioneered the hydroxylamine 

sulphate route to the production of cyclohexanone oxime, which is still used 

commercially today. Traditionally, the Raschig process is used to manufacture ε-

caprolactam, where hydroxylamine sulfate is used as the reagent to produce the 

intermediate oxime from cyclohexanone (Scheme 3.5). The subsequent formation of ε-

caprolactam is achieved by addition of oleum to catalyse the Beckmann rearrangement. 

This method is often considered unfavourable as it is has a low atom economy since it 

produces four times as much ammonium sulfate as ε-caprolactam – meaning that for 

every 1kg or oxime that is made, 4kgs of ammonium sulfate are produced. Some argue 

that with an oxime to ammonium sulfate ratio which is so heavily weighted in favour of 

the ammonium sulfate, that it is in fact the oxime that is the by-product of the 

reaction.  
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Scheme 3.5: Raschig process for the formation of ε-caprolactam 

 

The ammonium sulfate to oxime ratio can be reasoned by the usefulness of the 

fertiliser by-product. Logistics of exporting the ammonium sulfate from point of 

synthesis to place of use is a major consideration in building new ε-caprolactam plants. 

Further, nitrogen-containing analogues are preferentially used unless the soil is 

sulphur deficient.  

 

Additionally, there are also a number of other factors to consider in this process. The 

purification of oxime from the salt by-product can be challenging and such a high 

proportion of the product being ammonium sulfate, the purity of the oxime can be 

compromised. Secondly, the use of the strong mineral acids and hydroxylamine sulfate 

reagents make the process less than favourable in an age where environmental 

concerns and development of cleaner and more sustainable processes are a top 

priority. From an economical point of view, the high cost of the hydroxylamine 

sulphate reagent is also a serious consideration. These factors have therefore 

motivated researchers to develop creative solutions to improving the industrial 

synthesis of the cyclohexanone oxime precursor and ε-caprolactam monomer unit. 

 

3.1.3 Development of Catalyst Systems for the Ammoximation of Ketones 

 

The term “Ammoximation” was coined by the group working on the catalytic 

development of oximes from ketones at the “Allied Chemical Corporation” in New 

Jersey, USA. The process was likened to the well-established “ammoxidation” which 

refers to the complete oxyamination of propylene to acrylonitrile. In the case of 

ammoximation, the process describes the conversion of ketone to an oxime by 

treatment with ammonia and oxidant (eg: oxygen from air or a peroxide based 

alternative). 
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Work on improving the efficiency of the Raschig process was needed in order to reduce 

the number of steps and energy intensive requirements for the production of the 

amide nitrogen, derived from NH
2

OH (hydroxylamine). Steps in the production of 

hydroxylamine salts (which were then used in the direct oximation of the ketone) 

involve aerial oxidation of ammonia at temperatures in excess of 800 °C in order to 

produce N
2

O
3

. This intermediate is then converted to NH
4

NO
2

, followed by a reduction 

step (usually with SO
2

 or H
2

) to produce hydroxylamine disulfonate. The final step in 

the production of hydroxylamine sulfate is the hydrolysis step of the disulfonate 

group. In this multi-step process, two-thirds of the ammonia is converted to ammonia 

sulfate. Therefore, the development of a process where the oxidation of ammonia 

could be achieved in situ producing the reactive hydroxylamine intermediate was an 

attractive prospect. 

 

Armor et al 
5,6

 report the direct ammoximation of cyclohexanone using an amorphous, 

porous combination of silicas and aluminas at temperatures between 120 – 250 °C. 

Using this system, selectivity to the oxime product was achieved at around 68 %. It was 

also reported that by developing a dual-bed catalyst system, the exit stream from the 

ammoximation bed could be fed directly into a second catalyst bed which was active in 

the Beckmann rearrangement of oxime to ε-caprolactam.  

 

The interesting and possibly perplexing observation about the work by Armor and co-

workers
7

 is that the most effective catalysts studied were in fact not those traditionally 

active in oxidations, but instead those with a large degree of acidity. Modification of 

the silica/alumina systems with transition metal dopants and surface modification all 

rendered the catalyst less active. The silicas and silica-alumina catalysts with high 

surface areas and available surface hydroxyl species were the most active of all the 

catalysts screened.  

 

This work inspired many investigations into further optimisation and reaction 

mechanism studies in order to improve the process and gain further understanding 

about this intriguing reaction. Work by Fornasari, Trifiró and co-workers
8-10

 saw the 

development of variations of the catalyst system developed by Armor and many 

reports followed which presented in-depth spectroscopic characterisation of the active 

catalysts. Much debate surrounds the mechanism of ammoximation and will be 

discussed in further detail in later sections of this work in reference to elucidating 

information about our transition metal substituted aluminophosphate catalyst system.  
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While studying the gas phase ammoximation of cyclohexanone over various silicas, 

Fornasari, Trifiró and co-workers developed a system which incorporated titanium 

species in the silica matrix.
9,10

 Owing to its favourable interaction with oxygen and 

peroxy species, the oxophilic centre showed greater selectivity towards the desired 

oxime product. It was the observation that the most reactive silicas were those 

prepared to contain the most porosity that sparked the interest in developing a system 

which contained a regular architecture of pores. With this defined check list of 

desirable characteristics in mind, the use of titanium silicates, such as TS-1, in the 

ammoximation of cyclohexanone was born.
11

 

 

3.1.4 Titanium Silicates for the Ammoximation of Cyclohexanone 

 

Recently EniChem and Sumitomo have used TS-1 (and other related titanium 

substituted silicates) as an alternative approach for the production of ε-caprolactam
12,13

. 

TS-1 is a microporous silicate where some of the framework tetrahedral silicon sites 

have been isomorphously substituted with titanium (IV) species. Based on the MFI 

structure, TS-1 has porous channels which are of optimal size for accommodating the 

cyclohexanone moiety. As mentioned above, the titanium active centres are oxophilic 

and readily coordinate with oxygen based species. 

 

In the gas phase, it is believed that the reaction proceeds via cyclohexylimine which is 

then oxidised using hydrogen peroxide in the presence of ammonia. Although this 

process is favoured over the Raschig process, as it avoids the use of concentrated 

acids and the production of low value products, employing H
2

O
2 

as the oxidant poses 

another set of associated problems. These include the production and storage of the 

oxidant. Transportation and storage of hydrogen peroxide is dangerous due to the 

volatile and flammable nature of the strongly oxidising reagent. Chemical plants are 

developing strategies which will allow them to produce the oxidant at point of use to 

avoid the transportation of these potentially harmful reagents.  

 

Scheme 3.6: ε-caprolactam production using the titanium silicate-based TS-1catalyst in 

the gas phase.  
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Further to these points, recent studies show that the titanium silicate based catalysts 

are susceptible to metal leaching in the ammoximation reaction due to the presence of 

the ammonia and peroxides in the solution.
14

  Deactivation of the TS-1 catalyst under 

these conditions is believed to be affected in three ways;  

 

a) Dissolution of the silicon species from the framework into the basic ammonia 

solution is accompanied by migration of titanium species onto the outer surface 

of the catalyst.  

b) Titanium species at the outer edge of the crystallites are more likely to adopt a 

six-coordinate configuration from the four coordinate.  

c) Irreversible coordination of reaction by-products blocks the pores of the 

structure so that fresh substrate cannot gain access to the internal active centres.  

 

It has been discussed in a number of reports that the Ti-O-Si linkage is also susceptible 

to hydrolysis under prevailing reaction conditions,
15

 which further augments the 

concerns of titanium centres leaching into the reaction mixture. The figure below 

illustrates this point. 

 

Scheme 3.7: silicon-titanium bridges are believed to undergo hydrolysis under certain 

reaction conditions.
15

 

Leaching of the titanium metal presents a two-fold problem in that the purity of the 

final product is thus compromised (without employing rigorous post-synthesis 

purification procedures) and will eventually severely diminish the life-span of the 

catalyst. Both of these points bring further cost considerations and areas for 

improvement for these systems. 

 

Since the original reports outlining the efficacy of the TS-1 catalyst in the 

ammoximation of cyclohexanone, many attempts have been made in order to enhance 

its operating conditions. Optimising metal loading (number of silicon sites substituted 

by titanium ions – optimal ratio often quoted as 2 wt % titanium in the siliceous 

framework
16

), temperature, solvent system
17

, reagent ratios
18

 and time on stream have 

all been investigated and combining findings from various research groups have 

allowed mechanistic insights to be effectively pieced together. Further to these 
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examples, efforts have also been made in order to support TS-1 crystallites onto the 

surface of supports (such as bentonite clays
19

) in order to use the synergy of the 

support interactions to not only improve the overall activity of the catalyst, but also 

decrease the amount of the catalyst needed for the reaction and prevent the 

aggregation of particulates during reaction. One such example is from the work by 

Prasad et al,
20

 who used an alumina (Al
2

O
3

) support. In this example the acidity of the 

alumina support also facilitated the downstream Beckmann rearrangement of the 

cyclohexanone oxime product in order to form ε-caprolactam, analogous to the work 

carried out by Armor et al.
5

 

 

Further to the studies where the TS-1 catalyst system was examined for the optimal 

working conditions, other titanium-substituted silicon-based catalysts have also been 

tested. These include other variations of the MFI framework (Ti-Al/ZSM-5),
21

 titanium 

silicate-2 (MEL)
22

, Ti-MWW
23,24

, Ti-Mordenite
25

 and variations of the BEA structure type, 

such as Ti-Alβ
21

. Using structures with different pore apertures and varying degrees of 

hydrophilicity allows the reaction to be fine-tuned to an even more specific 

requirement. Introduction of aluminium into the titanium-silicate based systems allows 

both the acidity to be increased and the hydrophobicity of the silicate surface to be 

decreased.  
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Structure Representation 
Maximum pore 

diameter /Å 

MFI 

 

6.36 

MEL 

 

7.72 

MWW 

 

9.69 

MOR 

 

6.70 

BEA 

 

6.68 

Table 3.1: Summary of titanium substituted silicalite structures and their maximum 

pore diameters.
26

 

 

Work where the introduction of a secondary component into the titanium-silicate 

matrix
27

 was achieved opened a further avenue of scope for improvement and led 

research efforts into studying the analogous aluminophosphate family
28

 to be screened 

for their activity in this industrially demanding process. 
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3.1.5 Using CoTiAlPO-5 to Facilitate the Ammoximation of Cyclohexanone 

 

Aluminophosphate (AlPO) molecular sieves comprise of alternating tetrahedral AlO
4

 

and PO
4

 units, linked via bridging oxygen atoms. Substitution by transition-metal ions, 

of either the aluminium(III) or phosphorous(V) sites, in these microporous AlPOs can 

give significant catalytic functionality. Substitution of metals such as cobalt, 

manganese or vanadium facilitate redox catalytic processes while the incorporation of 

magnesium or titanium leads to the formation of a Brønsted acid site (these materials 

are discussed in greater detail in Chapter 1 and 4). 

 

Monometallic framework substituted AlPO’s, such as CoAlPO-36, in the presence of air 

and ammonia have shown efficiency at affecting the ammoximation of cyclohexanone 

to its corresponding oxime. The activation of molecular oxygen as the oxidant during 

catalysis is favoured over peroxide based catalysts as it is benign and readily available. 

Harnessing molecular oxygen from the air in the atmosphere is a very attractive and 

sustainable alternative but is often challenging and can require the use of an initiator. 

 

Following the success of the Co
II

Co
III

AlPO-36 system developed by Raja et al
28

 - which 

facilitated the conversion of cyclohexanone, via its oxime, to form ε-caprolactam in a 

one-step process- the concept of isomorphous substitution of aluminium sites in the 

framework was extended to incorporate different or more than one species of 

transition metal ion. Raja and Thomas
29

 also developed a number of other effective 

metal substituted aluminophosphate catalyst systems based on the AFI (AlPO-5) 

framework. Combinations of a redox metal (such as cobalt and manganese) were 

simultaneously substituted alongside a metal ion (such as zinc or magnesium) known 

to give rise to a Brønsted acid site. The catalyst systems were able to produce ε-

caprolactam with above 65% conversion and selectivity towards the final lactam 

product of up to 77%.
29,30

 

 

A new series of catalysts were described by Paterson in his recent PhD thesis
33

, which 

were believed to simultaneously substitute concurrently, a proportion of both the 

aluminium and phosphorus sites.
31

 The redox metal was maintained as the effective 

cobalt of manganese centre, but the identity of the second metal was chosen to be 

titanium (since this metal had shown such promising scope when it was used to 

replace silicon in the silicate-1
11

 series). 

 

Further, it was also decided that the catalyst should be tuned to lower its Brønsted 

acidity so that the catalyst system could be optimised to produce the greatest 
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conversion and selectivity for the first step in the production of ε-caprolactam focusing 

on the ammoximation of cyclohexanone to its oxime.  

 

Scheme 3.8: New catalysts are aimed to affect the ammoximation of cyclohexanone to 

its oxime – the highlighted part of the reaction scheme. 

 

The most industrially unfavourable step of the current process is the formation of the 

oxime as ammonium sulfate is produced as the major product, as discussed in earlier 

sections. The second (Beckmann rearrangement) step of the process is more easily 

achieved using acid catalysis with materials such as silicates and aluminas, whose 

acidity can be tuned to afford the highest yields for this process.  

 

The CoTiAlPO-5
32

 system was compared against a number of other combinations of 

metal substitutions including CoMnAlPO-5 and MnTiAlPO-5 (see Figure 3.1 below). 

Although all of these combinations of transition metal substitutions showed promising 

results, none were comparable to the cobalt and titanium combination. Not only did 

the CoTiAlPO-5 catalyst show greater conversion of cyclohexanone, but also gave the 

greatest selectivity towards oxime. The bimetallic substituted system was also 

compared to the monometallics (CoAlPO-5 and TiAlPO-5), and a physical mixture of the 

two monometallics.  
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Figure 3.1: Ammoximation results obtained using a range of AlPO-5 based catalysts.
31

 

Note that the oxidation state of the transition metal is not explicitly quoted in this work and in the following 

discussions as this information is still under study and will be proposed in proceeding conclusions. 

 

In both cases, it was evident that the combination of cobalt and titanium in the same 

framework gave superior catalytic results than either of the metals alone or as a 

physical mixture (ie: not chemically synthesised to be in the same framework).  

 

These intriguing results suggest that the two metals in the framework act in a 

cooperative manner and positively influence the role or function of the other. This 

interaction has been coined as another example of catalytic synergy. It is yet not fully 

understood if the genesis of the synergy arises from a favourable mechanistic pathway, 

or from an intrinsic structural property of the catalyst. These issues have begun to be 

addressed by EXAFS (and other characterisation methods such as DR UV/Vis and CV 

studies) which have yielded some interesting findings.  

 

The most profound of these findings include the observation that the nature of the 

titanium centre becomes more tetrahedral when it is present in the same framework as 

cobalt. This was seen in both the UV/Vis data and the EXAFS simulations.  

The UV/Vis spectra are shown in figure 3.2 below. Ti-MCM-41 – a tetrahedral reference 

sample – displays a maximum at 215 nm. By comparing TiAlPO-5 with CoTiAlPO-5, it is 

evident that the cobalt-containing catalyst has a more defined maxima occurring at 

230 nm, whereas the shouldering occurring in both monometallic TiAlPO-5 and 

MnTiAlPO-5 suggest a greater proportion of the Ti sites are present with a larger 

coordination number. Anatase, not shown on the spectra below, is a structure with 

purely octahedral titanium centres, and typically shows a maximum at 300 nm. Using 
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this as a reference it can be inferred that the monometallic titanium and MnTi 

combination show titanium in a more octahedral environment.
 

 

Figure 3.2: DR UV/Vis Data for a range of titanium-containing solids, showing the 

tetrahedral character of the Ti(IV) centres. 

 

Furthermore, UV/Vis suggests, as has been subsequently supported by recent EXAFS 

data
33

, that the redox cycle between Co
II

/Co
III

 favours the Co
III

 oxidation state when 

there is titanium present in the framework. This concept of the second metal in the 

aluminophosphate framework having a beneficial influence on the redox properties of 

the cobalt site is also alluded to in the work by Concepción and co-workers where the 

complementary metal is magnesium or vanadium.
34,35

  

 

The Co
III

 oxidation state (with no charge compensating proton) is predicted to be the 

preferential species for the conversion of cyclohexanone to oxime as it aids in the 

redox cycling of the catalytic process (mechanism discussed further below), and has 

less Brønsted acid character - which is believed to promote the formation of by-

products. 
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3.2 Understanding Ammoximation 

 

3.2.1 Mechanisms of Ammoximation 

 

The following plot shows the conversion (of cyclohexanone) and the selectivity (of the 

ammoximation reaction towards cyclohexanone oxime) over a period of five hours. It 

is evident that the catalytic process has reached the extent of reaction after just one 

hour and at this point, the product distribution also favours the oxime. The selectivity 

profile after one hour decreases slightly, suggesting the formation of other products. 

The following results and discussions aim to study this process and identify competing 

by-product formation. 

 

Figure 3.3: Kinetic profile of conversion (blue circles) and selectivity (red triangles) for 

the ammoximation of cyclohexanone to its’ oxime using air (30 bar) and ammonia 

(aqueous, in 2-fold molar excess) at 70 °C using CoTiAlPO-5 as the catalyst. 

 

There are two mechanisms which have been proposed for the catalytic formation of 

cyclohexanone oxime. These are summarised diagrammatically in the scheme below.  
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Scheme 3.9: Schematic of the two mechanisms of cyclohexanone oxime formation 

suggested in the literature. 

 

Route 1: 

Route 1 depicts the formation of cyclohexanone oxime via the formation of 

cyclohexylimine. This intermediate, although relatively unstable, is formed from the 

non-catalysed reaction between ammonia and cyclohexanone, especially in the 

presence of surface acidic sites.
5

 It was observed that in the presence of ammonia and 

cyclohexanone alone, conversion of the cyclohexanone still occurred, but to products 

other than the oxime. On addition of oxygen, the conversion increased and the 

production of the oxime product became the dominant product (Scheme 3.10). The 

authors also observed that the best catalyst systems were those which were known to 

effectively form the transient iminic species. As was mentioned previously, the early 

catalysts for this process were shown to be most effective when there was a 

considerable degree of acidity in the catalyst. This originally perplexing observation 

can be explained by the activation of the ketone group by the acid sites, forming the 

more reactive (and less stable) imine species.  
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Scheme 3.10: Surface acidity in silica/alumina catalysts facilitates the formation of 

cyclohexylimine and the aldol condensation reaction. 

In further mechanistic studies on the silica/alumina system in the gas phase, Armor 

and co-workers
36

 used a variety of different ketones in the ammoximation process and 

observed profound differences in the conversion to the oxime. It was concluded that 

ketones which are able to form stable imines (such as benzophenone) do not produce 

significant quantities of the oxime product under their catalytic conditions. It is 

suggested that this is a two-fold difference; firstly, the absence of α-hydrogens hinders 

the formation of the imine (Scheme 3.11) and secondly those with a greater amount of 

steric bulk about the carbonyl carbon are protected from nucleophilic attack by the 

ammonia molecule. 

 

Scheme 3.11: The intermediate imine moiety is formed easily in ketones which contain 

an α-hydrogen. 

Early studies from the work by Trifirò and co-workers
8-10,37

 on silica systems in the gas-

phase concluded that the oxidation of cyclohexyl imine (which was formed and 

activated on the surface acidic sites) was in fact facilitated by the formation of higher 

molecular weight tars. Electron paramagnetic resonance (EPR) studies
37

 showed the 

presence of the superoxide anion (O•
2-

; a well-known electrophilic intermediate in 

radical oxidation reactions) was formed on the surface of the catalyst and could be 

trapped by the presence of metal ion impurities in the silica surface. Further, EPR 

measurements also showed the presence of many complicated organic radicals in the 

surface tars which were believed to be active in proton abstraction and oxygen 

insertion processes during the oxidation of imine.  
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Scheme 3.12: Cascade of reactions in the formation of cyclohexanone oxime on the 

surfaces of silica/alumina catalysts in the gas phase (“[O]•” denotes an activate 

oxygen radical species).
8

 

The formation of the reactive tars on the surface of the mesoporous silica catalyst also 

indicates that the larger porosity of these catalysts facilitates the formation of oxime 

and logically (as observed by Armor and co-workers) the catalysts with lower surface 

areas and less porosity are less active and become deactived by the blocking of the 

internal pore networks.
7

 

 

Progressing away from the purely siliceous based catalysts, work on titanium doped 

catalysts was further revealing about the mechanistic pathways for the ammoximation 

process. The introduction of small quantities of titanium (using basic sol-gel methods) 

greatly increased the oxime yield with respect to pure silica.
9

 Combined IR and EPR 

studies showed that the anchored titanium species were highly active in forming the 

superoxide radical species which was believed to be responsible for the oxidation of 

imine to oxime. It was proposed that the rate determining step of the ammoximation 

reaction was the catalytic oxidation of imine, which was readily facilitated by the 

presence of the titanium ion in the silica matrix. 

 

In a comparative study between the gas-phase reaction and the liquid-phase reaction, 

it was identified that the reaction may undergo different intermediate steps in the two 

different phases.
10

 Purely siliceous catalysts were not active in the liquid-phase, while 

the titanium doped catalysts showed good conversion of the ketone to its oxime. In 

the liquid phase reaction hydrogen peroxide was used as the oxidant, and the activity 

of the catalyst was attributed to the unprecedented ability of the titanium centre to 

activate hydrogen peroxide. In this study, it was also noted that the preparation 

method of titanium doped silicas was crucial to the activity of the catalyst, as those 

with a high amount of surface aggregation of titanium dioxide were less active than 

those where a defined Si-O-Ti-O-Si linkage was obtained. In the reactions carried out in 
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both phases however, the authors conclude that the role of the titanium centre is for 

the effective activation of the oxidant, yielding a reactive peroxytitanium complex.  

 

Scheme 3.13: Peroxytitanium facilitated oxidation of cyclohexylimine.
20

 

 

A major by-product formed in the TS-1 reaction is PDCA (peroxydicyclohexylamine) – a 

product which can only be formed if the imine intermediate is present. Scheme 3.14 

shows the reaction mechanism by which PDCA is believed to form from the reaction 

between cyclohexylimine and hydrogen peroxide. 

 

Scheme 3.14: Mechanism of formation of the PDCA by-product in the TS-1 (and TS-2) 

process.
22

  

A number of authors
20,38,39

 have reported the presence of cyclohexylimine formed in the 

non-catalytic nucleophilic reaction between cyclohexanone and ammonia. Thus the 

presence of the PDCA intermediate cannot be used as the sole evidence for the imine 

mechanism, as small quantities of this molecule are likely to form non-catalytically.
25
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Route 2: 

Route 2 shows the formation of cyclohexanone oxime via the hydroxylamine 

mechanism. It is generally accepted that this mechanism is more likely to occur in the 

liquid-phase reaction over the imine route (due to the instability of transient imine 

species in the presence of water.) 

 

Studies by Zecchina et al
15

 using the titanium silicate catalyst system were among the 

first to suggest that the ammoximation reaction in the liquid-phase proceeded via the 

catalytic formation of hydroxylamine in-situ. It was evidenced by the fact that larger 

ketonic species could undergo transformation to the corresponding oxime, without 

diffusing into the channels of the catalysts (as they are too big). This would logically 

suggest that a smaller species – likely hydroxylamine – was formed at the catalytic 

centres and were then able to diffuse out of the pores and react (non-catalytically) with 

the large ketone substrate. As was proposed above, the role of the titanium centre in 

this case was to activate the oxidant species, but in this case in order for it to react 

with ammonia as opposed to the imine species. The mechanism below (Scheme 3.15) 

shows an adaptation of the route proposed by Zecchina et al.
15

 The hydroxylamine 

mechanism is also proposed in a study by Yashima and co-workers
25

 using the titanium 

mordenite catalyst. In this stringent study, the rate of ammoximation was directly 

correlated with the rate of oximation (the non-catalytic addition of hydroxylamine to a 

ketone substrate) for a number of different sized cycloalkane rings and for different 

pendant functional groups. This direct correlation further evidences the hydroxylamine 

route for the formation of oximes in the liquid phase ammoximation reaction. 

 

Other authors
14,38,40

 also use this rationale to argue that the liquid phase ammoximation 

reaction proceeds via the hydroxylamine intermediate. Work by Dal Pozzo and co-

workers
40

 also suggests that the type of nitrogen-based by-products are indicative of 

the decomposition of hydroxylamine, providing further (indirect) evidence for the 

formation of the hydroxylamine intermediate. 
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Scheme 3.15: Liquid phase ammoximation of cyclohexanone via the hydroxylamine 

route using TS-1 as the catalyst.
25

 

The hydroxylamine route was also proposed by Raja et al
28,29

 in their work using the 

monometallic CoAlPO-36 and CoAlPO-18 catalysts. In this study, it was shown that 

oxime could be made using the filtered reaction mixture which was produced when 

ammonia and air were combined in the presence of the catalyst, represented in 

Scheme 3.16 below.  

 

Scheme 3.16: Two distinctive steps in the formation of cyclohexanone oxime – 

hydroxylamine formed within the pores if the AlPO catalyst can react with the ketone 

substrate. 

 

This result suggested that hydroxylamine was formed in the catalysed reaction, which 

could then be utilised in the non-catalytic oximation step, yielding cyclohexanone 
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oxime. Similar filtration tests were also carried out in other studies and yielded the 

oxime product.
38,40,41

 

 

Using DFT methods, Brüggemann and Keil
42

 show that the formation of hydroxylamine 

from ammonia and oxygen proceeds via a complicated network of reactions. It was 

shown that the presence of Brønsted acid sites facilitates the activation of the 

ammonia molecule towards oxidation. The authors show that the reaction is not 

energetically unfavourable (under Brønsted acid conditions; using the H-ZSM-5 

catalyst), confirming that this route to oxime formation (via hydroxylamine) is 

plausible. 

 

Other mechanistic studies using attenuated total reflectance Fourier transform infra-

red spectroscopy (ATR-FTIR) carried out by Liu et al
43

 have suggested that the titanium 

centre in titanium silicate molecular sieves aids in the formation of a cyclohexyl 

peroxo species. (This mechanism is shown in Scheme 3.17.) Firstly, the hydrogen 

peroxide is adsorbed onto the active titanium centre, giving the activated 

peroxytitanium species. This species then reacts with the ketone substrate, giving the 

transient cyclohexyl peroxo species. This species was detected in the IR spectrum due 

to the fingerprint peroxy (O-O) peak at 1111 cm
-1

. Similarities can be drawn between 

this mechanism and the mechanism of hydroxylamine formation proposed by Zecchina 

et al,
15,41

 where the peroxytitanium species adds an oxygen atom to the incoming 

substrate molecule (either ammonia or cyclohexanone). This mechanism may 

contribute to the whole ammoximation process alongside another route (either iminic 

or via hydroxylamine). 
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Scheme 3.17: Mechanism of ammoximation as proposed by Liu et al
43

 using ATR-FTIR, 

showing the formation of two unstable transition states; cyclohexylperoxide and 

cyclohexylcarbinol amine. 

 

The titanium-peroxy species is also active in other oxidation processes as will be 

discussed in later chapters of this work. 
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3.2.2 Direct Oximation of Cyclohexanone using Hydroxylamine 

 

The formation of an oxime from the direct, and thus non-catalytic, reaction of a ketone 

with hydroxylamine (or a derivative) is known as oximation. As outlined in the previous 

discussion, one of the proposed mechanisms for forming an oxime in the catalytic 

ammoximation is via the formation of hydroxylamine from air and ammonia, followed 

by the formation of oxime with the ketone substrate. Studying the second step of this 

process – the combination of hydroxylamine and ketone – is important in 

understanding the catalysis reaction.  

 

Investigating the rate and the order of reaction between hydroxylamine and 

cyclohexanone to produce its corresponding oxime has been reported in various 

manners in the literature.
44

 Most references conclude that the process is first order 

with respect to both the ketone (cyclohexanone) and hydroxylamine, thus the overall 

rate of the reaction is second order.
45,46

  A number of interesting features of the 

reaction have been identified and include the effect of pH on the rate of free-base 

addition followed by the subsequent loss of water.  

 

It is proposed that the reaction is a two-step process
46

 (Scheme 3.18 below), where 

firstly the hydroxylamine nucleophile attacks the carbon of the carbonyl group, 

producing a carbinolamine [5], followed by dehydration to yield the oxime and water.  

 

Scheme 3.18: Two-step process of oxime formation from hydroxylamine
47,48

 

These two steps were separately investigated in the work by Selvaraj et al
49

 who used a 

number of different ketone substrates. In this study, it was concluded that when a 

bulkier and thus more sterically hindered ketone was used, the production of the 

oxime was considerably slower.  

 

Scheme 3.19: Approach of the hydroxylamine can be hindered by the steric bulk of the 

R-groups
47,48
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From this work, it is possible to deduce that the rate determining step of the reaction 

is the nucleophilic attack of hydroxylamine at the carbonyl.   

 

However, the pH can play a key role in altering the kinetics of the reaction; acidic 

conditions are thought to promote the second dehydration step.
48

 Further, since 

hydroxylamine has a lone pair it is essential that the reaction is not carried out under 

very acidic conditions which would thus hinder the accessibility of the basic lone pair. 

However, it has also been shown that under prevailing basic conditions, the carbonyl 

group is less reactive than in a media which allow activation of the delta-positive (δ+) 

carbon atom by protonation of the carbonyl oxygen. In most cases reported in the 

literature, a buffer solution is used in order to maintain the optimal pH balance. 

Further to this, the literature reports that the reaction is irreversible under most 

conditions. Thus it is interesting to highlight that under non-catalytic conditions, the 

formation of oxime is the final, thermodynamically stable, product.
45,49

 

 

a) 

 

b) 

Scheme 3.20: Non-catalytic oximation of cyclohexanone; 

a) General schematic 

b) Mechanism of formation by the nucleophilic attack of the carbonyl 

group from hydroxylamine, followed by the elimination of water. 
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A series of experiments were carried out using cyclohexanone, and commercially 

available hydroxylamine solution (50% wt in water), in a glass round-bottomed flask 

with no catalyst, and the products analysed by GC (after 2 hours at 30°C) for 

conversion to the oxime.  

 

The data obtained for conversion is shown below (figure 3.4). The plot for 

hydroxylamine shows that 100% conversion is only reached when there is a 2.5 or 

greater molar excess of hydroxylamine and thus it can be concluded that the reaction 

does not proceed in quantitative yield. The graph below also shows a plot of the 

theoretical conversion of cyclohexanone to its oxime if the reaction between 

hydroxylamine solution and cyclohexanone were to proceed in quantitative yield, 

along with the experimental data for the non-catalytic reaction.  

 

 

Figure 3.4: Conversion of cyclohexanone to cyclohexanone oxime by direct oximation 

(addition of hydroxylamine solution to cyclohexanone) at different hydroxylamine to 

cyclohexanone ratios. Analysis was carried out after 2 hours of stirring in a glass round 

bottom flask at 30ºC and at atmospheric pressure. The red line depicts the theoretical 

data if the reaction were to proceed in quantitative yield. 

 

Literature reports suggest that the quantitative addition of hydroxylamine to ketonic 

groups is usually only observed in small, low boiling ketones such as acetone
50

 

(yielding acetone oxime). In the case of cyclohexanone, the rate and extent of addition 

is retarded by the slight steric hindrance of the cyclic six-membered ring and the keto-

enol equilibrium of the ketone group. 



Rebecca Leithall   Chapter 3 

 

112 

 

3.2.3 Intrinsic Structural Synergy versus Mechanistic Synergy 

 

There are two hypotheses presented to explain the enhanced synergy seen when the 

CoTiAlPO-5 catalyst is used in preference to either of the monometallic (CoAlPO-5 and 

TiAlPO-5) analogues or a physical mixture of the two.  

 

Intrinsic Structural Synergy 

The first of these hypotheses predicts that if the two metals are close enough to each 

other within the pore of the AlPO-5 catalyst then they can facilitate the formation of 

hydroxylamine by arranging the reactants in the correct orientation. Scheme 3.21 

illustrates this in a tentative mechanism, where the titanium centre activates the 

oxygen, while the cobalt centre coordinates with the ammonia molecule, yielding 

hydroxylamine. 

 

Scheme 3.21: Tentative mechanism of hydroxylamine formation (from the oxidation of 

ammonia) when the cobalt and titanium active centres are located in close proximity 

within the pore of the AlPO-5 catalyst. 

 

Further, the data obtained from the DR UV/Vis measurements using probe molecules, 

showed a preferential binding of ammonia to the cobalt site (causing reduction of the 

Co(III) centre to Co(II)), while there is little to no interaction between ammonia and the 

titanium site. Figure 3.5 shows the full DR UV/Vis spectrum for this interaction. The 

most striking difference in these is the disappearance of the strong LMCT region of 

oxygen→Co(III) in the 250 – 500 nm region upon interaction with ammonia; compare 

the green trace with the purple trace. 
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Figure 3.5: DR UV/Vis spectrum of Calcined CoTiAlPO-5 (green trace) treated with 

gaseous ammonia (pink trace), followed by outgassing at three different temperatures 

(black: room temperature, light blue: 200 °C and dark blue: 550 °C). 

 

The following figure (Figure 3.6) shows the same spectrum which has been expanded 

in order to focus on the titanium and cobalt regions of the DR UV/Vis spectrum. The 

left hand section shows the region where the (weaker) LMCT region of oxygen→Ti(IV) 

occurs, while the right hand region shows the d-d transitions observed in tetrahedral 

(and distorted tetrahedral) Co(II). 
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Figure 3.6: Regions of the DR UV/Vis spectrum in Figure 3.25 above of Calcined 

CoTiAlPO-5 (green trace) treated with gaseous ammonia (pink trace), followed by 

outgassing at three different temperatures (black: room temperature, light blue: 200 

°C and dark blue: 550 °C). Left hand region is of the LMCT region of O→Co(III) and of 

LMCT of O→Ti. Right hand region is of the d-d transition in Co(II). 

 

It is clear that when ammonia is added to the catalyst, the cobalt (III) species are 

reduced entirely to Co(II), evidenced by the appearance of the titanium peak at 250 

nm. Upon comparing the two blue traces (light and dark), the presence of the ammonia 

does not significantly perturb the tetrahedral titanium sites. If there was an interaction 

between the ammonia probe and the titanium centre, there would be a shoulder 

beginning to appear around 300 nm, as the coordination on the titanium centre 

increases from four to six. In comparison to the TS-1 catalyst, authors have reported 

that the titanium centre does interact with ammonia, and as a consequence the 

appearance of octahedral titanium is evident in the DR UV/Vis spectrum. The figure 

below shows an adaptation of the work by Zecchina et al
15,51

 where the coordination of 

the titanium centre in TS-1 was studied. 
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Figure 3.7: DR UV/Visible spectrum of the titanium site in TS-1; 1) Spectrum taken in-

vacuo 2) Spectrum taken after exposure to ammonia gas. Figure adapted from the 

publication by Zecchina et al.
15

 

 

The expanded spectrum on the right hand side of figure 3.6 shows the region where 

the d-d transitions for Co(II) appear. It is evident that ammonia was strongly bound to 

the cobalt site. The intensity of the Co(II) d-d transitions increased upon initial 

interaction and although after outgassing the intensity decreased, the position and 

shape had been altered. This is indicative of the transition from tetrahedral Co(II) sites 

to the distorted symmetry of an octahedral configuration. These findings suggest 

defined roles for the two metal centres in the catalytic process and may be evidence to 

support this theory behind the intrinsic structural synergy.  

 

In addition, it is known from the mechanistic studies on the TS-1 catalyst that the 

titanium centre is oxophilic and readily makes peroxy species; refer to the discussions 

in the previous sections where the development of titanium-silicalite materials is 

introduced. Further discussions about the nature of tetrahedral titanium species in 

catalytic systems will also be revisited in later chapters of this work. 

 

Further to a “defined role” of each of the metals in the ammoximation process, it can 

also be hypothesised that the two metals have a distinct electronic influence on one 

another when chemically combined in the same framework (also a phenomenon which 

would not be encountered in the physical mixture of the two metals in the reaction 

mixture). This enhanced influence explains why the titanium site is observed to have a 
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greater tetrahedral character when combined in the same framework as cobalt and 

also why more of the cobalt species favour the 3+ oxidation state in the CoTiAlPO-5 

sample.
31,32

 

Mechanistic Synergy 

The second hypothesis suggests that there are contributions from both of the reaction 

mechanism pathways (discussed in section 3.2.1 above). It can be proposed that the 

cobalt centre, which possesses defined redox properties, is responsible for the 

formation of hydroxylamine in the pores of the AlPO-5 catalyst (a), while the titanium 

centre, known to be oxophilic and thus readily activates oxygen containing species, 

promotes the oxidation of the non-catalytically formed imine species (b).  

 

Scheme 3.22: Schematic representation of mechanistic synergy between the cobalt and 

titanium centres of the CoTiAlPO-5 catalyst. 

Drawing on the conclusions made by Raja et al
28

 in their work using the CoAlPO-36 

framework, it is reasonable to suggest that the cobalt redox centres do facilitate (at 

least to a greater extent) the hydroxylamine pathway.  

 

Further, the DR UV/Vis data
31

 and known mechanistic routes of the TS-1 catalyst
5,22

 can 

be used to support this argument. It is widely accepted in the literature that titanium is 

an effective oxidation catalyst due to its unprecedented ability to bind to and thus 

activate oxygen based species. This interaction has been studied spectroscopically and 

can be used to explain how, in the imine based pathway of ammoximation, the imine 

can be oxidised to form oxime. However, the second of the hypotheses does not 

entirely explain why there is significantly enhanced conversion of the oxime when the 

two metal centres are chemically mixed in the same framework structure as opposed 

to a physical mixture of the two monometallic AlPO-5’s, so the enhancement seen in 

the CoTiAlPO-5 catalyst must again draw on the electronic influence of the two metals 

in the framework facilitating the favoured characteristics of the two active centres. 

(Examples of synergistic enhancement are discussed in the literature review in Chapter 

1 of this work.) It is highly plausible to conclude that either and or both of these 

hypothesises could be occurring in the catalysis cycle simultaneously.  
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3.3 Reaction Parameters 

 

3.3.1 Molar Excess of Ammonia 

 

The preliminary results for the ammoximation work discussed above were carried out 

with a standard set of reaction conditions so that all of the catalysts could be easily 

compared.
31

 There are a number of parameters that are proposed to influence the 

reaction, including but not exhaustively, concentration of each reactant relative to the 

others, partial pressure of oxygen, pressure of air, amount of catalyst, loading of metal 

sites in the catalyst, temperature and stir rate (relating to the mass transfer of reagents 

and products). 

 

The following discussion looks at the excess of aqueous ammonia, relative to the 

amount of cyclohexanone substrate. Studies to date have used ammonia in a 3:1 molar 

ratio with respect to the cyclohexanone substrate. A series of catalytic tests were 

carried out with a varying excess of ammonia. Results for this are shown in Table 3.2, 

and the following two plots. 

 

Ammonia : 

Cyclohexanone Ratio 

(molar) 

Conversion 

(after 2hrs) 

Selectivity 

(after 

2hrs) 

Conversion 

(after 3.5 

hrs) 

Selectivity 

(after 

3.5hrs) 

 

1.1 

 

24.2 

 

96.1 

 

32.4 

 

88.1 

 

1.5 

 

39.4 

 

95.1 

 

46.7 

 

94.3 

 

2.5 

 

61.2 

 

95.9 

 

65.5 

 

96.4 

 

3.0 

 

79.8 

 

87.5 

 

79.2 

 

89.8 

Table 3.2: Conversion and Selectivity data for the Ammoximation reaction carried out 

at 65°C under 30 Bar of air, after 2 hours and 3.5 hours of reaction using CoTiAlPO-5 

catalyst. 
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Figure 3.8: Conversion as a function of time for four different ammonia: 

cyclohexanone substrate. Conditions: 65ºC, 800 rpm, 30 bar of air, internal standard = 

monoglyme, CoTiAlPO-5 catalyst. 

 

The data above shows a distinct trend in increasing the ratio of ammonia to 

cyclohexanone substrate also increases the conversion of cyclohexanone to its’ oxime. 

It is interesting to note that the difference in the conversion between the data at 2 

hours and at 3.5 hours is not significant for the two higher ratios (3 and 2.5). However, 

there is an increase in conversion for the two lower ratios, indicating that the reaction 

is slower to reach steady state at these lower ammonia to substrate ratios.  The figure 

below shows the corresponding selectivity data for these times. 

 

 

Figure 3.9: Selectivity as a function of time for four different ammonia: cyclohexanone 

substrate. Conditions: 65ºC, 800 rpm, 30 bar of air, internal standard = monoglyme, 

CoTiAlPO-5 catalyst. 

 

Although all four ratios give what can be considered as good selectivity (above 85%) 

from an academic point of view, selectivity and reagent economy is of paramount 
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importance from an industrial perspective. The data for the 1.5 and 2.5 ratios give the 

best selectivity across the 3.5 hour reaction time and maintain high selectivity at 

longer time periods in comparison to the 3 and 1.1 ratio values. Selecting a pay off 

between conversion, selectivity and reagent economy would deduce that using ratios 

between 1.5 and 2.5 would be most economically viable from an industrial application. 

 

Developing the idea of atom efficiency, the following figure shows the ammonia 

efficiency for the four reactions discussed above. In this plot it is evident that, while 

the values do not differ greatly, the efficiency of the reaction over a longer time period 

for the lower ammonia excess reactions is higher. Combining this with the argument 

above, it could be concluded that using a 1.5 ammonia excess it favourable for both 

the selectivity and the efficiency of the ammonia in the reaction.  

 

It is also evident from the plot in Figure 3.10 b) below that the reactions with greater 

conversion (at higher molar excess of ammonia) are also more efficient in the 

consumption of molecular oxygen supplied to the system (from the pressurised air). 
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a) 

 

b) 

Figure 3.10: a) Ammonia efficiencies  

b) Oxygen efficiencies  

for the ammoximation of cyclohexanone using different molar excess of ammonia 

(four values used on the x-axis) sampled at two different times during the reaction 

using the CoTiAlPO-5 catalyst. Conditions: 65ºC, 800 rpm, 30 bar of air, internal 

standard = monoglyme.  

(Note that the efficiency of oxygen was based on the reaction vessel being pressurised with air to 30 bar at room 

temperature using the Soave-Redlich-Kwong equation of state: Davide Ansovini is acknowledged for his assistance with 

these calculations.). 

 

The lower selectivity in the 3 fold excess of ammonia to cyclohexanone can be 

attributed to the formation of more of the higher molecular weight side products which 

are formed in the aldol self condensation reactions between two or more 

cyclohexanone moieties, accelerated by the ammonia atmosphere activating the 

carbonyl functional group. Additional information can be found in the accompanying 

appendix. Ammoximation studies by Yashima and co-workers
25

 using titanium 

mordenite conclude that the ammonia to substrate ratio should be above 1.5 in order 

to favour the product formation towards the oxime, but allude to much higher ratios 

also hindering this.  
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Further, the increased ammonia content in the reaction mixture is likely to favour the 

equilibrium of imine formation away from the cyclohexanone reagent and thus 

facilitate other side reactions and decrease the availability of the cyclohexanone to 

react to give oxime. The following plots show the conversion of cyclohexanone to 

cyclohexyl imine both with and without the presence of a catalyst.  

 

The first plot shows the non-catalytic conversion of cyclohexanone to cyclohexyl imine 

over a period of four hours for two different molar ratios of ammonia to 

cyclohexanone. It is evident from the two plots that the cyclohexanone:imine 

equilibrium is reached after one hour of mixing and remains stable across the course 

of the reaction. The red data, representing the 0.5:1 molar ratio of ammonia to 

cyclohexanone shows a maximum of imine conversion of around 15%, while in the 

reaction where there is more ammonia (2-fold ammonia excess), evidently the 

equilibrium lies in favour of the formation of cyclohexylimine and accordingly, the 

conversion to imine is consistently over 50%. This plot shows that in the absence of the 

catalyst, a far greater proportion of cyclohexylimine is formed than when the catalyst is 

present in the reaction. 

 

Figure 3.11: Conversion of cyclohexanone to cyclohexyl imine over a period of four 

hours without the addition of catalyst. The red circles represent the data obtained for a 

0.5:1 ratio of ammonia to cyclohexanone and the blue diamonds represent that data 

obtained for 2:1 molar ratio of ammonia to cyclohexanone. 

The second of the two plots shows the conversion of cyclohexanone to cylohexyl imine 

at the 3.5 hour data point for the five different molar ratios of ammonia: 

cyclohexanone discussed in the catalysis reactions above. The amount of cyclohexyl 

imine is consistently lower than in the previous data set and does not reach above 30% 
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for any of the molar ratios of ammonia to cyclohexanone (even in the highest 3:1 ratio 

of ammonia to cyclohexanone). This suggests that while cyclohexyl imine is produced 

under catalytic conditions, it is also readily consumed, either in the oxidation of the 

moiety itself, or the consumption of cyclohexanone by the oximation between the 

reagent and hydroxylamine (produced in situ) keeps the amount of cyclohexylimine 

lower than under corresponding non-catalytic conditions. 

 

Figure 3.12: Conversion of cyclohexanone to cyclohexylimine after three hours of 

reaction under catalytic conditions, at five different ammonia:cyclohexanone molar 

ratios. 

In a mechanistic study by Prasad and co-workers
38

 on the ammoximation reaction using 

the TS-1 catalyst and UHP (urea hydroperoxide) as the oxidant, infra-red of the reaction 

liquid was compared to that of cyclohexanone, and cyclohexanone mixed with 

ammonia. Conclusions were drawn in this study that the presence of the additional 

peak (at 1635 cm
-1

) was likely to be due to the appearance of the nitrogen double bond 

of the imine group (see Figure 3.13) formed non-catalytically by the interaction 

between ammonia and cyclohexanone. In this study, the authors do not proceed to 

speculate whether their catalytic system proceeds only via either imine or 

hydroxylamine intermediates, but rather remark that the reaction seems to operate 

through the two routes. 
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Figure 3.13: Liquid IR spectrum of; a) – cyclohexanone and b) – cyclohexanone mixed 

with ammonia.
38

 

The production of the viscous higher molecular weight side products are also believed 

to hinder the activity of the catalyst over time as they will block the pores of the AlPO-5 

structure thus limiting the availability of the active sites for further catalysis, and 

rendering the catalyst inactive. 

 

It can be envisaged that the decrease in selectivity for the 1.1 ratio from 2 hours to 3.5 

hours may be due to less “available” ammonia in the reaction in the liquid phase. All 

four of the reactions with different ratios of ammonia to cyclohexanone substrate show 

a similar increase in pressure, suggesting that at this temperature (65ºC) and pressure 

(30 bar) a comparable amount of gaseous ammonia is released from the liquid phase 

of the reaction into the gas phase in the head space of the reactor. The aldol self 

condensation reaction is a competing reaction in the ammoximation process and may 

be enhanced when there is less ammonia (to form hydroxylamine which will then go on 

to react via direct oximation with the cyclohexanone substrate) and thus subsequently 

the reaction between two of the cyclohexanone substrates is favoured. (NB: Yield plots 

for all four molar ratios are summarised in the following section). The decrease in 

selectivity when a lower ammonia to substrate ratio is used is consistent with the study 

carried out by Reddy et al
22

 using the TS-2 catalyst, and is also reported in the TS-1 

reaction studied by Le Bars et al
18

. The suggested ratio of ammonia to substrate quoted 

by Le Bars et al
18

 is at least 4:1 in order to maintain a high enough concentration of 

ammonia in the liquid phase, while the study by Reddy et al
22

 achieve optimal 

conversions at 2:1 molar ratio. The second of these values is more consistent with the 

results obtained in the present study using CoTiAlPO-5. 
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The plots below show the correlation between the conversion and selectivity for the 

four ammonia to cyclohexanone substrate ratios, at both 2 and 3.5 hours (Figures 3.14 

and 3.15 respectively). 

 

Figure 3.14: Conversion and selectivity over a range of different ammonia to 

cyclohexanone ratios after 2 hours of reaction (65ºC, 30 bar of air, 800 rpm, 0.5g of 

CoTiAlPO-5 catalyst, internal = monoglyme) 

 

Figure 3.14 shows the correlation between the conversion (and selectivity) for the four 

ratios of ammonia to cyclohexanone after 2 hours of reaction. The correlation between 

the conversion and ammonia excess (blue line) is linear and shows that upon 

increasing the available ammonia in the reaction, a corresponding increase in 

conversion of cyclohexanone is achieved. The correlation between the selectivity and 

the molar excess of ammonia is less defined (the R
2

 value is only just above 0.5) and 

the line of best fit deviates away from the 2.5 molar excess value. The following figure 

(3.15) shows the same two variables for the data taken after 3.5 hours and indicates a 

further trend in the two variables. 
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Figure 3.15: Conversion and selectivity over a range of different ammonia to 

cyclohexanone ratio’s after 3.5 hours of reaction (65ºC, 30 bar of air, 800 rpm, 0.5g of 

CoTiAlPO-5 catalyst, internal = monoglyme) 

 

 

As was discussed for the data taken after 2 hours, this data set also shows a linear 

correlation between the conversion and the molar excess, where increasing the 

ammonia in the system also evokes a corresponding increase in conversion. For this 

set of data, the selectivity does not show a linear trend, but instead points towards a 

more of a volcano shaped relationship, where there is likely to be an optimum molar 

excess of ammonia required to give the best selectivity towards oxime. This point was 

discussed in the previous relationship in reference to the availability of the ammonia in 

the liquid phase. The optimum ratio is likely to between 1.5 and 2.5 – which is 

consistent with the calculated ammonia efficiencies and the literature reports by Reddy 

et al.
22
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The following four plots summarise the conversion, selectivity and yield (of the three 

main reaction components) for the four different molar ratios of ammonia to 

cyclohexanone substrate, studied in this section. 

 

 

(a) 

 

(b) 



Rebecca Leithall   Chapter 3 

 

127 

 

 

(c) 

 

(d) 

Figure 3.16: Conversion, Selectivity (towards cyclohexanone oxime) and yield of the 

main reaction components (oxime, imine and aldol dimer) for the four molar ratios of 

ammonia to cyclohexanone reagent. a) 1.1 excess, b) 1.6 excess, c) 2.5 excess and d) 

3.0 excess. 

 

The four yield plots suggest that the ammoximation reaction is at optimum yield for 

oxime after 2 hours of reaction. Running the reaction for a further 1.5 hours does not 

significantly increase the amount of oxime formed, but in some cases increases the 

amount of the by-products formed. The greatest yield of the required oxime product is 
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produced after two hours using a molar excess of 3:1 of ammonia to cyclohexanone, 

giving a value of just below 70%. 

 

The figure below shows the direct oximation (discussed above in section 3.2.2) 

compared to the ammoximation reaction results in this section. The plot clearly shows 

the direct oximation reaches 100% conversion at lower hydroxylamine to 

cyclohexanone ratios (although as described earlier, not in quantitative yield), while the 

ammoximation reaction has a much shallower gradient, indicating that higher 

conversions are only achievable with higher ammonia to cyclohexanone ratios. 

 

 

Figure 3.17: Conversion of cyclohexanone to its oxime, by direct oximation (blue data 

points) and catalysed ammoximation (red and green data points). 
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3.3.2 Catalyst Structural Integrity and Active Site Leaching 

 

The CoTiAlPO-5 catalyst was tested for the structural integrity of the framework under 

catalytic conditions. The reaction mixture was sampled as per standard methods and 

tested for metal leaching using inductively coupled plasma resonance (ICP). The values 

in the following table (Table 3.3) show the data obtained for metal leaching after one 

and two hours of reaction, with corresponding conversions and selectivity. 

 

The most striking observation about the data in Table 3.3 is the increase in the amount 

of phosphorus and cobalt detected between the one hour and two hour samples. This 

suggests that under the catalytic conditions the framework begins to breakdown; 

probably due to the hot aqueous ammonia. (NB: the hot aqueous ammonia reaction 

conditions are also reported by some authors to accelerate the breakdown of the 

titanium silicate frameworks
52

). It is also interesting to note that the metals detected in 

this study are only phosphorus and cobalt and only much smaller amounts of titanium 

and aluminium are present. This could be interpreted in a number of different ways. 

Firstly this observation could indicate that the cobalt and titanium active centres are 

not homogenously distributed through the aluminophosphate framework. It can also 

be inferred that the cobalt species is more susceptible to leaching than the titanium 

centres. (This conclusion is the same whether the two active centres are evenly 

distributed or not). 

 

Figure 3.18: Schematic representation of two possible in-homogeneities in the 

crystallites of the CoTiAlPO-5 crystal. 

 

The in-homogeneity of the active species distribution could indicate that the 

crystallites of AlPO-5 are either formed as a core-shell type structure (with the cobalt 

rich region on the outer of the shell) or are largely formed in two different phases 

(phase segregation), shown pictorially in Figure 3.18. 
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The cobalt site leaching has two implications on the catalysis under these conditions. 

Firstly, the reason for the plateau in conversion (but decrease in selectivity) after two 

hours could be attributed to the loss of cobalt sites in the active systems. Leading on 

from this, it could also be inferred that past two hours, the catalyst system is no longer 

a heterogeneous system and the leached cobalt centres can now facilitate catalytic 

turnover in an homogenous manner. This could be the reason why there begins to be a 

decrease in reaction selectivity after two hours of catalysis, as was discussed in the 

section above and highlighted on the yield plots in the previous section. 

 

Table 3.3: Metal analysis of the catalytic reaction mixture of the ammoximation of 

cyclohexanone for the CoTiAlPO-5 catalyst at one and two hours, with corresponding 

conversions and selectivity, using the standard 3 fold molar excess of ammonia 

reaction conditions. 

Time (hours) 1 hour 2 hours 

Aluminium (wt ppm) 20 36 

Phosphorus (wt ppm) 150 320 

Cobalt (wt ppm) <10 280 

Titanium (wt ppm) <10 <10 

Conversion (%) 62.0 59.4 

Selectivity (%) 93.4 89.7 

 

 

The catalyst was also recovered after the reaction had ended (by filtering and washing 

with fresh solvent). The powder X-ray diffraction patterns in the figure below shows the 

recovered catalyst and the fresh catalyst and compares the presence of the expected 

reflections for the AFI framework. Following the potential breakdown of the framework 

under catalytic conditions as discussed above, it was prudent to check that the 

framework was able to retain its porous structure during catalysis. 
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Figure 3.19: Powder X-ray diffraction patterns of CoTiAlPO-5 catalyst. Green pattern: 

pre-catalysis, blue pattern: post-catalysis. The red markers indicate expected 

reflections as quoted in the “Collection of Simulated XRD Powder Patterns for 

Zeolites”.
53

 

The recycled pattern clearly shows the presence of the 100% intensity peak (at 7.43) 

and the distinctive triplet reflections (corresponding to the [210], [002] and [211] 

planes). The pattern is considerably noisier than the pre-catalysis pattern indicating 

that the post-catalysis sample is not as crystalline. Further, the presence of reflections 

between the [210] and [002] plane may suggest that part of the framework has been 

broken down into the dense (non-porous) phase.  

 

The active centres in the recovered catalyst were analysed by ex-situ DR UV/Vis to 

compare the nature of the metal centres post-reaction. It would follow that the loss of 

a significant amount of cobalt centres would also show a difference in the 

characteristics of the UV spectrum. Figure 3.20 shows the DR UV/Vis spectra of the 

calcined and reduced CoTiAlPO-5 catalyst after recovery. 
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Figure 3.20: DR UV/Vis spectrum of recycled CoTiAlPO-5. Red trace: Calcined after 

recycling. Blue trace: Reduction after recovery. 

The calcined trace (red) shows the strong broad LMCT of O→Co(III) from 230 – 500nm 

which is indicative of the presence of Co(III) sites in a tetrahedral environment. The 

three triplet bands due to the d-d transitions in Co(II) are also present in the red trace 

which is consistent with other reports, where the oxidation of Co(II) to Co(III) in the AFI 

structure is only partial. Upon reduction, the broad Co(III) region decreases, revealing 

the titanium (IV) LMCT region. The weaker d-d triplet transitions centred at 660 nm 

also become more intense upon reduction. The green markers on the figure indicate 

the positions of the titanium(IV) centres. The maximum on the blue trace centred at 

220 nm shows that some of the titanium centres remain in tetrahedral coordination, 

while the appearance of the shoulder (with a maximum at 290 nm) is consistent with 

the formation of some 6-coordinate titanium species. These species are more likely to 

be formed by a slight deformation of the AFI framework, causing the titanium species 

to agglomerate and migrate into TiO
2

 type regions. 

 

Further to this, some literature reports
52

 have shown that after catalysis reactions, the 

titanium centre in the titanium silicate catalysts begins to show more octahedral 

characteristics, which is consistent with the dissolution of the silicon parent framework 

and migration and agglomeration of the titanium centres.
54

 The figure below shows the 

changes in the titanium DR UV/Vis spectrum reported by Zhao et al
24

 after their Ti-

MWW catalyst had been used in a continuous slurry reactor. The red traces show the 

appearance of 6-coordinate titanium species (at 290 nm) caused by site aggregation 

and metal migration. 
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Figure 3.21: DR UV/Vis spectrum of Ti-MWW. Black trace: fresh catalyst, blue: used and 

re-calcined catalyst, red traces: catalyst after use for 60, 90 and 93 hours. 

 

 

 

3.4.3 Other Reaction Parameters – Future Work 

 

In the section discussed above the reaction parameters study was limited to the molar 

excess of ammonia (to cyclohexanone substrate). Other reaction parameters which 

would be useful in order to deduce further information about the ammoximation 

reaction include; 

 

1) Temperature 

The temperature of catalysis is important for the formation and life-time of the 

hydroxylamine species. Enough thermal energy is required in order to form 

NH
2

OH (by modification of the strong N-H bond), but the hydroxylamine 

molecule is not thermally stable above 50 °C (in non-catalytic conditions). 

 

2)  Oxidant to Cyclohexanone Substrate 

As was observed with the ammonia molar excess on maintenance of high 

selectivity, the amount of oxidant will also play a crucial role in optimising the 

reaction parameters. If the reaction runs lean on oxygen, then automatically the 

reaction will begin to favour the formation of the side products (dominantly 

cyclohexylimine and the product from the aldol self-condensation reaction 

between two cyclohexanone molecules.) However, literature reports using 

titanium silicates
22,24

 and hydrogen peroxide suggests that in the presence of an 

excess of oxidant, the hydroxylamine intermediate is readily oxidised further to 
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form nitrous oxide-type small gas molecules. Therefore, for the ammoximation 

reaction using CoTiAlPO-5 and oxygen, the partial pressure of air (and also thus 

oxygen) is crucial in ensuring the continued efficiency of the process. 

 

3)  Solvent Studies 

In the present study, the catalysis was carried out “solvent-free”, meaning that 

the cyclohexanone and ammonia were present in quantities where they were 

themselves the solvent in the reaction. However, the reaction is thus also a 

biphasic system as the aqueous ammonia and organic cyclohexanone 

substrates are mostly immiscible. The implementation of the TS-1 catalyst in 

industry uses tertiary butanol as the solvent in order to create an homogenous 

phase system
23

. While this may be advantageous in ensuring thorough mixing 

of the reagents, work by Neumann and co-workers
55

 using polyoxometalates 

suggests that the partition between the two phases may aid in the selectivity of 

the reaction as the substrate is forced to remain in organic phase, avoiding 

carbonyl group activation in the presence of the basic aqueous ammonia phase. 

In other studies, such as the work by Sooknoi et al
17

, the presence of the acetic 

acid solvent is believed to facilitate the reaction by activating the acetate anion 

in the presence of the titanium centres which can thus be used in the formation 

of active radical speciation. Other literature reports
22

 suggest that the presence 

of the solvent dilutes the reaction and thus retards the formation of the side 

products. This is also likely to hinder the required reaction between the 

cyclohexanone and the catalytically formed hydroxylamine. 
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3.4 Summary and Conclusions 

 

In the detailed study of the ammoximation reaction using the CoTiAlPO-5 with air and 

ammonia as the reagents, it has been shown that the two main competing by-products 

are cyclohexylimine and cyclohexanone 2-cyclohexylidene. These two by-products, 

although produced non-catalytically, can be accelerated by the presence of the catalyst 

by interaction with the intrinsically acidic sites on the aluminophosphate framework. In 

this study, the presence of the PDCA by-product was not found. Gas phase analysis 

confirmed that the reaction does not produce any appreciable quantity of unwanted 

gaseous species such as NO
x

 species, which are likely generated from the 

decomposition of hydroxylamine. Details of this background work can be found in the 

appendix of this thesis. 

 

Review of the literature concerning the mechanism of ammoximation suggests that in 

the liquid phase process, facilitated by the presence of redox active (cobalt) and 

oxophilic centres (titanium), that the reaction likely precedes (dominantly) via the 

hydroxylamine intermediate. The PDCA by-product was not observed in the gas 

chromatograph analysis of the reaction and presence of cyclohexylimine was seen in 

both catalytic and non-catalytic reactions, suggesting that the imine intermediate is not 

the prevailing mechanism (although this pathway cannot be totally dismissed). The 

lower temperatures of the liquid phase reaction (not reaching higher than 80 °C) are 

favourable for the formation of the hydroxylamine intermediate (which is not stable at 

high temperatures, as are required in the gas phase reaction). Follow-up studies on the 

mechanistic pathways are under detailed investigation using computational 

techniques. 

 

Reaction parameter investigations where the molar excess of ammonia (relative to the 

cyclohexanone substrate) confirmed that there is an optimal value in order to maintain 

good selectivity of the reaction and ensure effective atom economy. At lower molar 

excess of ammonia the selectivity of the reaction decreases at longer times, suggesting 

that competing reactions prevail. Equally at high molar excess of ammonia, the 

increase in pH of the reaction favours the formation of aldol self-condensation 

products over the formation and hydroxylamine (and thus the subsequent oximation 

reaction with the cyclohexanone substrate). In this study, it was shown that the 

selectivity optimum lies between 1.5 and 2.5 molar excess of ammonia. This optimal 

excess of ammonia is also reflected in the ammonia efficiency values, where it was 

shown that the middle range of substrate to ammonia values yielded a more efficient 

consumption of the ammonia reagent. 
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Further, the study showed that there was a direct correlation between the amount of 

ammonia available in the catalysis reaction and the conversion of cyclohexanone to 

oxime. This trend mirrored the non-catalytic oximation of cyclohexanone to oxime 

which was carried out in parallel. Although not totally conclusive, this similar trend 

could also be used as evidence for the hydroxylamine mechanism being the dominant 

pathway in the catalytic reaction. Studying other reaction parameters will also help to 

deduce further intricacies of the ammoximation process, which will provide further 

indirect mechanistic information and confirm the eligibility of the reaction for 

industrial scale-up. 

 

Stringent recycle and leaching tests showed that after longer periods of reaction a 

small amount of cobalt and phosphorus had leached into the reaction, whereas the 

titanium and aluminium were not present in appreciable quantities. This result may 

suggest that the catalysis reaction should be run for shorter times, which is favoured 

both economically and in order to maintain higher selectivities. Kinetic profiles of the 

reaction also indicate that the reaction has reached the extent of reaction by two 

hours, further augmenting that the reaction is most effective at shorter reaction times. 

Analysis of the framework post-catalysis shows that the framework maintains most of 

its’ structural integrity (with a slight loss of crystallinity and appearance of powder XRD 

reflections which could be attributed to the dense phase). The presence of redox 

cobalt species was maintained and the continued presence of the tetrahedral titanium 

maxima shows that the active centres are largely intact after catalysis.  
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3.5 Experimental Methods 

 

3.5.1 General Reagent Specification 

 

All of the chemicals used in this catalysis (except where stated in the following table) 

work were purchased from Sigma-Aldrich and used without further purification. The 

table below lists the key reagents used in this report and specifies the purity and 

source. 

Reagent Purity Source 

Aqueous ammonia solution 

28 – 30 wt % in Aqueous 

Solution 

Sigma-Aldrich 

Cyclohexanone ≥ 99.5 % Sigma-Aldrich 

Monoglyme ≥ 99.5 % Sigma-Aldrich 

Methanolic Ammonia 

2 M ammonia in 

methanol 

Sigma-Aldrich 

Cyclohexanone Oxime 98 % Sigma-Aldrich 

Cyclohexanone 2-cyclohexylidene + 85 % Alfa Aesar 

Hydroxylamine Solution 

50 wt % in Aqueous 

Solution 

Sigma-Aldrich 

Toluene 

Laboratory Reagent 

Grade 

Fisher Scientific 

Dichloromethane 

Laboratory Reagent 

Grade 

Fisher Scientific 

Table 3.4: Reagent Specification for Ammoximation Catalysis Study 
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3.5.2 Gas Chromatography Techniques 

 

Two gas chromatographs (GC) were used in this work: 

1)  Clarus 400 instrument with manual inject, fitted with a flame ionisation detector. 

2)  Clarus 480 instrument with autosampler, fitted with flame ionization detector. 

The columns were both an Elite-5 30 m, 0.25 mm ID column coated with 0.25 µm of a 

5% diphenyl-95% dimethyl polysiloxane. 

 

Figure 3.22: Graphical Representation of the oven method used for the GC analysis of 

the ammoximation reaction components. 

In a standard GC analysis, a small aliquot of sample was removed from the reaction 

and centrifuged to remove suspended particulates. The supernatant solution was 

decanted and analysed. The internal standard method was used throughout these 

studies (see chapter two for discussion about calculations). The graphs below show the 

calibration plots from which the GC response factor (RF – taken as the gradient of the 

calibration graph) which were used to calculate the conversions. 

 

 

Figure 3.23: Calibration of Cyclohexanone using Monoglyme as the internal Standard. 
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Figure 3.24: Calibration of Cyclohexanone Oxime using Monoglyme as the internal 

Standard. 

 

Figure 3.25: Calibration of cyclohexanone dimer (cyclohexanone 2-cyclohexylidene) 

using monoglyme as the internal Standard. 

 

Conversions and selectivities were calculated using the following equations: 

 

Conversion (%) = [(moles of starting substrate – moles of product)/(moles of starting 

substrate)]x100 

 

Selectivity (%) = [(moles of individual product)/(moles of all products)]x100 

Calculating the response factors (RF) using the internal standard method used the 

following equations: 

 

RF = (mol product/mol standard) x (area of product/area of standard) 

 

Mol % of product = RF x moles of standard x (area of product/area of standard)x100 
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3.5.3 Catalyst Synthesis 

 

Phosphoric acid was diluted with distilled water (10 mL) and stirred in a Teflon beaker. 

Aluminium hydroxide in distilled water (10 mL) was added to the reaction mixture. 

Cobalt acetate was dissolved in distilled water (10 mL) and added dropwise 

simultaneously along with titanium isopropoxide (titanium precursor is a liquid and is 

added dropwise using an autopipette) to the stirred solution. N-

methyldicyclohexylamine (8.682 g) was added gradually to the vigorously stirred 

solution and stirred for 60 minutes to allow the mixture to homogenise. The mixture 

was divided between three Teflon lined autoclaves, before being crystallised under 

autogeneous pressure for 2 hours at 180°C. The resulting blue solid was collected by 

filtration and washed with distilled water before being dried in an oven overnight at 

60°C. Solids were checked for phase purity by powder x-ray diffraction. The solids were 

calcined overnight at 550°C while a continuous flow of air was passed over to remove 

the structure-directing agent, and oxidise the cobalt. The resulting green solids were 

stored in a desiccator until needed for catalysis. 

 

3.5.4 Synthesis of Cyclohexylimine 

 

Methanolic ammonia (20 mL) was charged to a round bottom flask, followed by 

cyclohexanone (0.024 moles, 2 mL).
56

 The reaction mixture was stirred at 55°C for 2 

hours. The reaction mixture was compared to a sample of cyclohexanone in methanol 

by GC analysis. Since the trace showed little difference, the reaction was allowed to stir 

overnight, where a colour change to pale yellow was observed. The GC trace now 

showed the formation of a second peak in the trace which was comparable to a 

previously unknown peak in the trace which is observed for the ammoximation 

process. 

  

The reaction mixture was also analysed by TLC - silica gel; mobile phase. Eluent 1:1 

ethyl acetate : hexane. Visualised with 254 nm UV light and oxidised using 

permanganate solution. More than one product was observed in the TLC suggesting 

other by-products had been formed. The reaction mixture was allowed to stir at room 

temperature for a week, where a darkening of the reaction mixture was observed. 

These observations suggest that some of the condensation products seen in the 

ammoximation reaction can also (along with cyclohexylimine) be formed non-

catalytically. 
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3.5.5 Isolation of Condensation Products 

 

a) Preparative TLC 

 

Red/Brown mixed products were diluted with DCM (5 mL), before being applied to a 

glass-backed TLC plate (5 cm x 10 cm). The plate was run with 5% methanol in DCM 

(v/v) until the frontier product was a few millimetres from the top of the plate. After 

drying and visualising, the silica was removed from the glass-backing and the products 

removed from the silica by dissolving in ethanol.  

 

Samples were prepared for MS as follows: 

 

0.1 mL of the sample was removed and diluted in an ependorf with 1 mL of DCM. 

The diluted solution was centrifuged to remove residual suspended silica. 10 drops of 

the solution was removed from the ependorf and added to a MS sample vial followed 

by 2 mL of DCM. 

 

b) Sample Preparation for the Column 

 

Red/Brown mixed products were diluted in DCM and filtered to remove the remaining 

catalyst. The organic solution was washed in two portions of water and two portions of 

brine. The organic layer was dried over MgSO
4

, filtered and the solvent removed under 

reduced pressure. The resulting red viscous oil was separated into two portions and one 

portion was dissolved in a small amount of the column eluent ready for separation. 

 

Column Details: 

 

The column was packed with silica gel in 1% methanol in DCM (v/v), the sample carefully 

loaded, and the top protected by approx. 1 cm of sand. Fractions of between 5 and 10 mL 

were collected and their contents checked by TLC. Those containing products with similar 

retention factors were combined and the solvent removed under reduced pressure.    
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0.1.1 Catalytic Reactor Set-up 

 

Adapted Parr 4547 Batch Reactor: 

 

Catalytic results were obtained using a reactor, originally purchased from Parr, which 

has been adapted by Cambridge reactor design. A schematic of the reactor set-up is 

shown in Figure 3.26 below. 

 

Figure 3.26: Schematic representation of the pressure reactor used to obtain catalytic 

results. 

 

Cyclohexanone (20g, 0.204 moles) was combined with monoglyme (5g, 0.056 moles – 

internal standard) and CoTiAlPO-5 (0.5g) in a PEEK liner followed by ammonia (28% in 

water - values listed in Table 3.5 below). The liner was lowered carefully into the 

stainless steel reaction vessel and the top sealed. Air (30 bar) was pressurised into the 

vessel before being heated at 65°C and stirred at a rate of 800 min
-1

. Samples were 

taken from the sampling port at 2 hour and 3.5 hour intervals, ensuring that the 

solution was no longer stirred and the suspended catalyst had settled. Each sample (of 

approximately 0.5 mL) was centrifuged before analysis by GC.  
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Excess of 

Ammonia 
Moles Required 

Mass Required 

/g 

Mass of Ammonia in Water 

Required /g 

 

1.1 

 

0.23 

 

3.82 

 

13.6 

 

1.6 

 

0.33 

 

5.61 

 

20.0 

 

2.5 

 

0.51 

 

8.67 

 

31.0 

 

3.0 

 

0.61 

 

10.40 

 

37.2 

Table 3.5: Amounts of ammonia added to the ammoximation reaction 

 

Parr 4543 Reactor: 

 

Cyclohexanone (typically 10g, 0.102 moles) was combined with monoglyme (5g, 0.056 

moles) in the PEEK reactor insert/liner. CoTiAlPO-5 catalyst (typically between 0.2 – 

0.5g) was weighed and added instantly followed by aqueous ammonia solution 

(typically in 3-fold excess, 0.306 moles). The liner was lowered into the reaction base 

and sealed onto the over-head stirrer. Stirring and heating was set at 800 rpm and 

65°C. The reaction vessel was pressurised with 30bar of air and a reaction log kept of 

the temperature and pressure as a function of reaction time. Stirring was stopped while 

samples were taken to ensure that large amounts of catalyst are not lost through the 

sampling port and cause it to block. Samples were centrifuged to settle particulate 

catalyst remaining before injection and analysis by GC.  
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3.5.7 Oximation of Cyclohexanone 

 

Toluene (10 mL), cyclohexanone (0.097 moles, 10.57 ml) and monoglyme (internal 

standard: 0.024 moles, 2.5 mL) were combined in the reaction flask. The mixture was 

cooled on ice and hydroxylamine (see table 3.9 below) was added dropwise, forming 

instantly a white precipitate. The reaction mixture was allowed to come up to room 

temperature before being heated to 30°C for 2 hours. Heating aided the dissolution of 

the white solid (oxime). Samples were taken after 2 hours of heating and analysed by 

GC. Results were calculated with respect to the internal standard. The table below 

shows the quantities and molar ratios of the five experiments carried out using varying 

molar excess of hydroxylamine: 

 

Ratio 

(of hydroxylamine 

excess to the 

cyclohexanone 

substrate) 

Moles of 

Hydroxylamine 

/moles 

Mass of 

Hydroxylamine 

solution /g 

Volume of 

Hydroxylamine 

solution /mL 

 

1.1 

 

0.11 

 

7.4 

 

6.8 

 

1.6 

 

0.16 

 

10.8 

 

9.9 

 

2.0 

 

0.20 

 

13.5 

 

12.5 

 

2.5 

 

0.26 

 

16.8 

 

15.6 

 

3.0 

 

0.3 

 

20.3 

 

18.8 

Table 3.6: Amount of hydroxylamine added to the oximation reactions. 
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Chapter 4 

Synthetic Strategies for CoTiAlPO-5 

 

This chapter takes a detailed analysis of the synthesis of the bimetallic CoTiAlPO-5 

catalyst. The synthesis of this bimetallic catalyst is published by Paterson et al
1

 in their 

study of the epoxidation of cyclohexene. The following discussion examines each of 

the individual components required in the hydrothermal synthesis of 

aluminophosphate architectures and isomorphous substitution of framework atom 

sites. Using a combination of spectroscopy, microscopy, and oxidation catalysis 

screening a detailed map of the synthesis alterations and the optimal conditions is 

proposed. 

 

 

Figure 4.1: Graphical representation of the bimetallic substituted aluminophosphate 

catalyst facilitating the epoxidation of cyclohexene. In this figure, the yellow and blue 

atoms represent the strictly alternating aluminium and phosphorus framework atoms, 

while the green and purple atoms represent the cobalt and titanium atoms 

isomorphously substituted into the AFI framework. 
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4.1 Synthesis of CoTiAlPO-5 

 

4.1.1 Ionicity and Framework Stability of Aluminophosphates 

 

Using a first-principles quantum chemical approach, Corà, Catlow and co-workers
2-4

 

have studied the nature of the strictly alternating aluminium and phosphorus atom 

lattice (bridged by oxygen atoms) and compared the results to the purely siliceous 

isostructural zeolite analogues. This study revealed striking differences between the 

two types of framework, which can be used to rationalise the differences observed in 

the experimental findings between the two classes of materials. It was found that the 

bonding of AlPO structures is such that it comprises distinct and discrete ionic Al
3+

 and 

PO
4

3-

 units and is described as molecular-ionic. This is in contrast to the bonding in 

silica and aluminosilicate families where the framework T-atom linkages are described 

as a continuous network of semicovalent atoms. The figure below shows the electron 

density map produced by the researchers which highlights the differences between the 

AlPO and silica families of isostructural morphologies. 

 

Figure 4.2: Difference electron density maps in a plane containing one Al-O-P (top) or 

Si-O-Si (bottom). Zones representing covalent bonding are coloured in blue, while 

areas of ionic bonding are coloured in red. Image adapted from the work of Corà et al 

in their study entitled “Ionicity and Framework Stability of Crystalline 

Aluminophosphates”.
2
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The implications of these differences account for the intriguing chemistry of 

aluminophosphates and the ionicity of the aluminium atoms confirms trends observed 

for the AlPO family. For example,
2

 AlPO’s show a less pronounced resistance to steam 

treatment in comparison to the stable Si-O-Si architecture. Further, the defect 

chemistry and the ionic isomorphous substitution of dopants are also likely to be 

controlled by the ionic characteristics of the discrete aluminium site and thus making it 

more susceptible to transition metal substitution at this site.  

 

Further work from the group of Corà and Catlow 
4

 also summarised that the framework 

of the AlPO family is flexible to changes in its local coordination environment and thus 

can readily accommodate transition metal dopants by energy minimising changes in 

the bond distances and bond angles between the aluminium and bridging oxygen. The 

effect of the dopant is believed to be minimal on the extended crystalline framework.  

 

It was also suggested that the degree of distortion was not only dependant on the 

radius of transition metal ion but also on its valence
4

; calculations suggest that closed-

shell low valence dopants are located in distorted environments, while closed-shell 

isovalent ions occupy regular crystallographic framework sites. It is shown that ions 

such as cobalt and manganese have distorted framework positions by Jahn-Teller 

effects. 
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4.1.2 Isomorphous Substitution of Cobalt into the Framework of 

Aluminophosphates 

 

While it is generally accepted that the cobalt ion substitutes as either Co(II) or Co(III) at 

the aluminium site in aluminophosphate structures, there is also much discussion in 

the literature regarding its nature (valence state and geometry) and properties (redox 

and Brønsted acid character).  

 

Cobalt centres have been studied by various authors using a variety of techniques, 

including EPR
5-7

, temperature programmed desorption, reduction and oxidation,
8

 FT-

IR,
6,9,10

 UV/Vis
6,10

 and XAS
6,7

. The change in the cobalt centre between the intense blue 

colour of the as synthesised form and the green colour after calcination (oxidation) is a 

clear visual indication that there has been a chemical alteration, but the exact nature of 

this has been the focus of many studies and interpreted in a number of ways.  

 

Initial studies of the redox properties of cobalt in the aluminophosphate framework 

concluded that the visual colour change and the differences in the DR-UV/Vis spectra 

of the as synthesised and calcined forms were indications that the cobalt centre readily 

cycles between the Co(II) and Co(III) state (with an associated change in the Lewis and 

Brønsted acid concentration)
11

. However, in later studies the work by the group of 

Kurshev
5

 using EPR studies, suggested that the colour change was due to distortions in 

the lattice of the aluminophosphate and not attributed to changes in the cobalt 

oxidation state. The deviation from the regular tetrahedral coordination of the Co(II) 

ion in the aluminophosphate framework to an irregular distorted tetrahedron, where 

the charge compensation between the Al(III) site and the Co(II) site is accommodated 

via framework distortion, was attributed to the colour change between blue and 

green.
5,6

 

 

Other research groups who have focussed their analysis on the acid properties of 

cobalt containing aluminophosphates have also questioned the true redox capability of 

the cobalt centres as little change is observed in the acid properties between the as 

synthesised and calcined forms of the structure
6,9

. In these studies authors have 

suggested that the redox nature of the cobalt centres is due to the presence of 

extraframework clusters and not the isomorphously substituted cobalt in the 

aluminium sites. 

 

With all of the above speculation in mind, recent reports have discussed the use of a 

number of combined techniques to infer and map a better overall picture of the cobalt 

substitution. Work by Beale and co-workers
7

 has indicated that that upon oxidising the 
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CoAlPO structure that oxygen vacancies are formed which account for both the 

additional framework distortion in the oxidised form of the sample and helps to 

maintain the overall framework charge neutrality. The figure below shows a basic 

schematic of this arrangement. 

 

Scheme 4.1: Structural models for the isomorphous substitution of cobalt ions into the 

framework of aluminophosphates. The left route suggests that all of the cobalt ions 

are oxidised from Co(II) to Co(III) upon calcination. The right route suggests that only a 

fraction of Co(II) is oxidised to Co(III) while the framework charge neutrality is 

maintained by the generation of an oxygen vacancy (depicted by the red circle). 

 

Other recent studies which have taken a detailed analysis of the EXAFS data collected 

for a number of cobalt-containing aluminophosphate structures has concluded that the 

proportion of the cobalt species which is able to undergo redox Co(II)/Co(III) cycles is 

dependent on the framework type. Work by Barrett and co-workers
12

 suggests that the 

AlPO-18 framework can undergo complete oxidation between Co(II) and Co(III) while 

the AlPO-5 framework is only capable of a small fraction, of around 20%, is oxidised to 

Co(III). Further, catalysis studies on similar frameworks by Raja et al
13

 indicates that the 

superior activity of their CoAlPO-36 over CoAlPO-5 is attributed to the greater 

proportion of redox active Co(II)/Co(III) centres.  
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Rigorous spectroscopic characterisation using oxidised and reduced forms of the 

CoAlPO-5 structure using DR-UV/Vis and FT-IR of NO and CO probe molecules by 

Vishnuvarthan and co-workers
10

 concluded a dual explanation for the characteristics 

observed. This study was largely in agreement with the work of Barrett
12

 but they also 

observed that during oxidation and reduction cycles the formation of cobalt oxide 

clusters was possible. These were believed to form due to the presence of the oxygen 

vacancy sites generated upon oxidation, consistent with the work of Beale and co-

workers
7

. 

 

Work by Paterson et al
14,15

 showed, using XAS, that the coordination of the cobalt centre 

in CoAlPO-5 and CoTiAlPO-5 was largely unchanged after oxidation and continued to 

resemble the distinct characteristics of the tetrahedral cobalt reference sample (and 

not of the 5- and 6- coordinate references). Further EXAFS analysis showed that the 

changes in the bond length of the oxidised and reduced samples were in agreement 

with the work by Barrett,
12

 where only a limited fraction of the Co(II) could be oxidised 

to Co(III).  

 

Literature also suggests that the exact nature of the cobalt centre is largely dependent 

on the method of preparation used and the proportion of redox sites, acid 

characteristics and amount of cobalt oxide clusters is likely altered by the synthesis 

conditions such as heat and temperature of crystallisation as well as the SDA used to 

template the AlPO-5 structure and the pH of the gel.
5,6
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4.1.3 Original Synthesis of CoTiAlPO-5 

 

A standard preparation for CoTiAlPO-5 was adopted from the experimental section of 

the PhD thesis written by Dr A. J. Paterson.
15

 This published method
14

 is described in 

the text below and summarises the synthesis strategy which was used as a point of 

reference for the studies discussed in the following sections. 

 

General Reagent Information 

 

AlPO-5 catalysts were prepared using N-methyldicyclohexylamine ((C
6

H
11

)
2

NCH
3

, Sigma 

Aldrich) as the structure directing agent using a hydrothermal synthesis in Teflon lined 

autoclaves.  N-methyldicyclohexylamine (MDCHA) was chosen due to its high specificity 

for the AFI structure type over other templating agents.
16

  It has been shown to be 

selective for the AlPO-5 structure over a wider range of synthesis conditions and allows 

greater flexibility of the synthesis parameters. Triethylamine
7,10

 and other SDAs (eg: 

tetraethylammonium hydroxide
5

 and cyclohexylamine
8

) are commonly reported for the 

synthesis of AlPO-5 type materials however the window of synthesis conditions in 

which they produce phase pure materials is not as flexible. Aluminium hydroxide 

hydrate (Al(OH)
3

.xH
2

O, Aldrich) and phosphoric acid (H
3

PO
4

 85wt% in H
2

O, Aldrich) were 

used as the aluminium and phosphorus precursors respectively.  Metal precursors used 

were cobalt acetate tetrahydrate (Co(CH
3

COO)
2

.4H
2

O, Aldrich and titanium 

isopropoxide (Ti(OCH(CH
3

)
2

)
4

, Aldrich), deionised water was used throughout as the 

solvent.  

 

Synthesis of CoTiAlPO-5 (gel loading 3 atom%, equal cobalt and titanium loadings) 

 

0.0980mols (9.601g, Aldrich) of H
3

PO
4

 was added to 10ml of deionised water and 

allowed to mix by magnetic stirrer in a PTFE beaker until homogeneous. 0.0522mol 

(4.071g, Aldrich) of Al(OH)
3

 was added slowly and was left stirring for 10 minutes with 

the addition of a further 10ml of water, the pH was measured to be 2.18. 

Cobalt acetate tetrahydrate (0.415g, 1.667mmol, Aldrich) was dissolved in 10ml of 

deionised water while 1.667mmol (0.474g, Aldrich) of titanium isopropoxide was 

measured out and simultaneously these two solutions were added slowly to the main 

reaction mixture.  The reaction mixture was left stirring for 20 minutes to homogenize.   

N-methyldicyclohexylamine (0.044mol, 8.682g, Aldrich) was added slowly with the 

remaining 18ml of water determined from the gel composition. This gel was left 

stirring for 30 minutes (~1200rpm) to obtain a fully homogeneous mixture (pH was 

5.98). 
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The reaction mixture was transferred to three lined autoclave units (capacity 40ml 

each), sealed and put in the preheated oven for 2 hours at 180C.   After 2 hours, the 

autoclaves were removed and immediately quenched in cold water, the product was 

filtered and washed with water and dried in a static oven (50-90C) (pH 6.47 of the 

mother liquor). 

 

Calcination was carried out at 550C for a minimum of 8 hours in a static tube furnace 

with a gentle flow of air throughout; the temperature ramp was 3 degrees per minute. 

 

 

Figure 4.3: General schematic of the synthesis process for metal substituted 

aluminophosphates 
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4.1.4 Microscopy Characterisation of a typical CoTiAlPO-5 sample 

 

A typical sample of CoTiAlPO-5, which had been shown to be phase pure for the AFI 

structure using powder X-ray diffraction, was analysed by microscopy techniques. 

Probing the sample under high resolution and high magnification enables small 

impurity phases and amorphous regions to be detected which would otherwise not be 

present in great enough quantity to be observed under XRD analysis. Further, the 

associated metal analysis will allow the composition of the AFI particulates and the 

small impurity phases to be evaluated. The analysis was carried out by preparing the 

samples in an embedded Epon type epoxy and obtaining a thin section in order to 

infiltrate the internal structures of the AlPO crystallites. 

 

The figures below show regions of the aluminophosphate sample, using both TEM and 

SEM imaging techniques.  

 

Figure 4.4: High resolution image of an AlPO crystallite. The composision of the two 

sections of the aluminophosphate crystallite marked in purple, are given in the table 

below. 

 Area 1 Area 2 

Aluminium 21.4 21.6 

Phosphorus 24.0 23.8 

Titanium 0.1 0.1 

Cobalt 2.3 2.2 

Iron 1.1 1.1 

Oxygen 51.1 51.1 

Table 4.1: EDS wt% composition of the two sections of the particle highlighted in 

purple. 

These data show that the two sections of the particle are consistent in composition.  
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The isomorphous substitution of cobalt into the structure (at framework aluminium 

sites
17

) can be deduced by comparing the (Al+Co) values with the P values which are 

assumed to be equal within experimental error. This analysis is based on Lowersteins 

rule which states “Whenever two tetrahedra are linked by one oxygen bridge, the 

centre of only one of them can be occupied by aluminium; the other centre must be 

occupied by silicon, or another small ion of electrovalence four or more, e.g. 

phosphorus. Likewise, whenever two aluminium ions are neighbours to the same 

oxygen anion, at least one of them must have a coordination number larger than four, 

that is, five or six, towards oxygen.”
18

 Further, in the aluminophosphate architecture it 

is known that the aluminium and phosphorus atoms are present in the framework in a 

strictly alternating array (bridged by oxygen atoms) and thus the two atoms must be 

present in the sample in equal quantities.  It is important to note that the incorporation 

of titanium into the structure is limited as the two sample areas do not show the 

correspondingly high proportion of titanium as cobalt in the metal analysis.  

 

Another important point to note in this data set is that the amount of iron detected in 

the sample is alarmingly high (1.1 wt%). It can be argued that this will make the sample 

less active in the ammoximation reaction as the competing decomposition of 

hydroxylamine is thought to be accelerated by the presence of metals such as iron.
19

 

 

Figure 4.5: Dark Field STEM image of a few crystallites of AlPO-5, showing regions of 

mesoporosity. The red arrows indicate the edge of the particle where there is less 

mesoporosity seen. 
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The image above shows that there are regions of the aluminophosphate phase which 

contain sections of mesoporosity. The dark holes in the lighter coloured crystal 

structure show that in certain patches, nearer the inner edge of the particle that 

mesopores are formed. There are references in the literature that allude to the fact that 

the use of methyldicyclohexylamine (MDCHA) to direct the synthesis of the AFI 

structure can form a certain amount of mesopores alongside the regular microporous 

AFI channels.
20

 This is an interesting discovery, as the use of MDCHA, the structure 

specific SDA, is preferred to ensure phase purity over a larger synthetic window. 

However, this may also suggest that these AFI structures possess some interesting 

supplementary catalytic properties
21

 due to the formation of the mesoporous regions, 

which can be envisaged to enhance the rate of diffusion of reactants through the 

framework towards the active centres. Further discussions concerning the effect of 

additional mesoporosity can be found in Chapter 6. 

 

Figure 4.6: Low magnification dark field STEM image of an AlPO crystallite (red arrow) 

and debris or impurity regions (smaller and brighter particles). 

 

Figure 4.6 shows a well-defined aluminophosphate crystallite (indicated by the red 

arrow) has been formed alongside a region of an impurity phase (these are the smaller 

and brighter patches). The brighter areas indicate that the impurity areas are a dense 

phase. The figure below is an area of the above image which has been magnified and 

the metal composition of the impurity region analysed (section marked with pink 

borders). 
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Figure 4.7: Magnified dark filed STEM region of 

figure 4.6 with EDS composition of the associated 

impurity region (pink border) 

Table 4.2: Composition of the 

area marked in figure 4.7. 

Component 
/wt% 

Area 1 

Aluminium 10.0 

Phosphorus 18.6 

Titanium 16.1 

Cobalt 3.0 

Iron 0.7 

Oxygen 46.6 

 

The impurity phase shown above has a high proportion of titanium present and the 

values observed for aluminium and phosphorus are not equal, as would be expected 

for an AlPO particle. The proportion of aluminium is lower than expected in an AlPO 

phase, indicating a dense impurity phase, which could suggest that a separate titanium 

rich oxide phase is forming during hydrothermal synthesis. This sample also explains 

to, an extent, why the EDS of the AlPO particles show very low titanium content and 

suggests that titanium is not present in the AlPO particle, but instead forms as part of 

the impurity phase. The content of cobalt in this phase is similar to that of the AlPO 

particle, which suggests that the cobalt in the synthesis is more evenly distributed than 

the titanium. 

 

Figure 4.8: HR-SEM image of a thick section of CoTiAlPO-5 sample using a back-scatter 

electron detector. The red arrow shows a typical AlPO particle while the blue arrow 

indicates where there is an area of impurity. 

 

Figure 4.8 is a lower magnification SEM image, which in this overview of the sample, 

suggests that the impurity phases described above do not make up the larger 

proportion of the entire sample. Many AlPO-type particles of uniform size and 
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morphology (10 – 15 µm diameter) are present in the sample and the impurity phases 

do not make up the majority of the sample. 

 

Figure 4.9: HR SEM image of CoTiAlPO-5 sample using a back-scatter electron detector. 

The regions marked in pink on the image have been analysed by EDS and are shown in 

the table below.  

 

The spherical particle at the bottom right of the image is a typical AlPO particle. The 

slightly brighter and less regular shaped feature at the top right of the image is likely 

to be a dense phase impurity. The table below gives the metal composition of the 5 

regions marked in pink on the image. 

Component 

/wt% 
Area 1 Area 2 Area 3 Area 4 Area 5 

Aluminium 22.0 17.4 21.2 21.9 40.1 

Phosphorus 24.3 22.4 24.9 24.2 8.1 

Titanium 0.1 5.6 0.1 0.4 2.4 

Cobalt 1.8 3.8 2.1 1.9 1.1 

Calcium 0.2 1.3 0.1 0.2 0.1 

Oxygen 51.6 49.6 51.6 51.5 48.1 

 

Table 4.3: Composition of the five areas highlighted in figure 4.9. 
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From the metal composition data in the table above, it can be seen that the large 

spherical particle (areas 1 and 3) are most likely aluminophosphate structure, indicated 

by the even phosphorus and (Al+Co) values. However, it is interesting to note that the 

amount of titanium in these areas is low and may suggest that little of the titanium 

added to the synthesis gel is incorporated into the framework of the 

aluminophosphate structure.  

 

Looking at area 2, it can be seen that the aluminium and phosphorus ratios are not 

equal and that a greater amount of titanium (and calcium) are present in this phase. 

The bright white nature of this section of the sample also indicates that this is a denser 

phase. It may be suggested that this dense phase is a calcium oxide and titanium 

oxide rich species. 

 

Area 4, although fainter than the main aluminophosphate particle, also shows a 

relatively equal distribution of aluminium and phosphorus and is likely to be the 

desired aluminophosphate structure. 

 

Finally, area 5 shows some striking differences to the expected AlPO composition. The 

aluminium content of the phase suggests that this particle is due to unreacted 

aluminium oxide from the synthesis gel. The particle is, however, not bright and looks 

to contain a degree of associated porosity. 
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4.1.5 Summary of questions to be addressed in the synthesis strategies of 

CoTiAlPO-5 

 

The detailed microscopic imaging of the aluminophosphate sample showed some 

interesting information which will need to be addressed in the future synthesis of the 

CoTiAlPO-5 catalyst.  

 

1)  Impurity phases 

 

High resolution microscopy showed that additional impurity phases were formed 

alongside the AlPO crystallites. These are hypothesised to be aluminium rich regions 

(likely to occur from unreacted aluminium hydroxide) and regions of titanium and 

calcium oxides. Altering the stir time to homogeneity and the crystallisation time or 

temperature may address these issues.  

 

2)  Presence of unwanted metals in the composition of the aluminophosphate 

structure 

 

The presence of iron and calcium in the aluminophosphate samples are both believed 

to be detrimental to the performance of the redox aluminophosphates, especially when 

used in the ammoximation reaction. Deducing the point of source of these metals 

enables them to eliminated in future synthesis. 

 

3)  Framework incorporation of titanium 

 

The analysis of the metal composition of the aluminophosphate crystallites indicated 

that little of the metal added during synthesis was present in the final structure. 

Titanium rich impurity phases indicated that the metal had not necessarily been lost in 

washing the sample after synthesis, but has instead been reacted into a minor 

secondary phase. Assessing the titanium source and the method of delivery will allow 

the extent of titanium framework incorporation (and the geometry of the species) to be 

deduced and the optimal conditions can be hypothesised. 

 

4)  Presence of mesoporosity 

 

High resolution TEM showed the presence of some mesoporous regions in the 

aluminophosphate crystallite. While this may not be detrimental to the performance of 

the catalyst, understanding the genesis of this characteristic will aid in developing a 

fuller picture of the synthesis of the CoTiAlPO-5 system. Looking at the effect of the 
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SDA used will assess whether this feature of the sample prepared using MDCHA is 

related to the template amine. 

 

In the following study the numerous variables in the aluminophosphate synthesis are 

assessed individually to allow conclusions about each to be drawn. While a summary of 

the findings may be suggested, it is also important to note that the synthesis of such 

systems is likely to be non-linear, but rather a complex system. This suggests that the 

synthesis is much like a balancing study and one variable may have an indirect effect 

on another. These points will be discussed in further detail in the following sections. 
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4.1.6 ICP analysis of raw materials for CoTiAlPO-5 catalyst 

 

The main impurity elements, calcium and iron, detected by EDS in the samples of 

CoTiAlPO-5, were analysed for in the raw (or starting) materials for the 

aluminophosphate synthesis. The five raw materials were analysed by AES-ICP and the 

results are shown in Table 4.4 below. 

 

Component 
(wt%) 

Aluminium 
Hydroxide 

Phosphoric 
Acid 

Cobalt 
Acetate 

Titanium 
Isopropoxide 

Methyl 
dicyclohexylamine 

Aluminium -- <0.0006 <0.001 <0.001 <0.05 

Arsenic <0.05 <0.001 <0.003 <0.003 nd 

Calcium 0.181 <0.0006 <0.001 <0.001 <0.05 

Cobalt <0.0010 <0.0006 -- <0.001 <0.05 

Chromium <0.0010 <0.0006 <0.001 <0.001 <0.05 

Copper <0.0010 <0.0006 <0.001 <0.001 <0.05 

Iron 0.0057 <0.0006 <0.001 <0.001 0.13 

Potassium nd nd nd nd <0.1 

Magnesium 0.252 <0.0006 <0.001 <0.001 <0.05 

Manganese <0.0010 <0.0006 <0.001 <0.001 <0.05 

Molybdenum <0.0010 <0.0006 <0.001 <0.001 <0.05 

Sodium 0.273 <0.0006 <0.001 <0.001 <0.05 

Nickel <0.0010 <0.0006 0.008 <0.001 <0.05 

Phosphorus <0.01 -- <0.003 0.003 0.3 

Lead <0.002 <0.001 0.014 <0.003 0.2 

Silicon 0.0181 <0.0006 <0.001 <0.001 nd 

Tin <0.002 <0.001 <0.003 <0.003 <0.1 

Strontium nd nd nd nd <0.05 

Titanium <0.0010 <0.0006 <0.001 -- <0.05 

Vanadium <0.0010 <0.0006 <0.001 0.010 <0.05 

Zinc <0.0010 <0.0006 <0.001 <0.001 <0.05 

 

Table 4.4: ICP-AES analysis of the raw materials used in a typical synthesis of CoTiAlPO-

5. The blocked out grey entries correspond to the metal which should be found in that 

sample. The metals bold and italicised highlight a high and unexpected quantity of 

impurity in the sample. 

 

The data above shows that there is a high proportion of calcium, magnesium and 

sodium present in the aluminium source, while some of the slight traces of iron seen in 

the EDS of the AlPO samples may be due to the impurities in the structure directing 

agent (methyl dicyclohexylamine). The presence of the calcium, magnesium, and to 

some extent sodium, may be causing the production of Brønsted acid sites in the 

aluminophosphate materials which will induce a larger amount of acid catalysed side 
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reactions. Further, the presence of trace quantities of iron (and lead) is believed to 

facilitate the decomposition of hydroxylamine which is hypothesised to be the key 

intermediate in the ammoximation reaction.  

 

From these data, it is clear that the calcium-rich impurity phase may be reduced by 

altering the source or type of aluminium precursor in the aluminophosphate synthesis 

procedure. Further, it can also be suggested that either changing the structure-

directing agent or distilling the MDCHA (current SDA) may aid in the reduction of trace 

impurity metals. 
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4.1.7 Strategies for Sample Modification 

 

The following sections of this report will present the results of systematically changing 

one of the variables in the synthesis of the CoTiAlPO-5 catalyst and compare the 

difference with a “bench mark” sample, prepared using the standard preparation. The 

samples have been analysed by XANES spectroscopy, microscopy techniques, and 

screened for their effectiveness in the oxidation of benzyl alcohol. 

 

Ti K-edge XANES Spectroscopy: 

The absolute energy position and normalized intensity of the titanium K-edge pre-edge 

peak is used in order to compare the local geometry around the titanium atoms in the 

samples. This is particularly important as the minor impurity phase has been shown to 

contain higher proportions of titanium. In its oxide phase (anatase), titanium readily 

forms TiO
2

, a distorted octahedral species. 

Microscopy: 

The nature and extent of the impurity phase can be assessed using TEM and SEM 

techniques and the images and analysis obtained compared to the benchmark sample 

discussed in the previous sections of this report. 

Oxidation of Benzyl Alcohol: 

Drawing links between the spectroscopy trends, nature of the material and its efficacy 

in catalysis allows structure-property correlations to be made. Assessing the catalytic 

activity of the altered samples allows the individual variables to be linked to its role in 

the activity of the catalyst. The oxidation of benzyl alcohol was chosen as it only has 

two major products; benzaldehyde and benzoic acid. The reaction also requires that 

the catalyst has oxophilic characteristic and is able to activate molecular oxygen. 

The plots below show the conversion and selectivity of the benchmark catalyst at 

different temperatures. This short study allowed the reaction conditions for the 

subsequent comparisons to be defined so as to allow improvements (or diminishment) 

in conversion and selectivity to be deduced. 
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Figure 4.10: Conversion of benzyl alcohol to benzaldehyde (and benzoic acid) over a 

three hour reaction at four different temperatures. 0.058 moles of benzyl alcohol in 60 

mL of tertiary butanol, ~0.2 g of catalyst and 0.0058 moles of tertiary butyl 

hydroperoxide initiator. PTFE lined stainless steel reactor pressurised with 20 bar of air 

and stirred at 800 rpm. Digylme was used as the internal standard. 

The graph in Figure 4.10, shows that increasing the temperature of reaction 

correspondingly increases the conversion of benzyl alcohol to its oxidation products. It 

is clear from this plot that using either 100 °C or 110 °C is not suitable for this study 

as it does not produce a large enough conversion in order to show meaningful 

comparisons between samples. Therefore, higher temperatures of 130 °C and above 

are necessary in order to see changes in the CoTiAlPO-5 catalyst activity. 

The figure below shows the same four temperatures with respect to the selectivity 

towards benzaldehyde over the three hour reaction. 
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Figure 4.11: Selectivity for the oxidation of benzyl alcohol to benzaldehyde over a 

three hour reaction at four different temperatures. 0.058 moles of benzyl alcohol in 60 

mL of tertiary butanol, ~0.2 g of catalyst and 0.0058 moles of tertiary butyl 

hydroperoxide initiator. PTFE lined stainless steel reactor pressurised with 20 bar of air 

and stirred at 800 rpm. Digylme was used as the internal standard. 

It is evident from the selectivity data that upon increasing the temperature of reaction, 

the selectivity decreases. Therefore in this study, it is important to strike a balance 

between the conversion of the substrate and the selectivity towards the aldehyde 

product. With this in mind, the reaction temperature which will be used for comparison 

of the CoTiAlPO-5 catalysts will be 130 °C as it affords modest conversions for the 

bench mark catalyst coupled with selectivities of around 80 %, meaning that there is 

considerable scope for improvement for a new CoTiAlPO-5 catalyst system. 
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4.2 Post-Synthesis Washing and Treatment 

 

The rationale behind this first set of modifications was to assess if the minor impurity 

phases could be removed physically by treating the crystallised catalyst with greater 

washing efficiency after synthesis. If the impurity phases are either soluble or sparingly 

soluble in water then they may be able to be flushed out using suitable post-synthetic 

treatments, or removed by separation. Likewise, the slightly elevated levels of impurity 

metals (iron and lead) may also be in a water soluble state, and again be removed post-

synthesis.  

 

Three treatments were devised in order to fulfil these speculations: 

 

a)  Increasing the quantity of purified water used in washing the crystallised catalyst 

b)  Aqueous soxhlet extraction of soluble and partially soluble impurities 

c)  Centrifugation of crystallised product in order to separate the partially soluble 

and insoluble impurities from the catalyst product. 

 

4.2.1 Increasing volume of aqueous filtering washes of crystallised product 

 

The original method of sample preparation uses deionised water to wash the blue 

crystallised product after synthesis. In this step only around 30 mL of water is used 

before the catalyst is dried and carried onto the next step of the procedure. With this 

in mind, it was initially suggested that the amount of water used should be increased 

to ensure that all of the unreacted components and any small particulates and soluble 

matter was flushed out of the sample. At least 1 litre of purified water (ie: deionised) 

was used to wash the sample before drying and calcination. 

 

This extra washing procedure may be unlikely to generate a large difference in the 

characteristics of the catalyst, but should be adopted in subsequent synthesis as good 

working procedures. 

 

TEM analysis of the sample 

 

The sample was prepared in an epoxy Epon block and sliced in order to get a cross 

section of the entire sample. The low resolution overview of the entire slice of the 

sample did not show that the extra washing procedure had aided greatly in the 

reduction of additional impurity areas. The figure below shows a section of this 

overview with associated metal composition analysis of the areas highlighted. 
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Figure 4.12: Overview of sliced sample under SEM using a back-scatter detector, 

highlighting two impurity regions (areas 1 and 2). Areas 3 – 5 are of AlPO-5 crystallites 

 

Region Al P Ca Ti Co O Total 

1 17.73 24.529 1.188 2.956 2.905 50.691 100 

2 9.892 19.518 0.935 17.999 4.128 47.527 100 

3 20.353 25.832 0.095 0.157 1.534 52.029 100 

4 20.521 25.769 0.04 0.123 1.504 52.043 100 

5 20.34 25.834 0.067 0.166 1.569 52.024 100 

Table 4.5: Metal composition of the 5 regions marked in figure 4.12. 

 

Regions 1 and 2 are two different varieties of which appear to be gel-like impurities 

having low and high density, respectively.  The higher-density gel has very high Ti and 

high Co, while both have a low Al:P ratio. These impurities are likely to originate from 

unreacted gel which may be lessened by increasing the time of crystallization or the 

temperature at which crystallization is carried out. 

 

Regions 3-5 are of AlPO-5 crystallites, which have a loading of titanium in the region of 

0.1 – 0.2 wt% and cobalt content of 1.5 wt%. It is interesting to note that the calcium 

impurity is very small in quantity of the standard AlPO-crystallite and mostly appears in 

the impurity phase. 
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ICP metal analysis 

 

The table below shows the ICP metal analysis data for the original sample with that of 

the sample which was flushed with over 1 litre of water. 

 

Metal Original 1 litre 
Co 1.58 1.35 

Ti 1.11 0.26 

Al 17.6 17.1 

P 22.4 20.9 

Ca 0.12 0.108 

Mg 0.24 0.144 

Na 0.046 0.071 

Fe 0.006 0.002 

Table 4.6: Comparison of ICP metal analysis between the original CoTiAlPO-5 and that 

which had been flushed after crystallisation by over 1 litre of deionised water 

 

The most notable difference between the two sets of ICP values is that the amount of 

titanium has decreased after flushing the crystallised sample with over 1 litre of water. 

This may be an anomaly or it may also suggest that an amount of titanium-rich 

impurity phase has been washed out during post-synthesis treatment. The other four 

main impurities identified remain fairly constant between the two samples. 
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4.2.2 Aqueous soxhlet extraction 

 

The aqueous soxhlet extraction was carried out by transferring the collected blue 

crystallised product into a folded filter paper and placing in a soxhlet apparatus. 

Deionised water was refluxed over the product for a period of 24 hours in order to 

extract any water soluble (or partially soluble) impurity phases or metal ions. The 

resulting product was oven dried and calcined ready for analysis and catalysis testing. 

 

The aqueous phase of the soxhlet extraction was analysed by ICP to determine its 

metal content. The table below outlines the impurity metals found in this aqueous 

phase. 

 

Element 
Quantity 
(volume 
/ppm) 

Al 0.5 
B 3.8 

Ca 0.5 
Cr 0.5 
Co 1 
Fe 0.5 
Pb 0.5 
Mg 0.5 
P 39.4 

Si 1.8 
Na 13.7 
Ti 0.5 

W 1.1 

Table 4.7: Metal analysis of the resulting aqueous phase after soxhlet extraction of the 

crystallised CoTiAlPO-5 catalyst. Note that other elements were tested for by were only 

present below the detection limit of the instrument. 

 

The data in this table suggests that the extraction method has removed much of the 

sodium impurity which was found to be present in the aluminium hydroxide along with 

a notable amount of phosphorus. This may suggest that this technique is able to 

remove some of the unreacted gel-like impurities which have been observed by TEM 

analysis. 

 

The following table compares the metal composition of the ‘bench mark’ sample with 

that of the sample which was treated post-synthetically by soxhlet extraction. 
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Metal Original Soxhlet 
Co 1.58 1.52 

Ti 1.11 0.79 

Al 17.6 17.7 

P 22.4 20.2 

Ca 0.12 0.115 

Mg 0.24 0.106 

Na 0.046 0.073 

Fe 0.006 0.002 

Table 4.8: Comparison of ICP metal analysis between the original CoTiAlPO-5 and that 

which had been collected following an aqueous soxhlet extraction. 

 

Despite the slightly elevated levels of phosphorus and sodium present in the resulting 

aqueous extraction of the soxhlet sample, the ICP metal analysis data appears very 

similar between the original sample and the sample after it had been treated by 

soxhlet extraction. The only difference of note is the slightly lower amount of titanium 

present in the sample which had been treated by soxhlet extraction. However, this 

difference may be due to the individual sample rather than by the post-crystallisation 

washing treatment technique used. 
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4.2.3 Centrifugation of crystallised product 

 

In the sample which was collected by centrifugation, the mother liquor of the 

crystallisation was carefully decanted and the blue solid was equally divided between 

two centrifugation tubes. The tubes had fresh deionised water added such that the two 

tubes had identical masses (within four decimal places). The samples were repeatedly 

centrifuged until the small quantity of white matter, which had begun to accumulate on 

the top of the sample, had formed a distinctly different layer. The white layer was 

carefully removed and the process repeated a second time. The second top layer was 

more pale blue in colour (as opposed to white) and was more difficult to separate from 

the bulk blue product. 

 

The table below shows a comparison of the metal content of the white impurity layer 

with that of both the remaining blue product layer and the ‘bench mark’ sample. 

 

Metal Original Centrifuged 
White 
Layer 

Co 1.58 1.46 3.06 

Ti 1.11 0.73 3.8 

Al 17.6 17.4 14.6 

P 22.4 20.7 15.3 

Ca 0.12 0.064 1.26 

Mg 0.24 0.101 0.06 

Na 0.046 0.143 0.66 

Fe 0.006 0.002 0.01 

Table 4.9: Comparison of ICP metal analysis between the original CoTiAlPO-5 with that 

which had been centrifuged. The column, ‘white layer’, refers to the layer which 

formed on top of the CoTiAlPO-5 sample upon centrifugation. 

 

The white layer generated upon centrifugation is very intriguing as it contains high 

cobalt and titanium levels, along with a significant amount of the impurity metals 

which have been identified in the CoTiAlPO-5 precursors. Further as a consequence, 

upon comparing the two CoTiAlPO-5 samples, it is evident that the intended metal 

dopants are lower in the centrifuged sample, as are the impurity metals (with the 

exception of sodium). This may suggest that collecting the crystallised blue sample 

using centrifugation methods may be favorable in order to account for only the reacted 

and crystallised CoTiAlPO-5 phase. 
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4.2.4 Titanium K-edge XANES  

 

It is hypothesised that if soluble or partially soluble impurity phases with a high 

titanium content can be removed from the sample then the amount of tetrahedral 

titanium species found in the framework substituted CoTiAlPIO-5 structure, then the 

position and intensity of the titanium pre-edge peak will resemble characteristics more 

analogous to the TS-1 and Ti-MCM-41 samples,
22

 where the titanium centre is known to 

be discretely tetrahedral. This in turn should also increase the activity of the catalyst as 

the fewer side reactions will occur in the absence of (likely Brønsted acid rich) impurity 

phases. Further, the turnover numbers calculated for these samples will likely be 

higher as the sample will better reflect the actual active centres. 

 

Titanium K-edge XANES data were collected on the three samples and compared to that 

of the original bench mark sample. The graph in Figure 4.13 below shows a 

comparison of the pre-edge position and intensity for these four samples. 

 

 

Figure 4.13: Comparison of the position and intensity of the titanium XANES pre-edge 

peak for the four different CoTiAlPO-5 catalysts. Blue = bench-mark or traditional 

treatment, Red = sample flushed with 1 litre of deionised water, Green = sample after 

centrifugation, Purple = Sample after soxhlet extraction. 

 

Upon comparing the position and intensity of the titanium pre-edge peak, it is evident 

that little difference is seen in three new samples which have been subjected to more 

vigorous post-synthetic washing methods. There is a slight difference in the bench 

mark or traditional sample, where the intensity of the pre-edge peak is lower (and the 
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energy is slightly higher). This would suggest that the sample contains fractionally 

more titanium species of greater coordination number with respect to the other three. 

This is likely due to the removal (at least to some degree) of the impurity phase which 

has been shown to contain a high proportion of (non-framework) titanium. 

 

(Note that the samples were not tested for their catalytic activity as it was not believed these slight changes 

would produce a detectable difference in the oxidation of benzyl alcohol.) 
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4.3 Aluminium Source 

 

It has been shown in Section 4.1.6, Table 4.4 that the aluminium source, hydrated 

aluminium hydroxide, is likely responsible for the elevated calcium (and magnesium) 

content in the CoTiAlPO-5 structure. With this in mind, the following section looks at 

using a different, purer, source of aluminium. 

 

Literature references use both aluminium boehmite
6

 and aluminium isopropoxide
10

 as 

the aluminium source and have successfully formed the desired (phase pure) 

aluminophosphate architecture.  

 

4.3.1 Comparison of Aluminium Sources  

 

Choosing the appropriate aluminium source for aluminophosphate synthesis is of 

paramount importance due to the reactivity difference in available precursors.
23

 For 

instance, it is widely accepted that the aluminium isopropoxide precursor is 

significantly more reactive that aluminium hydroxide as it readily exchanges its 

isopropanol ligands in an aqueous media. On the other hand, pseudo-boehmite (often 

referred to just as boehmite), a form of aluminium oxide, has strong bonds between 

the aluminium and oxygen atoms are much more difficult to break down into suitable 

‘building blocks’ in order to form the alternating Al-O-P arrangement in the 

aluminophosphate structure. In some cases, it is also required that the boehmite needs 

to be stirred vigorously in aqueous media for hours at a time or even stirred in the 

presence of acid in order to break the strong alumina bonds. The order of reactivity of 

these precursors in water hydrolysis is as follows: 

 

Figure 4.14: Increasing reactivity of aluminium sources used in the synthesis of 

CoTiAlPO-5. 

 

With these considerations in mind, the method of CoTiAlPO-5 synthesis had to be 

slightly adapted accordingly to allow for the changes in the aluminium source 

reactivity. For instance, aluminium isopropoxide cannot be directly added to acidic 

media, while boehmite requires longer stirring times to ensure homogeneity of the 

synthesis gel. 
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The sources of aluminium were tested by ICP metal analysis to gain a fuller picture of 

which impurities were present in which source. The table below summarises this data. 

 

Metal 
Aluminium 
Hydroxide 

Aluminium 
Isopropoxide 

Pseudo 
Boehmite 

  As, wt % <0.05 <0.5 <0.5 

  Ca, wt % 0.181 <0.010 <0.009 

  Co, wt % <0.0010 <0.05 <0.05 

  Cr, wt % <0.0010 <0.05 <0.05 

  Cu, wt % <0.0010 <0.010 <0.009 

  Fe, wt % 0.0057 <0.02 <0.02 

  K, wt % <0.10 <0.10 <0.09 

  Mg, wt % 0.252 <0.010 <0.009 

  Mn, wt % <0.0010 <0.010 <0.009 

  Mo, wt % <0.0010 <0.05 <0.05 

  Na, wt % 0.273 <0.05 <0.05 

  Ni, wt % <0.0010 <0.05 <0.05 

  Pb, wt % <0.002 <0.05 <0.05 

  Si, wt % 0.0181 <0.05 <0.05 

  Sn, wt % <0.002 <0.10 <0.09 

  Sr, wt % <0.010 <0.010 <0.009 

  Ti, wt % <0.0010 <0.05 0.08 

  V, wt % <0.0010 <0.03 <0.03 

  Zn, wt % <0.0010 <0.05 <0.05 

Table 4.10: Comparison of impurities present in three sources of aluminium for the 

synthesis of CoTiAlPO-5. 

 

The data highlighted in red show the three main impurity metals found in the original 

aluminium source (aluminium hydroxide). It is evident from the data above that these 

are not present in such high quantities or below detectability limits in the pseudo-

boehmite or aluminium isopropoxide sources of aluminium. 
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4.3.2 ICP Comparison of Metal Content using Different Aluminium Sources 

 

Consistent with the data above where it was shown that the two new aluminium 

sources (aluminium isopropoxide and pseudo-boehmite) have significantly fewer metal 

impurities, there are also fewer of these impurities translated into the crystallised 

products. This thus suggests that minimising the impurity levels in the sample can be 

achieved by experimenting with the source of aluminium. 

 

The other difference which is worth noting is that the sample made with pseudo-

boehmite has a lower metal content of cobalt and titanium which also corresponds to a 

greater amount of aluminium in the final product. This may suggest that the 

aluminium site is more difficult in facilitating the isomorphous substitution of metals 

than when the other two aluminium precursors are used. 

 

Metal 
Original 

(aluminium 
hydroxide) 

Aluminium 
Isopropoxide 

Pseudo-
Boehmite 

Co 1.58 1.12 0.93 

Ti 1.11 0.93 0.61 

Al 17.6 17.2 18.4 

P 22.4 20.5 20.7 

Ca 0.12 <0.009 0.01 

Mg 0.24 <0.009 <0.009 

Na 0.046 <0.04 <0.05 

Fe 0.006 <0.04 <0.02 

Table 4.11: Composition of the three samples of CoTiAlPO-5 synthesised using 

different sources of aluminium. 
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4.3.3 Comparison of Position and Intensity of the Titanium K-edge XANES 

 

The plot below shows the difference in the pre-edge titanium peak between the three 

samples synthesised with varying sources of aluminium. 

 

 

Figure 4.15: Titanium Pre-edge data for the three samples of CoTiAlPO-5 using 

different aluminium sources. Green trace: Aluminium Isopropoxide, Red trace: 

(Pseudo) boehmite, Blue trace: Aluminium Hydroxide. 

 

As can be seen in Figure 4.15 there are distinct differences in the spectra and as a 

result allow some strong conclusions to be formulated regarding the use of different 

aluminium precursors. While the traces for the aluminium isopropoxide and aluminium 

hydroxide are similar (with only a slight difference in normalised intensity) the trace for 

the sample made with boehmite is remarkably shifted to higher energy and lower 

intensity. Coupled with the appearance of the triplet peak, it is evident that the 

titanium centre in this sample is considerably more octahedral and resembles more 

closely that of anatase (titanium oxide) than the other two samples. This may follow as 

it was noted in the previous section that the sample made with boehmite may also be 

more difficult to undergo isomorphous substitution of the aluminium sites, which 

would give rise to the formation of a greater number of TiO
2

 oligomeric species.  
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4.3.4 Activity in the Oxidation of Benzyl Alcohol to Benzaldehyde 

 

Due to the significant difference in both the levels of impurities and the characteristics 

of the Ti K-edge pre-edge peak, the three catalysts were tested for their activity in the 

oxidation of benzyl alcohol. The two plots below show the difference in conversion and 

selectivity of the catalysts. 

 

 

Figure 4.16: Conversion of benzyl alcohol to benzaldehyde (and benzoic acid) over the 

course of a three hour reaction. Blue trace: CoTiAlPO-5 synthesized using aluminium 

hydroxide, Red trace: aluminium isopropoxide, Green trace: pseudo-boehmite 0.058 

moles of benzyl alcohol in 60 mL of tertiary butanol, ~0.2 g of catalyst and 0.0058 

moles of tertiary butyl hydroperoxide initiator. PTFE lined stainless steel reactor 

pressurised with 20 bar of air and stirred at 800 rpm. Digylme was used as the internal 

standard. Reaction carried out at 130 ºC. 

 

It is interesting to note that although the spectroscopic trends showed that the 

samples which were most similar were the two made with aluminium hydroxide and 

aluminium isopropoxide respectively this is not the same trend observed in the 

catalysis data. In fact, the most active of the three samples is the original sample, 

which was synthesised using aluminium hydroxide as the aluminium precursor (shown 

in the blue trace in Fig. 4.16). The other two samples, made with the sources with 

fewer trace impurities are in fact less active (refer to the green and red traces). 
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Figure 4.17: Selectivity of the oxidation of benzyl alcohol to benzaldehyde over the 

course of a three hour reaction. Blue trace: CoTiAlPO-5 synthesised using aluminium 

hydroxide, Red trace: aluminium isopropoxide, Green trace: pseudo-boehmite 0.058 

moles of benzyl alcohol in 60 mL of tertiary butanol, ~0.2 g of catalyst and 0.0058 

moles of tertiary butyl hydroperoxide initiator. PTFE lined stainless steel reactor 

pressurised with 20 bar of air and stirred at 800 rpm. Digylme was used as the internal 

standard. Reaction carried out at 130 ºC. 

 

As was discussed with reference to the data for the conversion of the benzyl alcohol 

substrate, the trend in the selectivity of the three catalysts also does not follow the 

observations in the titanium K-edge XANES.  

 

It can be concluded that despite having fewer impurities and showing good tetrahedral 

titanium character, the sample made with aluminium isopropoxide was both one of the 

least active and is the least selective for the model oxidation reaction. Similarly, the 

catalyst made with pseudo-boehmite, which showed the least tetrahedral character 

(and  titanium centres that resembled an anatase-like phase), was also not as active as 

the original, but it is the most selective of the three catalysts for the aldehyde product.  

 

These findings suggest that the original aluminium source, although presenting the 

most trace metal impurities, is a ‘half-way-house’ type catalyst as determined by both 

spectroscopy of the type of titanium centre and the activity and selectivity in the model 

oxidation reaction. It can thus be concluded that altering the aluminium source affects 

more than just the energy position and intensity of the titanium K-edge pre-edge peak 

and likely has a significantly profound effect on other aspects of the catalyst and how 

the aluminophosphate structure forms under hydrothermal synthesis.  



Rebecca Leithall  Chapter 4 

 186  

 

The significant decrease in selectivity observed in the sample made using aluminium 

isopropoxide may be indicative of a greater number of acid sites as the over oxidation 

reaction of an aldehyde to carboxylic acid is facilitated by acid sites. The additional 

acidity in the sample cannot be detected by using titanium XANES and thus although 

these sites may be favourable for the oxidation reaction, it would be difficult to predict 

the behaviour how the interaction of the isopropanol molecules in the hydrothermal 

synthesis will affect the final catalyst structure (note that isopropanol is released when 

aluminium isopropoxide is stirred in an aqueous slurry). The additional tetrahedral 

titanium nature of the sample synthesised using aluminium isopropoxide may come 

from the favourable ligand exchange which will be facilitated by the mutual 

isopropoxide ligands on both the aluminium and titanium precursors (ie: titanium 

isopropoxide and aluminium isopropoxide).
23

  

 

The complexity of the bimetallic CoTiAlPO-5 system has shown that simple structure-

property correlations cannot be made with the titanium spectroscopy data and the 

catalysis data shown above. Therefore further work should be carried out to assess 

how the different aluminium sources affect for example the surface acidity of the 

catalysts, the particle size (and thus diffusion limitation of the substrate through the 

catalyst) and the difference in the cobalt site. As it is the cobalt site which is believed 

to be the site responsible for facilitating the catalytic turnover (while tetrahedral 

titanium sites are believed to be affective in activating the oxidant), the proportion of 

redox active cobalt centres may vary with aluminium source (along with ease of 

isomorphous substitution) and coordination geometry may also be altered. 
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4.4 Structure Directing Agent 

 

ICP analysis of the composition of the starting (raw) materials of the CoTiAlPO-5 

sample suggested that the specific structure directing agent,
16

 methyl 

dicyclohexylamine (MDCHA) contained a significant quantity of iron. The following 

discussion aims to deduce if distilling the SDA before use has an effect on the resulting 

sample and also looks to summarise how using a different SDA can affect the final 

composition and activity of the CoTiAlPO-5 catalyst. 

 

The AFI (AlPO-5) structure is readily formed using a number of different SDA’s, such as 

triethylamine
10

 (TEA) and tetraethylammonium hydroxide
5

 (TEAOH). Before the amine, 

MDCHA was identified as a specific and flexible structure directing agent, many 

literature references commonly used these other smaller and less specific SDA’s, which 

were also less flexible in the synthesis conditions than using MDCHA. The scheme 

below shows the differences in these structures. 

 

Scheme 4.2: Three structure directing agents (SDA) which can facilitate the formation 

of AFI under hydrothermal synthesis. Left: MDCHA, Middle: TEA and Right: TEAOH. 

 

The role of the structure directing agent (SDA) has been subject to study by a number 

of authors
16,24

 and its nature in the synthesis gel has been alluded to be far greater than 

to provide a platform around which the aluminophosphate architecture can assemble. 

It was observed in a study by Lewis et al
24

 that the interaction between the heteroatom 

cation (in their work this was cobalt) and the template was of importance in 

establishing crystallisation nuclei for the growth of the framework. In docking 

calculations, it was shown that the main interaction between the growing framework 

and the templating amine was via van der Waals’ forces and was particularly evident 

between the oxygen bridge (between the aluminium and phosphorus atoms) and the 

template.  

 

The concentration of the SDA in the synthesis gel and its’ subsequent orientation in 

the pore and channel network of the aluminophosphate material was observed to be a 

key aspect in determining which of the frameworks (and the extent of secondary 

phase) was obtained during synthesis. Chabazite (CHA) is the main competing phase in 

the synthesis of AFI frameworks using TEA and TEAOH as the SDA as the number and 
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orientation of the templating molecules taken up from the synthesis gel plays a 

distinct role in which of the phases are formed. The conclusions of this work suggest 

that the more thermodynamically stable AFI structure is formed in lower template 

concentrations as it only builds around a maximum of one molecule, whereas the less 

thermodynamically stable CHA structure is more readily formed in higher template 

concentrations as its’ architecture is assembled around typically greater than one 

template molecule. The authors also conclude that there is a correlation between the 

amount of template molecules in the synthesis gel (and that are taken up by the 

framework) and the number of heteroatoms which can be isomorphously substituted 

into the framework of the AFI structure, owing to the notable interaction between the 

mildly chelating amine template and the cationic (cobalt) substituting metal. Therefore 

as a consequence, it is also noted that there is a limit to the amount of framework 

substitution which is possible when TEA or TEAOH are used as the SDA. 

 

Following the work where the role and interactions of the SDA was considered for 

systems of TEA and TEAOH, work by Sankar and co-workers
16

 discovered that the AFI 

framework could be made from N-methyldicyclohexylamine (MDCHA) without the 

competing CHA phase. The figure below (adapted from this work) shows that the 

MDCHA template is able to form phase-pure substituted AFI architectures over a larger 

and more flexible synthesis window (encompassing temperature, pH, crystallisation 

time and loading of the framework substituted heteroatom). 

 

 

Figure 4.18: XRD patterns for samples synthesised using synthesis parameters, 

including temperature, SDA, pH and water content. The only pattern truly phase pure 

for AFI is the top pattern for the sample synthesised using MDCHA. 
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Further, the authors
16

 discuss how the docking mode of the MDCHA molecule likely 

plays the crucial role on how the AFI framework is formed. It was concluded that the 

bulkier template molecule, with two cyclohexane rings, likely orientates in a collinear 

direction parallel with the direction of the channel. For the CHA framework, this 

template is too large and does not fit with favourable interactions inside the cage 

structure. 

 

Figure 4.19: Representation of the MDCHA template (SDA) orientated in a collinear 

direction along the channels of the AFI structure. Figure adapted from the work by 

Sankar and co-workers.
16

 

 

This study concluded that by using the MDCHA template, AFI could be synthesised with 

a high degree of phase purity, across a greater synthetic window and most importantly 

for fine-tuning its catalytic properties, the loading of the heteroatoms could be 

increased to at least 10 atom %. 

 

In the following section, altering the SDA used in the synthesis of CoTiAlPO-5 aims to 

deduce how the template interacts with the titanium heteroatom and how the artefacts 

of the three SDA’s affect the catalytic performance of the different samples. 
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4.4.1 ICP analysis of CoTiAlPO-5 Synthesised using Different SDA’s 

 

The three samples were analysed by ICP metal analysis and compared with the impurity 

content of the original sample. The results are displayed in the table below. 

 

Metal 
Original 

(MDCHA) 
Distilled 
MDCHA 

TEA TEAOH 

Co 1.58 1.55 1.43 1.6 

Ti 1.11 1.03 1.07 1.1 

Al 17.6 17.7 17.1 17.8 

P 22.4 21.0 20.2 20.8 

Ca 0.12 0.105 0.102 nd 

Mg 0.24 0.11 0.098 nd 

Na 0.046 0.069 0.11 nd 

Fe 0.006 <0.008 <0.002 nd 

Table 4.12: Comparison of metal content for the three samples made with different 

SDA’s and the original sample. 

 

The results show that the aluminium, phosphorus and intended metal (cobalt and 

titanium) are comparable across the four catalysts. Similarly, the calcium content is not 

particularly different across the set either. However, it is evident that magnesium and 

iron content are different in the new samples made with different SDA’s. The sample 

made with TEA shows the lowest content of magnesium which may suggest that the 

Van der Waals’ interaction between the amine template and the impurity magnesium 

present in the aluminium source is weak and thus it is not incorporated into the final 

crystal structure from the synthesis gel.  

 

It is also noteworthy that distilling the MDCHA or using a different SDA lowers the 

amount of iron present in the final crystallised sample. Again, it can be argued that the 

amount of iron which was detected in the ICP analysis of the SDA (previous sections) is 

in fact considerably lower than that which is present in the final crystalline 

composition, indicating that the interaction between the template (MDCHA) and the 

iron is probably lower than for the intended cobalt cation. 
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4.4.2 Comparison of Microporosity in CoTiAlPO-5 using Different Structure-

Directing Agents. 

 

The isotherm and BET surface areas of the samples made using TEA and MDCHA were 

compared to highlight any physical differences in the CoTiAlPO-5 system. Specifically 

in light of the study carried out by Sanchez-Sanchez and co-workers
20

, where it was 

observed that samples made with MDCHA inherently produced mesopores, it was 

important to assess any differences. In this study, the authors show that AFI can be 

synthesised with remarkably high crystallinity with the incorporation of eleven different 

metal cations; of particular interest to the following discussion, including cobalt. The 

authors observe that the particles of AlPO (where the morphology is dependent on the 

metal cation) are comprised of nanocrystalline particles which arrange in such a way as 

to form mesoporous cavities between them. This non-templated intercrystalline 

mesoporosity may in fact aid the catalytic activity of these samples as it will facilitate 

the diffusion of the substrate through the AlPO particle. 

 

Figure 4.20: Nitrogen isotherm of CoTiAlPO-5 made using;  

blue: TEA and red: MDCHA. 

The plot above and the table below shows the difference in mesoporosity and BET 

surface area between the two samples (made with TEA and MDCHA respectively). 

 BET Surface Area / m2g-1 Vm 

CoTiAlPO-5 

(MDCHA) 
305.98 70.29 

CoTiAlPO-5 (TEA) 214.37 49.24 

Table 4.13: Single point BET values for CoTiAlPO-5 synthesised using MDCHA and TEA 

as the SDA. 
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It is evident from the isotherms that there is a difference between the two samples. 

The CoTiAlPO-5 catalyst synthesised using MDCHA as the SDA shows a considerable 

increase in porosity, which may be attributed to similar phenomena as was observed in 

the work by Sanchez-Sanchez and co-workers. This difference in AlPO particle 

composition may indicate that the two SDA’s facilitate the growth of crystals in a 

different manner. For example, it has been noted in the literature that cation-template 

nucleation points are depend on the synthesis conditions and the identity of the cation 

and template. In the case of MDCHA it can be envisaged that the number of nucleation 

points are greater and closer together than in the TEA-cation nucleation points which 

will consequently alter the morphology of the crystal growth.  

 

The diagrammatic representation of this is shown in the figure below, and aims to 

explain the difference in the intercrystalline mesoporosity between these two samples.  

 

Figure 4.21: Diagrammatic representation of the proposed difference between the 

AlPO particles in a) CoTiAlPO-5 MDCHA and b) CoTiAlPO-5 TEA 
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4.4.3 Microscopy Analysis of CoTiAlPO-5 using Triethylamine (TEA) as the 

Structure-Directing Agent 

 

Following the discussions above regarding the differences in intercrystalline 

mesoporosity in the sample made with MDCHA compared to that made with TEA, 

microscopy analysis by SEM and TEM was carried out on the sample made with TEA to 

deduce if structural difference could be seen between the two samples. 

 

Figure 4.22: Low Resolution SEM image of CoTiAlPO-5 synthesised using TEA, taken 

using a back-scatter detector. The red arrows denote where small particles of high 

density impurity phase are present. 

 

Figure 4.22 above shows the CoTiAlPO-5 sample made with TEA under low 

magnification SEM. It is evident from this image that sample mostly comprises of small 

spherical particulates of AlPO with a few dispersed impurity particles, such as the two 

indicated in red. These arrows highlight the high density phase which is likely to be the 

same as for the previously discussed samples made with MDCHA. 

 

The most striking difference between the sample made with MDCHA and that made 

with TEA is that under TEM it is observed that there are some AlPO particles with a 

crystalline exterior which have an interior core which resembles that of unreacted gel. 

This is shown in Figure 4.23 below, with the particles with an unreacted core 

highlighted by the red arrows. 
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Figure 4.23: Particles of the AlPO product display a crystalline shell with an unreacted 

core, as shown by the red arrows. 

 

These areas were analysed by EDS in order to deduce if the cores of the AlPO particles 

had the same metal composition as the fully crystallised particles. The figure below is 

of the same region as Figure 4.23 above, but with the areas for which EDS analysis was 

carried out highlighted by the sections of pink. Table 4.14 shows the corresponding 

metal analysis data for these. 

 

 

 

Figure 4.24: TEM image of CoTiAlPO-5 made with TEA. Regions of EDS analysis on the 

unreacted gel core particles and other impurity particles marked by highlighted pink 

sections.  
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wt % Al P Co Ti Ca O 

1 20.31 25.05 2.55 0.47 0.15 0.82 

2 10.44 17.83 19.39 8.38 0.56 0.44 

3 20.69 24.89 2.97 0 0 1.28 

4 20.06 24.91 3 0.59 0.16 0.73 

5 20.45 25.22 2.7 0 0 1.07 

6 20.02 25.32 2.44 0.52 0.14 0.69 

7 20.61 25.26 2.47 0 0 0.65 

8 21.29 25.99 0 0.11 0 0.31 

Table 4.14: Metal analysis for the sections marked in figure 4.24. 

 

Regions 1, 3 and 5 appear to be gel-like cores of the respective AlPO particle. The 

composition of the three regions does not appear to differ significantly from that of a 

normal crystallised AlPO particle. The appearance of these would suggest either an 

amorphous type phase or a crystallised AlPO phase with lower crystallinity and smaller 

particles. In all three of the regions, the amount of titanium present is either low or 

non-detectable. 

 

Regions 3 and 4 as well as 5 and 6 (highlighted in green and purple respectively) show 

pairs of core/shell analysis. The shell regions (4 and 6) both have higher amounts of 

both titanium and calcium, which suggests that the core and the shell may comprise 

different phases. 

 

Region 7 (marked in the table in red) is that of a normal AlPO particle, but shows a 

more rectangular morphology. The composition of the particle suggests that there are 

levels of titanium and calcium which are not detectable by the EDS method used and 

are therefore remarkably low. 

 

Regions 2 and 8 are both bright dense phase impurities (highlighted in the table in 

dark blue). Region 2 is a small bright particle and is not the only one of its kind in the 

image. There are small circular spots analogous to region 2 in around 8 other places in 

the image. Region 2 has high titanium, cobalt and calcium, with a corresponding low 

Al:P ratio, which indicates that this is not an AlPO particle, but more likely to be an 

alloy of different oxide phases. 

 

Region 8 appears to be associated with another AlPO particle, but its contrast is 

significantly brighter, suggesting it is a dense phase. While the Al:P ratio is more akin 

to that of an AlPO phase, the cobalt and titanium levels in the phase are almost 

negligible. It could be concluded that this is from a dense phase aluminophosphate 

structure where there has been no isomorphous substitution of the framework atoms. 
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This region may be similar to those described by Lewis et al
24

 in their study of the 

parameters of the hydrothermal synthesis of AFI using TEA. Here it was shown that 

competing chabazite and tridymite are formed when TEA is used as the SDA as it is a 

non-specific template. In these studies it was also shown that only small amounts of 

the framework sites could undergo isomorphous substitution, which likely explains the 

low cobalt and titanium content in these AlPO particles. 
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4.4.4 Comparison of Titanium K-edge XANES for the Catalysts Synthesised using 

Different SDA’s 

 

The three CoTiAlPO-5 samples made with different SDA’s (distilled MDCHA, TEA and 

TEAOH) were analysed by Ti K-edge XANES in order to compare the titanium pre-edge 

peak with that of the original sample (made using MDCHA without purification prior to 

use). Figure 4.25 below shows the resulting spectra. 

 

Figure 4.25: Titanium XANES pre-edge peaks for four CoTiAlPO-5 catalysts made using 

different SDA’s. Blue: Original sample made using MDCHA without purification, Red: 

Made using MDCHA which had been distilled prior to use, Green: Made using 

triethylamine (TEA), Purple: Made using tetraethylammonium hydroxide (TEAOH). 

 

It is evident from the difference in the three pre-edge peaks that the different SDA’s 

(TEA and TEAOH) have titanium centres which resemble the anatase structure. The low 

intensity, higher energy and beginnings of the triplet feature are all indicative of 

anatase type material, suggesting that the sample contains a significant amount of six-

coordinate TiO
2

 species.  

 

Conversely, the two pre-edge peaks observed for the samples made using MDCHA are 

much more defined and the lower energy and higher intensity suggest that (at least 

some) of the titanium centres present in the sample are in an octahedral geometry. It is 

also worth noting that the sample made using MDCHA which was distilled before use 

shows a slightly higher peak intensity which may suggest that a larger proportion of 

the titanium sites are present in tetrahedral geometry. While the ICP metal analysis 
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showed only a slight decrease in the iron content between the two samples made using 

MDCHA, it is plausible that this could make a difference on the proportion of 

tetrahedral framework substituted titanium as it is not competing with the iron cations 

for the aluminium site. 

 

The differences in the types of titanium sites are very clear for the different SDA’s, 

which demonstrates how the templates behave differently during hydrothermal 

synthesis. This divergence of type and amount of substitution follows the observations 

discussed by authors who have compared the incorporation of cations such as cobalt 

into the AFI framework.
24

 An NMR study on the aluminium in the framework by 

Meinhold concluded that up to 40% of the aluminium sites could accommodate 

modification from the tetrahedral coordination.
25

  

 

Further, the type of titanium site which is generated in the sample made using TEA 

(and TEAOH) would suggest that little titanium is actually associated with framework 

species and rather is present as small oxide particles of TiO
2

. This is consistent with 

the observation seen by TEM, where the AlPO particles contained very little (and in 

some case no detectable) titanium, while some of the impurity regions, especially the 

small bright dots, contained a high level of titanium. This therefore suggests that 

titanium is not isomorphously substituted into the AFI framework when the catalyst is 

synthesised using TEA (and likely TEAOH). 

 

It would be interesting to compare the four systems by focussing on the cobalt centre 

as the spectroscopic handle to assess if there are geometric differences between the 

use of SDA’s for the framework substitution of cobalt. 
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4.4.5 Comparison of Activity in the Oxidation of Benzyl Alcohol 

 

The three samples made with different SDA’s were tested for their activity in the 

oxidation of benzyl alcohol. The figures below show the conversion of benzyl alcohol 

to benzaldehyde (and benzoic acid) and the selectivity of the reaction towards the 

aldehyde. 

 

Figure 4.26: Conversion of benzyl alcohol to benzaldehyde (and benzoic acid) over the 

course of a three hour reaction. Red trace: MDCHA, Green trace: TEA, Purple trace: 

TEAOH. 0.058 moles of benzyl alcohol in 60 mL of tertiary butanol, ~0.2 g of catalyst 

and 0.0058 moles of tertiary butyl hydroperoxide initiator. PTFE lined stainless steel 

reactor pressurised with 20 bar of air and stirred at 800 rpm. Digylme was used as the 

internal standard. Reaction carried out at 130 ºC. 

 

The results suggest that the CoTiAlPO-5 catalyst synthesised using MDCHA is the most 

active of the three catalysts, while the catalysts synthesised using TEA and TEAOH 

show lower conversion. Linking this to the spectroscopic data discussed above, it can 

be suggested that the catalyst made using MDCHA is likely to be more active than the 

other two as it has a greater proportional of tetrahedral titanium sites, which are 

oxophilic and effective in the activation of the oxidant.  
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Figure 4.27: Selectivity of the oxidation of benzyl alcohol to benzaldehyde over the 

course of a three hour reaction. Red trace: MDCHA, Green trace: TEA, Purple trace: 

TEAOH 0.058 moles of benzyl alcohol in 60 mL of tertiary butanol, ~0.2 g of catalyst 

and 0.0058 moles of tertiary butyl hydroperoxide initiator. PTFE lined stainless steel 

reactor pressurised with 20 bar of air and stirred at 800 rpm. Digylme was used as the 

internal standard. Reaction carried out at 130 ºC. 

 

The second of the two plots shows the associated selectivity for the three catalysts. As 

expected, the catalyst made using TEA is the least selective which can be attributed to 

its high proportion of octahedral sites and shell-core type structures which were 

observed under TEM.  

 

However, it is interesting to note that the catalyst made with TEAOH is the most 

selective of the three. This may suggest that the overall catalyst system is not only 

dictated by the nature of the titanium centre, but also by other factors such as the 

cobalt geometry and redox proportion. Studying the differences in the cobalt sites to 

deduce information such as the redox proportion (the number of sites that readily 

cycle between Co(II) and Co(III)), and the geometry of the site will both allow greater 

structure-property correlations to be drawn about these materials.  

 

Further other subtle differences which are likely to play a key role in the trends 

between the catalytic activity include the intercrystalline properties of the catalysts 

(which will affect the rate of diffusion) and the pH difference of the three templating 

amines (which can affect the pendant surface groups terminating at the crystal edge). 



Rebecca Leithall  Chapter 4 

 201  

4.5 Crystallisation Time 

 

The crystallisation time was studied in order to deduce if the amount of unreacted gel-

type phase observed under microscopy was due to the synthesis being quenched too 

early in the reaction. Further, it was also hypothesised that the rate of framework metal 

incorporation of the cobalt species was greater than the titanium species and may 

account for the difference in metal composition values between the two metals.
23

 In the 

following discussion, the time of crystallisation was increased from the standard 2.5 

hours at 180 °C to quenching at 6 hours, 18 hours and 24 hours.  

 

4.5.1 Comparison of Titanium XANES for CoTiAlPO-5 Samples Crystallised for 

Different Periods of Time 

 

 

Figure 4.28: Titanium pre-edge XANES for the set of CoTiAlPO-5 samples quenched 

during crystallisation at different times. Blue trace: 2.5 hours, Red trace: 6 hours, 

Green trace: 18 hours, Purple trace: 24 hours. 

 

Figure 4.28 shows the titanium pre-edge XANES for the CoTiAlPO-5 catalysts which 

were synthesised by quenching them during crystallisation at 180 °C at different 

times. It is evident upon comparing the four traces that increasing the crystallisation 

time also increases the amount of octahedral TiO
2

 type species in the sample. The 

lower intensity and higher energy of the peak, coupled to the three-peak feature seen 

in the sample quenched at 18 hours and 24 hours suggests that allowing the 

CoTiAlPO-5 sample to crystallise for longer periods actually decreases the amount of 

titanium which is present as tetrahedral framework substituted species and increases 
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the amount of oligomeric titanium oxide (which is unlikely to be part of the AlPO 

framework). 

 

These differences in titanium site observed using different crystallisation times 

suggests that the incorporation of titanium into the framework is the kinetic product 

and occurs readily at shorter crystallisation times. Upon increasing the time however, 

the potentially thermodynamic product, TiO
2

, is formed when the sample is crystallised 

over a longer period of time. 

 

Assessing the difference in the samples crystallised for 2.5 hours and 6 hours would 

suggest that there is a balance between increasing the amount of titanium 

incorporated into the AFI framework and then decreasing it again by allowing the 

sample to crystallise for longer times. Comparing the intensity of the 2.5 hour sample 

with that of the 6 hour sample shows that a few hours extra, increases the intensity of 

the pre-edge peak. However, past 6 hours and increasing to 18 hours then sees a 

corresponding increase in the proportion of octahedral sites - refer to the figures 

opposite. 
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Figure 4.29: Top: Titanium pre-edge peak for samples crystallised for different amounts 

of time, axis zoomed to highlight intensity and energy difference between the samples. 

Bottom: Trends between the crystallisation time and the pre-edge peak intensity and 

energy, highlighting that the most favourable time for crystallisation is 6 hours in order 

to generate the greatest proportion of tetrahedral titanium centres. 
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4.5.2 ICP metal analysis of the CoTiAlPO-5 samples  

 

The table below shows the ICP metal analysis for the four CoTiAlPO-5 catalysts which 

had been crystallised for different lengths of time. 

 

Metal 
Original 

(2.5 
hours) 

6 
hours 

18 
hours 

24 
hours 

Co 1.58 1.35 1.33 1.32 

Ti 1.11 1.25 1.02 1.01 

Al 17.6 16.5 16.7 16.7 

P 22.4 20.1 20.5 20.2 

Ca 0.12 0.099 0.106 0.103 

Mg 0.24 0.097 0.099 0.1 

Na 0.046 0.126 0.058 0.068 

Fe 0.006 0.002 0.002 0.002 

Table 4.15: Comparison of metal content for CoTiAlPO-5 catalysts crystallised for 2.5 

hours, 6 hours, 18 hours and 24 hours. 

 

The metal content (intended framework substituted and the impurity metals) are all of 

similar value across all four of the CoTiAlPO-5 catalysts. Two slight differences occur in 

firstly the 2.5 hour sample (original sample) appears to have a slightly higher loading 

of cobalt metals, while secondly the 6 hour sample appears to have a slightly higher 

loading of titanium than the other three systems. This may correlate with the titanium 

XANES data in the previous section, where the six hour sample also showed the 

greatest proportion of tetrahedral titanium centres present in the framework. However, 

it may also be of note that the six hour sample also shows the highest amount of 

sodium in the sample. This metal may only be associated with an impurity phase 

however and not as part of the aluminophosphate framework. 
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4.5.3 Comparison of Activity in the Oxidation of Benzyl Alcohol 

 

The four catalysts crystallised at different times were tested for their activity in the 

oxidation of benzyl alcohol. The following two plots show the conversion and 

selectivity of the oxidation reaction to benzaldehyde (and benzoic acid). 

 

Figure 4.30: Conversion of benzyl alcohol to benzaldehyde (and benzoic acid) over the 

course of a three hour reaction. Blue trace: 2.5 hours, Red trace: 6 hours, Green trace: 

18 hours, Purple trace: 24 hours. 0.058 moles of benzyl alcohol in 60 mL of tertiary 

butanol, ~0.2 g of catalyst and 0.0058 moles of tertiary butyl hydroperoxide initiator. 

PTFE lined stainless steel reactor pressurised with 20 bar of air and stirred at 800 rpm. 

Digylme was used as the internal standard. Reaction carried out at 130 ºC. 

 

Remarkably the sample which was crystallised for 6 hours and showed the most 

promising correlation for tetrahedral centres is marginally the least active in the model 

oxidation reaction, while the sample crystallised at 2.5 hours is the most active at the 

beginning of the reaction. 

 

It is interesting to note that the order of activity changes across the three hour 

reaction, which suggests that the interaction of the titanium centre with the cobalt 

centre occurs at different induction periods. In this manner, it is observed that the 

activity of the sample crystallised at 6 hours increases significantly between the 2 and 

3 hour sample.  

 

Looking at the selectivity differences in the four catalysts, some additional interesting 

trends are observed. 
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Figure 4.31: Selectivity of the oxidation of benzyl alcohol to benzaldehyde over the 

course of a three hour reaction. Blue trace: 2.5 hours, Red trace: 6 hours, Green trace: 

18 hours, Purple trace: 24 hours 0.058 moles of benzyl alcohol in 60 mL of tertiary 

butanol, ~0.2 g of catalyst and 0.0058 moles of tertiary butyl hydroperoxide initiator. 

PTFE lined stainless steel reactor pressurised with 20 bar of air and stirred at 800 rpm. 

Digylme was used as the internal standard. Reaction carried out at 130 ºC. 

 

While the sample crystallised for 2.5 hours is the most active for the oxidation of 

benzyl alcohol, it is not the most selective towards the aldehyde product. Similarly, the 

six hour sample which was shown to be the least active of the four catalysts is the 

most selective for the benzaldehyde product.  

 

These differences can be attributed to the type of metal site and nature of the 

impurities present in the catalysts. It is likely that in the sample crystallised for 2.5 

hours, there is a greater proportion of unreacted synthesis gel left in the final sample 

than in those which had been crystallised for longer. The unreacted gel is likely to have 

a greater number of acidic sites which are known to facilitate the over oxidation 

reaction, converting benzaldehyde to benzoic acid. The sample crystallised for 6 hours, 

is likely to have less unreacted gel present and, as has been shown by linking the 

activity to the XANES analysis, has the greatest proportion of tetrahedral titanium 

centres. This characteristic would thus make the catalyst more selective towards the 

aldehyde product as the defined oxophilic tetrahedral centres are more favoured for 

selective oxidation. 

 

The two catalysts which were crystallised for longer periods of time (18 and 24 hours) 

also show a drop in selectivity, which correlates with the apparent higher level of 

activity. This suggests that the titanium oxide-type species which have been 
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demonstrated by XANES to be present in these samples also facilitate the over 

oxidation of benzaldehyde to benzoic acid.  

 

The figure below shows these two sets of data summarised by comparing the yield of 

the oxidation reaction towards the desired aldehyde product. 

 

Figure 4.32: Yield of the oxidation of benzyl alcohol to benzaldehyde over the course 

of a three hour reaction. Blue trace: 2.5 hours, Red trace: 6 hours, Green trace: 18 

hours, Purple trace: 24 hours 0.058 moles of benzyl alcohol in 60 mL of tertiary 

butanol, ~0.2 g of catalyst and 0.0058 moles of tertiary butyl hydroperoxide initiator. 

PTFE lined stainless steel reactor pressurised with 20 bar of air and stirred at 800 rpm. 

Digylme was used as the internal standard. Reaction carried out at 130 ºC. 

 

The display of the yield of the reaction towards the benzaldehyde product 

demonstrates that if the reaction is ran for longer the catalyst crystallised for 6 hours 

is likely to show the greatest conversion towards the desired aldehyde product. 
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4.5.4 Linking Crystallisation Time and Crystallisation Temperature 

 

Based on the trends observed when the crystallisation time of the CoTiAlPO-5 catalyst 

was increased, a study to assess the effect of increasing the crystallisation temperature 

was also carried out. Five samples of CoTiAlPO-5 were synthesised using the same 

method as the original sample, but were crystallised at temperatures incrementing by 

10 °C. Titanium K-edge XANES data were collected for the five to deduce if the 

temperature behaved in a similar way to the time of crystallisation. Figure 4.33 below 

shows the trend upon increasing the crystallisation temperature. 

 

Figure 4.33: Titanium pre-edge XANES for five samples crystallised for 2.5 hours at five 

different temperatures. Blue trace: 170 °C, Red trace: 190 °C, Green trace: 200 °C, 

Purple trace: 210 °C, Turquoise trace: 220 °C. 

 

It is evident from the data shown in Figure 4.33 above that upon increasing the 

temperature of crystallisation a similar effect occurs as when the time of crystallisation 

increases. At temperatures greater than 200 °C the six-coordinate anatase-like phase 

starts to appear, typified by the increase in energy of the pre-edge peak, coupled with 

the decrease in intensity and appearance of the triplet-type feature. This again 

suggests that the incorporation of the titanium cation into the framework of the 

aluminophosphate framework is the kinetic product as it occurs at lower temperatures 

and shorter times. After longer times of crystallisation and higher temperatures, the 

thermodynamic titanium oxide phase begins to form. The figures below highlight the 

correlation between the increased temperature of crystallisation and the increasing 

octahedral character observed for the titanium species. 
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Figure 4.34: Top; Titanium pre-edge peak with the axis enlarged in order to highlight 

the difference in the shape and positions for the five CoTiAlPO-5 catalysts. Bottom; 

Trends between energy and intensity of the pre-edge peak as a function of 

crystallisation temperature. 
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4.6 Titanium Source and Method of Delivery 

 

The following discussion looks at the type of titanium sources used to deliver the 

titanium cations to the synthesis gel and the method and medium by which this is 

achieved. The original method of delivery uses titanium isopropoxide
26

 by direct 

addition of the liquid source to the stirred aqueous gel of aluminium and phosphorus. 

Literature also references both titanium butoxide
27,28

 and titanium diisopropoxide 

bis(acetylacetonate)
26,29,30

 – which will be referred to as titanium acetoacetanonate in the  

following discussion - as other potential sources of titanium cations. These are likely to 

behave differently to the original source as they have different counter ligands. The 

three different precursors are represented in the scheme below. 

 

 

Scheme 4.3: Diagrammatic representation of the three titanium precursors used in the 

following discussions. Left: titanium isopropoxide, Middle: titanium butoxide, Right: 

titanium diisopropoxide bis(acetylacetonate) [titanium acetoacetonate]. 

 

Further to this, some literature methods also cite that the titanium source can be 

delivered by first preparing a titanium-peroxy solution by reacting the titanium source 

with hydrogen peroxide before delivery.
28

 This method is also likely to cause distinct 

changes to the final crystallised product due to the presence of the peroxy species. 

The authors suggest in this paper that the resulting bright orange/yellow clear solution 

contains peroxotitanium species.
28

 This method is also discussed in the following 

sections. 
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4.6.1 ICP metal analysis of CoTiAlPO-5 made using different titanium sources 

 

The data in the table below show the metal analysis carried out on the three catalysts 

synthesised using different titanium sources.  

 

Metal 
Titanium 

(isopropoxide) 
Titanium 

(acetylacetonate) 
Titanium 

(butoxide) 

Co 1.58 1.30 1.21 

Ti 1.11 1.65 1.03 

Al 17.6 16.3 16.2 

P 22.4 20.4 18.2 

Ca 0.12 0.108 0.088 

Mg 0.24 0.091 0.082 

Na 0.046 0.114 0.072 

Fe 0.006 0.002 0.002 

Table 4.16: ICP metal analysis for the three CoTiAlPO-5 catalysts which were 

synthesised using different titanium precursors. 

 

The data for the three catalysts is comparable across the different metals which were 

screened, with the exception of the titanium content of the sample synthesised using 

titanium acetylacetonate. In this sample, for the first time across the whole study, the 

amount of titanium detected was greater than the cobalt content. This may suggest 

that the precursor and its counter ligands are more favourable than the other two 

precursors to facilitate the framework substitution of the metal.  

 

The amount of impurity metals present in the three samples is constant across the 

analysis, suggesting that the type of titanium precursor does not have a markedly 

significant influence on the incorporation of the impurity metals. 
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4.6.2 Ti K-edge XANES analysis of CoTiAlPO-5 made using different titanium 

sources 

 

Titanium pre-edge XANES data was collected for the three samples and is displayed in 

Figure 4.35 below. It is notable from the shapes and positions of the three pre-edge 

peaks that the change in precursor does not induce titanium species which are more 

octahedral in nature (unlike in the previous sections where the aluminium source and 

crystallisation conditions did cause the titanium species to adopt a geometry which 

more resembled anatase, TiO
2

, species.) 

 

Figure 4.35: Titanium pre-edge XANES for CoTiAlPO-5 synthesised using different 

titanium sources. Blue trace; titanium isopropoxide (original sample), Red trace; 

titanium butoxide, Green trace; titanium acetylacetonate. 

 

The differences in the pre-edge peak position (energy) and intensity suggests that the 

sample synthesised using titanium butoxide (see red trace features) as the precursor 

have facilitated titanium species which are more characteristic of tetrahedral centres. 

Likewise, the two CoTiAlPO-5 samples synthesised using different titanium precursors 

show less intense and higher energy pre-edge peaks which are more indicative of a 

greater proportion of higher coordination number species. 
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4.6.3 ICP metal analysis of CoTiAlPO-5 made using titanium-peroxy solutions 

 

The table below shows a comparison of the CoTiAlPO-5 samples synthesised using two 

different precursors, with and without the prior production of the solution in hydrogen 

peroxide. Note that CoTiAlPO-5 catalyst synthesis was also attempted with the titanium 

acetyl acetonate precursor, but it was not possible to obtain a phase pure sample. 

  

Metal 
Titanium 

(isopropoxide) 

Titanium 
(isopropoxide) 

in peroxide 
solution 

Titanium 
(butoxide) 

Titanium 
(butoxide) in 

peroxide 
solution 

Co 1.58 1.38 1.21 1.48 

Ti 1.11 1.03 1.03 1.70 

Al 17.6 16.7 16.2 17.9 

P 22.4 20.0 18.2 21.6 

Ca 0.12 0.102 0.088 nd 

Mg 0.24 0.096 0.082 nd 

Na 0.046 0.142 0.072 nd 

Fe 0.006 0.002 0.002 nd 

Table 4.17: ICP metal analysis of CoTiAlPO-5 catalysts synthesised by delivering the 

titanium precursor in a solution of hydrogen peroxide. Data shows a direct comparison 

of the precursor delivered with and without the hydrogen peroxide solution. Note that 

the impurity metal analysis was not carried out on the sample synthesised using 

titanium butoxide in hydrogen peroxide solution. 

 

The greatest difference in the values listed in the table above is that the amount of 

titanium detected in the sample synthesised using titanium butoxide in hydrogen 

peroxide solution is the greatest and only the second sample observed across the 

entire study to contain more titanium (by weight percent) than cobalt. This may again 

indicate that this is an effective method of delivering the titanium to the synthesis gel 

and subsequently facilitate the generation of framework substitution.  

 

It can be envisaged that the generation of titanium-peroxy species in the solution 

before its delivery to the gel enables the titanium centre to be more reactive towards 

the growing aluminium and phosphorus framework and less susceptible to 

polymerisation of the centres to generate thermodynamically stable six coordinate 

titanium dioxide species.  

 

.
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4.6.4 Microscopy analysis of CoTiAlPO-5 made using titanium-peroxy solution 

 

TEM analysis was carried out on the CoTiAlPO-5 sample synthesised using titanium 

butoxide which had been pre-treated with hydrogen peroxide solution before addition 

to the synthesis gel. The figure below shows the image which was taken at low 

magnification. It is evident from this overall section that fewer large impurity particles 

are present in this sample compared to that of the previous samples which have been 

examined. It therefore may be concluded that this method of delivery decreases the 

amount of agglomeration of titanium-rich, high density particles which have been 

shown in previous studies to contain a high proportion of calcium as well as titanium 

and cobalt. 

 

Figure 4.36: Low magnification SEM image taken using a back-scatter detector, of the 

sample synthesised using titanium butoxide which was delivered by dissolving it in 

hydrogen peroxide solution. 

 

The right hand side of this image does however show that among the distribution of 

uniform circular particles, there are also a few slightly larger and brighter (therefore 

more dense) particles. The higher magnification in the following figure and the 

associated metal analysis shows the composition and features of these particles with 

reference to the aluminophosphate phase. 

 

Regions 6, 7 and 8, which are highlighted in red in the table, represent the expected 

aluminophosphate phase. These crystallites, unlike others which have been discussed 

in previous sections, contain a notable amount of titanium. In the samples which had 

been synthesised using the standard method (with additional washing steps) and with 

TEA as the SDA, both show that the actual titanium content of the final AlPO particles 

is low or negligible. Therefore this is a very important aspect of the study, as it would 

suggest that the use of the titanium butoxide precursor, pre-reacted with hydrogen 

peroxide enables the framework incorporation of titanium into the AlPO architecture. 
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Additionally the AlPO particles also show low calcium impurity, which is not the case 

for the impurity particles.  

 

Figure 4.37: High magnification SEM image of the CoTiAlPO-5 sample synthesised 

using titanium butoxide delivered using a solution of hydrogen peroxide. 

 

The five impurity particles all show low aluminium and phosphorus content with 

associated high calcium impurities detected. Coupled to this, the impurity regions also 

show distinctively high titanium content, with a relatively high cobalt content. This 

indicates that this method of titanium delivery has not altered the type and 

composition of the impurity phase. 

 

wt % Al  P  Ca  Ti  Co  O  

1 10.92 21.21 0.67 14.74 4.12 48.34 

2 6.63 18.96 0.85 21.74 5.16 46.65 

3 7.89 19.75 1.08 19.11 5.06 47.11 

4 7.11 19.38 0.86 20.84 4.87 46.94 

5 14.84 22.89 0.37 9.11 2.98 49.81 

6 20.23 25.42 0.06 0.93 1.50 51.87 

7 20.26 25.54 0.01 0.89 1.33 51.97 

8 19.91 25.69 0.04 1.07 1.30 51.98 

Table 4.18: Metal analysis values for the eight regions marked on Figure 4.37. 
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4.6.5 XANES analysis of CoTiAlPO-5 made using titanium-peroxy solutions 

 

Comparative XANES pre-edge data was taken for the two samples of CoTiAlPO-5 which 

had been synthesised by pre-treating the precursor in hydrogen peroxide solution. The 

four spectra are shown in the plot below. The data should be compared in couples; 

blue and green traces represent the samples made with titanium isopropoxide with 

and without the pre-treatment with hydrogen peroxide, while the red and purple traces 

represent the samples made with titanium butoxide with and without the pre-treatment 

of hydrogen peroxide. 

 

 

Figure 4.38: Titanium pre-edge XANES for CoTiAlPO-5 synthesised using modified 

methods of delivery of the titanium source. Blue trace; original titanium isopropoxide 

source, Red trace; titanium butoxide, Green trace; titanium isopropoxide in hydrogen 

peroxide solution, Purple trace; titanium butoxide in hydrogen peroxide solution. 

 

Firstly, it is interesting to note that the sample synthesised using titanium butoxide (by 

both direct addition and with pre-treatment with hydrogen peroxide), the intensity and 

position of the pre-edge peak is both more intense and lower energy than the two 

made using the titanium isopropoxide precursor, which is indicative of titanium in a 

lower coordination environment. Further, the original sample of CoTiAlPO-5 which was 

synthesised using titanium isopropoxide has the lowest pre-edge peak intensity of the 

four samples. 

 

Comparing the effect of pre-treating the titanium precursor on the titanium geometry 

(and inferred structural features) suggests that the difference in the sample made with 

titanium isopropoxide with and without hydrogen peroxide is relatively non-conclusive. 

This is because it is observed that the original sample has the lowest intensity of pre-

edge peak while the sample synthesised by using the pre-treated peroxide solution has 
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a slightly higher intensity but has a maximum at higher energy. It is often suggested 

that the energy of the pre-edge peak is more indicative of the nature of the titanium 

centres than the intensity as it is more closely related to the energy difference between 

promoting the 1s → 3d electron in an octahedral versus a tetrahedral sample. 

Therefore, it may be concluded that not pre-treating the titanium source before 

addition to the synthesis gel is more favourable in producing titanium centres with 

lower coordination number. 

 

Conversely, the difference between the samples treated with and without hydrogen 

peroxide which was synthesised using the titanium butoxide precursor, indicated that 

the sample without pre-treatment shows titanium centres with lower coordination 

number as the pre-edge peak is both higher in intensity and lower in energy.  
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4.6.6 Comparison of activity in the oxidation of benzyl alcohol 

 

The two samples of CoTiAlPO-5 were tested for their activity and selectivity in the 

reaction of benzyl alcohol oxidation to benzaldehyde using molecular oxygen as the 

oxidant. The two plots below show the conversion of benzyl alcohol to benzaldehyde 

(and benzoic acid; Figure 4.39) and the selectivity of the reaction towards 

benzaldehyde (Figure 4.40). 

 

Figure 4.39: Conversion of benzyl alcohol to benzaldehyde (and benzoic acid), 

comparing the activity of two catalysts of CoTiAlPO-5 which were synthesised using 

different methods of delivering the titanium source: Blue trace; synthesised using 

titanium isopropoxide, Red trace; synthesised using titanium isopropoxide which had 

been dissolved in a solution of hydrogen peroxide. 0.058 moles of benzyl alcohol in 

60 mL of tertiary butanol, ~0.2 g of catalyst and 0.0058 moles of tertiary butyl 

hydroperoxide initiator. PTFE lined stainless steel reactor pressurised with 20 bar of air 

and stirred at 800 rpm. Digylme was used as the internal standard. Reaction carried 

out at 130 ºC. 

 

It is interesting to note that the CoTiAlPO-5 catalyst synthesised using titanium 

isopropoxide without pre-treatment is more active than the catalyst which was pre-

treated. This may correlate with the suggestion that the former of the two catalysts has 

a greater proportion of lower coordinate titanium centres, which are thus more 

efficient at coordinating and activating the oxidant.  
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Figure 4.40: Selectivity for the oxidation of benzyl alcohol to benzaldehyde, comparing 

the activity of two catalysts of CoTiAlPO-5 which were synthesised using different 

methods of delivering the titanium source: Blue trace; synthesised using titanium 

isopropoxide, Red trace; synthesised using titanium isopropoxide which had been 

dissolved in a solution of hydrogen peroxide. 0.058 moles of benzyl alcohol in 60 mL 

of tertiary butanol, ~0.2 g of catalyst and 0.0058 moles of tertiary butyl hydroperoxide 

initiator. PTFE lined stainless steel reactor pressurised with 20 bar of air and stirred at 

800 rpm. Digylme was used as the internal standard. Reaction carried out at 130 ºC. 

 

The trend in selectivity of the reaction towards benzaldehyde (over benzoic acid, which 

is produced from the over oxidation of the activated aldehyde group) also favours the 

CoTiAlPO-5 catalyst synthesised using titanium isopropoxide without pre-treatment 

with hydrogen peroxide solution.  

 

The difference in selectivity may be due to the difference in characteristics of the 

catalysts other than the type of titanium site present. For example, the sample which 

was synthesised using hydrogen peroxide in order to produce a titanium-peroxy 

solution may have produced a catalyst with greater surface acidity. It is the acid sites in 

the catalyst which aid the over oxidation of the aldehyde moiety to form the carboxylic 

acid. The presence of the peroxy species during synthesis, likely alters more 

characteristics of the CoTiAlPO-5 sample as well as the titanium geometry. Further 

analysis of these would provide interesting information in order to build firmer 

structure-property correlations. 
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4.7 Summary and Conclusions 

 

In the discussions above, the aim was to alter only one of the parameters of the 

synthesis at a time in order to deduce what effect it had on the local structural 

geometry of the titanium centre and its performance of the catalyst in the activation of 

molecular oxygen for the use in a model oxidation reaction. Physicochemical 

properties of the catalysts were also studied in order to detect differences in the metal 

composition and the structural morphologies and minor impurity phases of the 

samples. However, as has been noted in a number of the discussions in this work 

regarding the links between the spectroscopic data and the catalytic activity, it is 

highly likely that the hydrothermal synthesis of CoTiAlPO-5 is far more complex than 

this may suggest and a number of other parameters will have an effect on other 

features on the final sample. For example, differences in the inherent surface acidity of 

the sample, the changes in the nature of the cobalt centres and the size of the 

crystallite particles (therefore rate of diffusion of reactants in the pores of the catalyst), 

and the rate of crystallisation are all factors which are likely to vary considerably upon 

changing reaction parameters, which may be difficult to capture in the properties 

which have been studied in this work. Therefore, further work to analyse these 

difference would be appropriate in order to draw firmer structure-property correlations 

and confirm or provide alternative explanations for the speculation proposed in the 

discussions. The bullet-points below summarise the finding found in this work and 

highlight areas where further analysis and characterisation techniques would be 

prudent. 

 

1) Post-synthesis washing 

It was evident from this part of the study that the CoTiAlPO-5 catalyst should be treated 

with more rigorous washing after the blue crystallised sample has been collected from 

the mother liquor. Both treating with an aqueous soxhlet extraction and centrifuging 

the sample showed that impurities could be physically removed using these techniques. 

It was particularly noteworthy that even visually, a fine white impurity phase which was 

rich in the detected impurities could be removed from the top of the sample after it had 

been collected following centrifugation. 

  

2) Aluminium source 

Three different sources of aluminium gave three different local titanium structural 

features and reactivity profiles in the oxidation reaction. It was shown that using 

pseudo-boehmite gave titanium centres which were present in higher coordination 

geometry typified by the appearance of the anatase-like peak in the pre-edge XANES. 
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This may suggest that the aluminium-phosphorus gel (prior to metal and SDA addition) 

may require a longer stir-time.  

 

The CoTiAlPO-5 catalyst synthesised using aluminium isopropoxide showed a 

potentially favourable titanium pre-edge peak in the XANES analysis, but also displayed 

lower activity and selectivity in the model oxidation reaction than the original CoTiAlPO-

5 sample synthesised using aluminium hydroxide. This may suggest that although 

there are considerable impurities associated with the source of aluminium hydroxide, 

this remains a favourable choice for precursor. 

 

It is also suggested that matching the aluminium source with spectator ligands in the 

metal precursors may aid the interactions of the atoms and facilitate the framework 

substitution of the metal centres. Therefore, it may be suggested that this is why the 

aluminium isopropoxide precursor showed favourable titanium geometry as the 

titanium is added as titanium isopropoxide. Similarly, using aluminium acetate may be 

favourable for the isomorphous substitution of the cobalt species as it is added as 

aqueous cobalt acetate. 

 

3) Structure-Directing agent 

The study of using three different structure directing agents showed that producing the 

AFI structure using the specific SDA, methyldicyclohexylamine, gave local titanium 

geometry which had the lowest coordination. The two non-specific structure directing 

agents gave titanium centres with higher coordination and correspondingly less overall 

activity for the model oxidation reaction of benzyl alcohol to benzaldehyde.  

 

Further, the microscopy analysis on the CoTiAlPO-5 sample formed using TEA, little 

titanium was detected in the AlPO crystallites, while some of the crystallites showed 

what appeared to be a core of amorphous gel-like material surrounded by a shell of 

crystallised AlPO. This indicates that the rate of crystallisation is likely different for the 

three SDA’s and that forming a uniform crystallised particulate of AFI using TEA may 

require longer crystallisation time. 

 

4) Crystallisation time 

Upon increasing the crystallisation time above six hours, the coordination geometry 

about the titanium centre also increased, suggesting that the isomorphous framework 

substitution of the titanium is the kinetic product while the formation of extra-

framework titanium dioxide (anatase) species is the thermodynamic product. Increasing 

the crystallisation time between 2.5 to 6 hours shows a favourable increase in the 

titanium pre-edge features. Therefore, it would be an interesting further study to 
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deduce the optimal time for crystallisation in order to tune the activity of the catalyst 

and the titanium local geometry. 

 

5) Crystallisation temperature 

Similar trends in the pre-edge peak were also observed for increasing the temperature 

of the crystallisation. It was observed that between 170 – 200 °C that lower coordinate 

titanium centres were produced. Increasing the temperature above 210 °C gave 

titanium centres with greater coordination geometry, where the features of the pre-edge 

peak resembled that of the anatase structure. Tuning the temperature of crystallisation 

in-line with the time of crystallisation should allow optimal conditions to be deduced.  

 

6) Titanium source 

The three titanium sources all showed similar features in the XANES pre-edge analysis, 

and did not show characteristics of higher coordination titanium. Titanium butoxide 

showed a slightly higher intensity and lower energy peak which suggested that studying 

other synthesis parameters using this precursor may show enhancements in the 

titanium coordination and framework substitution. 

 

7) Titanium method of delivery 

Studying the effect of adding the titanium precursor as a solubilised peroxy-aqueous 

solution against using the original method of direct addition showed that subtle 

differences in the pre-edge peak features were achieved. Microscopy analysis of the 

CoTiAlPO-5 catalyst synthesised using titanium butoxide delivered in pre-treated 

hydrogen peroxide solution showed that titanium was present in the crystallites of AlPO 

in considerable quantities. The comparison of the ‘with’ and ‘without’ hydrogen 

peroxide pre-treatment suggested that pre-treatment lowered the activity of the catalyst 

slightly. However, this may be indicative that the peroxy species also evokes other 

differences in the CoTiAlPO-5 catalyst. This aspect of the study discussed in the section 

would benefit considerable further work to deduce additional structure-property 

correlations. Assessing the cobalt site and the inherent acidity of the AlPO crystallites 

would show other insightful information about these systems. 
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4.8 Experimental 

 

4.8.1 Reagent Specification 

 

The following table outlines the materials used in the synthetic strategies study along 

with where they were sourced, what the purity of the samples were and whether they 

were treated prior to use in the synthesis. 

 

Reagent Source Purity Remarks 

Aluminium Hydroxide 

(Al(OH)
3

.xH
2

O) 

Sigma 

Aldrich 

50 – 57% 

Al
2

O
3

 equiv. 

Used without further 

purification 

Pseudo-boehmite (Catapal) Condea Vista 99.99% 

Used without further 

purification 

Aluminium Isopropoxide 

Sigma 

Aldrich 

≥98% 

Used without further 

purification 

Phosphoric Acid 

Sigma 

Aldrich 

85 wt% in 

water 

Used without further 

purification 

N-methyldicyclohexylamine 

Sigma 

Aldrich 

97% 

Original samples were 

synthesised using the SDA 

as supplied. Comparative 

sample was synthesised 

using the SDA after 

distillation  

Triethylamine 

Sigma 

Aldrich 

99% 

Used without further 

purification 

Tetraethyl ammonium 

hydroxide 

Sigma 

Aldrich 

35 wt% in 

water 

Used without further 

purification 

Titanium isopropoxide 

Sigma 

Aldrich 

99.99% 

Used without further 

purification 

Titanium butoxide 

Sigma 

Aldrich 

≥97.0% 

Used without further 

purification 

Titanium di-isopropoxide bis-

acetyl acetonate 

Sigma 

Aldrich 

75 wt% in 

isopropanol 

Used without further 

purification 
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Reagent Source Purity Remarks 

Cobalt acetate 

Sigma 

Aldrich 

≥98.0% 

Used without further 

purification 

Hydrogen peroxide solution 

Sigma 

Aldrich 

30 wt% in 

water 

Used without further 

purification 

Water 

Lab 

Purification 

System 

Distilled 

Purified by the “Flex-3” 

system from Elga Process 

Water 

 

Table 4.19: Materials specification for the reagents used in the synthesis of CoTiAlPO-5 

samples discussed in the report above. 
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4.8.2 General Synthesis Procedures 

 

Phosphoric acid was diluted with distilled water (10 mL) and stirred in a Teflon beaker. 

Aluminium precursor in distilled water (10 mL) was added to the reaction mixture. 

Cobalt acetate was dissolved in distilled water (10 mL) and added dropwise 

simultaneously along with the titanium precursor to the stirred solution. Structure 

directing agent was added gradually to the vigorously stirred solution and stirred for 

60 minutes to allow the mixture to homogenise. The mixture was divided between 

three Teflon lined autoclaves, before being crystallised under autogeneous pressure. 

The resulting blue solid was collected by filtration and washed with distilled water 

before being dried in an oven overnight at 60°C. Solids were checked for phase purity 

by powder x-ray diffraction. The solids were calcined overnight at 575 °C while a 

continuous flow of air. The resulting green solids were checked a second time for 

phase-purity, before being stored in a desiccator until needed for catalysis. 

 

4.8.3 Amendments to the general synthesis for the sample-specific modifications 

 

a) Post-synthesis washing methods 

 

1 litre filtration wash 

The method of filtration was exactly the same as for the general procedure, but the 

quantity of water used to flush the solid product was increased to 1 litre. 

 

Soxhlet Extraction 

 

The aqueous soxhlet extraction was carried out by transferring the collected blue 

crystallised product into a folded filter paper and placing in a soxhlet apparatus. 

Deionised water was refluxed over the product for a period of 24 hours in order to 

extract any water soluble (or partially soluble) impurity phases or metal ions. The 

resulting product was oven dried and calcined ready for analysis and catalysis testing. 

 

Centrifugation 

 

In the sample which was collected by centrifugation, the mother liquor of the 

crystallisation was carefully decanted and the blue solid was transferred between two 

centrifugation tubes. The tubes had fresh deionised water added such that the two 

tubes weighed identical (within four decimal places) masses. The samples were 

repeatedly centrifuged until the small quantity of white matter, which had begun to 

accumulate on the top of the sample, had formed a distinctly different layer. The white 
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layer was carefully removed and the process repeated a second time. The second top 

layer was more pale blue in colour (as opposed to white) and was more difficult to 

separate from the bulk blue product. 

 

b) Aluminium Source 

 

Pseudo-boehmite was stirred in water overnight before the rest of the reagents were 

added as-per the general synthesis procedure. 

 

Aluminium Isopropoxide could not be directly added with the phosphoric acid due to 

the increased reactivity between the two reagents. The order of preparation was 

modified such that the phosphoric acid was added to the synthesis gel last. 

 

c) Structure directing agent 

 

No changes were made to the general synthesis procedure for these modifications. 

Consult the table below for values and conditions. 

 

d) Time and temperature of crystallisation 

 

No changes were made to the general synthesis procedure for these modifications. 

Consult the table below for values and conditions. 

 

e) Titanium source 

 

No changes were made to the general synthesis procedure for these modifications. 

Consult the table below for values and conditions. 

 

f) Method of titanium delivery 

 

The titanium precursor was reacted with hydrogen peroxide before use in the synthesis 

gel. A 5-fold excess of hydrogen peroxide was used with respect to the molar quantity 

of titanium. The titanium precursor was stirred in 10 mL of distilled water, producing a 

white lumpy suspension. The hydrogen peroxide solution was added slowly and the 

mixture stirred vigorously. After a few minutes the white lumpy solution produced a 

bright orange-yellow clear solution, which was stirred for at least 1 hour before use in 

the synthesis gel.
28
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4.8.4 Summary of Synthesis Conditions 

 

The table below shows the changes made to the synthesis conditions or precursors 

with each of the iterations of the CoTiAlPO-5 sample. 
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Modification 

Focus 

Aluminium Titanium Structure-directing Agent 
Crystallisation 

Time 
Crystallisation 
temperature 

Post-crystallisation 
Treatment 

Source Quantity Source Quantity Template Quantity 

Post-synthesis 
washing and 

treatment 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with 1000 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Aqueous Soxhlet 
Extraction 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C Centrifugation 

Aluminium 
Source 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Isopropoxide 

0.0522mol, 

10.67g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Pseudo-
Boehmite 

0.0522mol, 

5.32g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Structure-
directing Agent 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
TEA 4.492g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
TEAOH 

18.7g (of 35% 
wt aqueous 

solution) 
2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 
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Modification 
Focus 

Aluminium Titanium Structure-directing Agent 
Crystallisation 

Time 
Crystallisation 
temperature 

Post-crystallisation 
Treatment 

Source Quantity Source Quantity Template Quantity 

Crystallisation 
Time 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 6 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 18 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 24 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Crystallisation 
Temperature 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 170 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 190 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 200 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 210 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 220 °C 

Wash with ~250 mL of 
deionised water 
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Modification 
Focus 

Aluminium Titanium Structure-directing Agent 
Crystallisation 

Time 
Crystallisation 
temperature 

Post-crystallisation 
Treatment 

Source Quantity Source Quantity Template Quantity 

Titanium Source 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide 

1.667mmol, 

0.474g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 
Titanium Butoxide 

1.667mmol, 

0.567g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
diisopropoxide 

bis(acetylacetonate) 
(75% wt in 

isopropanol) 

1.667mmol, 

0.811g 
MDCHA 8.862g 2.5 hours 180 °C 

Wash with ~250 mL of 
deionised water 

Titanium 
Delivery 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium 
Isopropoxide (in 

hydrogen peroxide) 

1.667mmol, 

0.474g 

(0.833mmol, 

0.094g of 30 

wt% aqueous 

hydrogen 

peroxide 

solution) 

MDCHA 8.862g 2.5 hours 180 °C 
Wash with ~250 mL of 

deionised water 

Aluminium 
Hydroxide 

0.0522mol, 

4.071g 

Titanium Butoxide 
(in hydrogen 

peroxide) 

1.667mmol, 

0.567g 

(0.833mmol, 

0.094g of 30 

wt% aqueous 

hydrogen 

peroxide 

solution) 

MDCHA 8.862g 2.5 hours 180 °C 
Wash with ~250 mL of 

deionised water 

Table 4.20: Summary of synthesis conditions for the CoTiAlPO-5 series. 
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4.8.5 XANES analysis of the titanium pre-edge peak 

 

The XANES data on the titanium pre-edge peak was collected with the assistance of: 

Simon R. Bare, Shelly D. Kelly, Meghan Charochak, and Nate Blackwell from UOP on the 

X19A beamline at NSLS. The data was collected from calcined samples which were 

pressed into the sample holders for the beamline. The spectra were recorded at room 

temperature under a constant and steady flow of helium. 

 

4.8.6 Microscopy evaluation of CoTiAlPO-5 catalysts 

 

The microscopy analysis was completed with the assistance of Dr Wharton Sinkler and 

his microscopy team at UOP analytical department. The following experimental method 

was provided with thanks to Dr Sinkler. 

 

The sample was embedded in Epon type epoxy.  In order to infiltrate the particles as 

much as possible (and thus improve the sectioning) the embedding capsule was spun 

in a centrifuge under vacuum, which eliminates air bubbles and pushes the powder to 

the bottom of the capsule.  After curing, the block was sectioned with a diamond knife 

using a microtome to obtain a cross-sectional view of the sample.  

 

Figs. 4.12, 4.22, 4.36 and 4.37 were taken with SEM (using the BSE detector).  Images 

in 4.36 and 4.37 were taken with the Zeiss Evo instrument, but all the other SEM work 

used a JEOL 7401F instrument.   

 

The TEM which was used for the STEM imaging (instrument working in two modes) was 

a JEOL 3000F instrument, operated at 300 kV.  All of the EDS work used Oxford 

Instruments equipment (the detector brand on both SEMs and the TEM as well).   

 

4.8.7 ICP metal analysis 

 

The metal analysis was completed with the assistance of Mr Lyle Monson and the 

analytical team at UOP. The following experimental method was provided with thanks 

to Mr. Monson. 

A Perkin-Elmer Optimum 3000 DV was used for ICP analyses using calcined samples 

which were fully digested. Complete digestion requires: 10ml of deionised water and 

10ml of ACS Plus Certified H
2

SO
4

 (Fisher Scientific) and heating at 210˚C until the 

solution was clear.  Measurement calibration standards containing 100ppm Al, 

100ppm P, 50ppm Co, 50ppm Cr, and 50ppm Ti were made from 1000ppm stock 
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solutions from SPEX Certiprep.  The blank and standards contained 10ml H
2

SO
4

 and 

were diluted to 200ml with deionised water.   

 

4.8.8 BET and isotherm analysis 

 

Surface area measurements were taken on a Gemini 2375 instrument using nitrogen to 

produce the adsorption and desorption isotherms.  

 

Samples were prepared by thoroughly cleaning and drying a sample tube and 

measuring its mass using a four-figure balance. Sample was added to the weighed tube 

and degasses at ~180 °C under reduced pressure overnight (for approximately 18 

hours). The tube containing the sample was accurately weighed a second time and the 

mass of the dry sample deduced by substituting the mass of the tube.  

 

The instrument was set-up using the following parameters: 

Evacuation Rate: 50 mmHg min
-1

 

Evacuation Time: 1.0 minutes 

Saturation Pressure: 760 mmHg 

Equilibrium Time: 5 seconds 

 

The sample tube and a counter reference tube were connected to the experimental 

station and the tubes lowered into liquid nitrogen (ie: measurements were taken at 77 

K). The method set-up generated a both a single point BET value and a 6-point value 

which correlated well in all samples. The isotherm was generated from 40 points of 

relative pressure and volume adsorbed.  

 

4.8.9 Oxidation of Benzyl Alcohol 

 

The oxidation of benzyl alcohol to benzaldehyde was carried out in a pressurised Parr 

reactor using air. Tertiary butanol (60 mL) was charged to a PTFE reactor cup, followed 

by the organic components – benzyl alcohol (6 mL, 6.27 g, 0.058 moles) and diglyme 

(3 mL, 2.829 g, 0.021 moles). The catalyst (0.2 g) and tertiary butyl hydroperoxide 

(0.074 mL of 70 wt% aqueous solution, 0.0058 moles) were added to the reaction, 

before it was immediately sealed and pressurised with 20 bar of air. The reaction was 

heated at 130 °C and stirred at 800 rpm for 3 hours. Small aliquots of the reaction 

were removed every hour, centrifuged (to settle any small particulates) and analysed by 

GC (Perkin Elmer, Clarus 480) using an Elite-5 column (0.25 mm ID column coated with 

0.25 µm of a 5% diphenyl-95% dimethyl polysiloxane) and Flame Ionisation Detector 

(FID).  
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In a standard GC analysis, a small aliquot of sample was removed from the reaction 

and centrifuged to remove suspended particulates. The supernatant solution was 

decanted and analysed.  

 

The internal standard method was used throughout these studies. Confirmation of the 

products was established using authenticated standards and response factors for each 

component determined relative to the internal standard (diglyme).  

 

The plot below shows the oven method used in the analysis of the products of this 

reaction. 

 

Figure 4.41: Graphical Representation of the oven method used for the GC analysis of 

the epoxidation reaction components. 

 

The graphs below show the calibration plots from which the GC response factor (RF – 

taken as the gradient of the calibration graph) which were used to calculate the 

conversions. 

 

Figure 4.42: Calibration of benzyl alcohol against diglyme. 



Rebecca Leithall  Chapter 4 

 234  

 

Figure 4.43: Calibration of benzaldehyde against diglyme. 

 

Figure 4.44: Calibration of benzoic acid against diglyme. 

 

Conversions and selectivities were calculated using the following 

equations: 

 

Conversion (%) = [(moles of starting substrate – moles of product)/(moles of starting 

substrate)]x100 

 

Selectivity (%) = [(moles of individual product)/(moles of all products)]x100 

Calculating the response factors (RF) using the internal standard method used the 

following equations: 

 

RF = (mol product/mol standard) x (area of product/area of standard) 

 

Mol % of product = RF x moles of standard x (area of product/area of standard)x100 
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Chapter 5  

Structure-Property Relationships in Vanadium 

and Titanium Substituted 

Aluminophosphates. 

 

The discussions presented in Chapter 3 and Chapter 4 show that the favourable 

electronic interactions between the isomorphously substituted cobalt and titanium ions 

into the framework of the AFI (AlPO-5) structure produces a superior catalytic system, 

suggesting there is a positive synergy between these two metals. The following chapter 

aims to develop this concept by tuning the identity of the complementary redox metal 

and relative proportion of each of the transition metals substituted into the framework. 

Developing a greater understanding of the synergy between the oxophilic titanium 

centre and the redox metal, using various spectroscopic techniques and catalysis sets 

using model reactions, help to map the structure property correlations in the VTiAlPO-

5 system. 

 

5.1 Introduction to Oxidation Catalysis Using Titanium 

Active Centres 

 

5.1.1 Tetrahedrally Coordinated Titanium Active Centres. 

 

Titanium-containing molecular sieves have been shown in many examples to be 

catalytically active in the selective oxidation of industrially significant substrates, such 

as in the epoxidation of alkenes and the oxidation of hydrocarbons and alcohols, using 

environmentally favourable oxidants, such as weak peroxide solutions and molecular 

oxygen.  

 

Titanium silicate-1 (TS-1), with the MFI framework topology, and Ti-MCM-41 both 

possess defined tetrahedral titanium single-sites which make them active in oxidation 

reactions and have regularly been used as the bench mark in the development of new 

catalysis processes. Figure 5.1 below shows the nature, local coordination and location 

of the two types of titanium site. 
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Figure 5.1: Blue = titanium, Red = oxygen, Yellow = silicon, Grey = hydrogen.  

LEFT: Tetrahedral titanium in microporous TS-1.  

RIGHT: Grafted tetrahedral titanium in mesoporous MCM-41
1

 

 

Similar tetrahedral titanium sites can also be achieved through the isomorphous 

substitution of T-site atoms with Ti(IV) ions in the strictly alternating PO
4

 and AlO
4

 

tetrahedra of the aluminophosphate (AlPO) framework. The activity of these catalytic 

centres can be enhanced by engineering a second active site into the AlPO architecture 

by simultaneous incorporation of a different transition metal ion. Subtle control of 

these two metal centres can tune the activity and selectivity of the catalyst to the 

required reaction.
2,3

  

 

Engineering two cooperative components into a catalyst is often interpreted as being 

either support-metal synergy or metal-metal synergy. Alloying two metals
4-6

 gives rise 

to a field of permutations from which catalysts can be designed and engineered for the 

desired process.
7

 Many examples of such synergistic interactions are often limited to 

nanoparticles
8

 and post-synthesis modifications
9

 with few examples of isolated active 

single sites which are incorporated into the framework during synthesis.
10

 

 

Recent reports show the enhanced conversion of cyclohexene to its epoxide, achieved 

when titanium(IV) is present in the AlPO-5 framework alongside cobalt(III).
2

 This 

successful combination demonstrates the synergistic influence of the two metals in the 

framework, and is highlighted when compared to the monometallic analogues 

(CoAlPO-5 and TiAlPO-5) or a physical mixture.  

 

The following discussions present further evidence for the synergy observed when 

Ti(IV) centres are simultaneously substituted into the framework of AlPO-5 alongside 

some other transition metal ions, Mn(III) and V(IV), chosen for their favourable size
11

 in 

order to substitute the framework aluminium or phosphorus sites, coupled to their 

lower barrier to redox cycling. Probing the nature of the active sites using Diffuse 

Reflectance UV-Vis (DR UV-Vis), FT-IR and EPR spectroscopy allow the synergy to be 

rationalized and linked to the distinct catalytic trends. 
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5.1.2 Titanium sites in AlPO-5 structures 

 

Probing the nature – oxidation state and coordination geometry – around the titanium 

centre can be achieved by combining the spectroscopic evidence from a number of 

complementary characterisation techniques. Literature reports on titanium substituted 

catalysts (both aluminophosphates and other siliceous based catalysts) routinely use 

XANES (x-ray absorption near-edge spectroscopy), and DR-UV/Vis (diffuse reflectance 

ultra-violet / visible spectroscopy) bulk techniques, alongside surface studies such as 

XPS (x-ray photoelectron spectroscopy) to map the location and nature of the titanium 

sites.  

 

The pre-edge feature (1s → 3d transition) in titanium XANES spectra can be used to 

gain geometric and coordination information about the titanium centre. The position 

and the intensity of the pre-edge feature are related to the coordination number (ie: 4- 

5- or 6- fold coordination) and can explained in terms of the spin forbidden rules 

associated with electron promotion in these different geometries; shown graphically in 

Figure 5.2 below. 

 

Figure 5.2: Relationship between the pre-edge peak position and intensity with the 

coordination geometry of the titanium centre in a series of titanium-containing 

frameworks.
12

  

In a study by Farges et al,
13

 the position and intensity of a range of model samples 

were used to map the coordination geometry. Using these results, it is possible to 

distinguish between a sample that may contain only one type of titanium centre 

against a sample that may contain a range of different geometries (eg: distinguishing 

between a purely 5-fold coordination sample, with one that may contain a mixture of 4- 

and 6- coordination centres). The relationship between coordination geometry and pre-

edge peak is shown in Figure 5.3. It is important to note in discussions using XANES 

and EXAFS that the technique probes the bulk of a sample and thus the individual 
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environments of different metal sites (if there are a considerable number of different 

sites) are difficult to characterise. 

 

 

Figure 5.3: Schematic graph mapping the coordination number and pre-edge 

characteristics of titanium.
14

  

Zahedi-Niaki et al
15

 combined an XPS and XANES study which showed that the titanium 

substituted in TiAlPO-X (where X is either the -5, -11, -31 or -36 structures) were 

present in both tetrahedral and octahedral coordination. The standards used in their 

study to compare the peak position of the four synthetic titanium aluminophosphates 

were anatase (octahedral) and TS-1 (tetrahedral). The pre-edge peaks observed in both 

TiAlPO-5 and TiAlPO-36 qualitatively appear to be between the two standards and thus 

show intensity and positions between the expected octahedral and tetrahedral 

coordination. The authors suggest that the tentative qualitative conclusions cannot be 

numerically estimated due to the difficulties in linear combination fitting for the 

samples. These conclusions further substantiates the comparison with the work carried 

out by Farges et al
13

 where assessing of the position and intensity of the pre-edge peak 

in aluminophosphate samples is more complicated than performing a linear 

combination fitting calculation as there is in fact more than just the tetrahedral and 

octahedral coordinated titanium centres present in these structures.  

 

The XPS study carried out by Zahedi-Niaki et al
15

 showed that the titanium-containing 

aluminophosphates possessed further structural complications in which to consider. 

The XPS study allows the surface of the structures to be compared with the bulk of the 

sample. It was evident that a significant proportion of oligomeric TiO
x

 species were 

present at the surface of the aluminophosphate material. The extent of polymerised 

titanium species is believed to be affected by the synthesis parameters, including the 

crystallisation time, pH of the synthesis gel and rate at which the titanium alkoxide 

precursor is broken down on the homogeneous stirring step of the synthesis.  
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These studies also suggest that the shift in the tetrahedral titanium centres seen in DR 

UV/Vis (from 215 nm observed in grafted tetrahedral species found in structures such 

as Ti-MCM-41, to 230 nm seen in siliceous based titanium doped catalysts) is highly 

dependent upon the pendant ligands and nearest neighbours of the titanium species. 

The effect the closest atoms play upon the LMCT (ligand to metal charge transfer) peak 

is believed to cause the peak maxima to shift to higher wavelength, especially in 

aluminophosphates where the nearest neighbours are either aluminium or phosphorus.  

 

The work by Zahedi-Niaki et al
15

 also shows that upon dehydration the position and 

intensity of the XANES pre-edge peak shift towards expressing an increased tetrahedral 

characteristic (more similar to that observed in the TS-1 standard) as the removal of 

physisorbed water exposes the tetrahedral portion of the framework incorporated 

titanium centres.  

 

Figure 5.4: XANES pre-edge region of 3:3 (atom % loading) CoTiAlPO-5 taken at room 

temperature (blue trace) and after heating  to 550°C and dehydration (red trace), 

highlighting the increase in intensity and decrease in energy (green arrow) when 

physisorbed water molecules are removed from the titanium centre, exposing a 

greater proportion of 4-fold coordinated sites. 

 

Figure 5.4 above shows the changes in the coordination for the titanium centre in 

CoTiAlPO-5 when the sample is heated to 550°C, thus removing the physisorbed water 

from the titanium centre. These observations are consistent with those reported by 

Zahedi-Niaki et al
15

 in their study on monometallic TiAlPO-X series, discussed above. 
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5.2 Optimising Tetrahedral Titanium Sites 

 

5.2.1 Tuning the activity and geometry of tetrahedral titanium sites 

 

Introducing a complementary metal into a catalyst containing an active titanium centre 

in order to enhance the activity of the catalyst is described in work by Oldroyd et al
16

 in 

their study on the titanium grafted MCM-41 catalyst. In this work, it was seen that by 

pre-treating the MCM-41 material with tetrabutyl germanium before the introduction of 

the titanium(IV) centres, the turnover frequency of the catalyst could be increased by 

up to 140% compared to titanium centres which were anchored onto the silicon surface 

via three Si-O bonds. The differences in the two titanium centres are shown in the 

schematic in Figure 5.5 below. 

 

Figure 5.5: Ti-MCM-41 (i) and TiGe-MCM-41 (ii), highlighting the titanium anchored via 

three silicon-oxygen bonds versus the titanium anchored via two silicon and one 

germanium linkages.
16

 

 

In this study, the authors
16

 also demonstrated that by pre-treating of the MCM-41 

material with an analogous tin precursor the activity of the catalyst diminished 

significantly due to electronically unfavourable interactions between the two metals. 

XAS (X-ray absorption spectroscopy) confirmed that the three different catalysts (Ti-

MCM-41, TiGe-MCM-41 and TiSn-MCM-41) showed changes in the local coordination of 

the metal centres which is attributed to significant shifts in the surrounding electronic 

distribution which acts to either increase or decrease the titanium activity towards the 

substrate and oxidant. In this study, the model reaction was the epoxidation of 

cyclohexene at atmospheric pressure under an inert argon atmosphere using tertiary 

butyl hydroperoxide as the oxidant.  

 

Using a second metal alongside titanium in a catalytic framework was also explored in 

the work by Paterson et al
2

 where the CoTiAlPO-5 structure was studied and the 
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catalytic performance of the bimetallic system was compared to the two monometallic 

analogues (CoAlPO-5 and TiAlPO-5). In this report, the authors link the spectroscopic 

changes between the bimetallic and monometallic systems with the observed catalytic 

differences. It is seen in the DR UV/Vis studies on the CoTiAlPO-5 catalyst that the 

presence of the cobalt in the same framework alters the position of the titanium peak 

maxima such that it appears at lower wavenumber and thus closer to the region that is 

expected for tetrahedrally coordinated titanium species. The analogous TiAlPO-5 

sample which was also studied in this work has a peak maxima shifted to higher 

wavenumber – indicative of titanium centres with a greater coordination number (refer 

to Figure 5.6 below) 

 

Figure 5.6: DR UV/Vis Spectra of the LMCT region of oxygen to titanium transitions in 

TiAlPO-5 (red trace), CoTiAlPO-5 (olive green trace), TS-1 (blue trace) and titanium 

grafted MCM-41 (lime green trace), comparing the position of the peak maxima. 

 

As has been discussed in Chapters 1, 3 and 4 of this thesis, tetrahedral titanium 

centres are predicted to be more effective in the catalytic transformation of 

hydrocarbon moieties as the active centre is readily able to expand its coordination to 

5- or 6- fold in order to accommodate the oxidant and substrate species to facilitate 

catalytic turnover. This rationale is used in this report in order to explain the enhanced 

performance of the bimetallic CoTiAlPO-5 catalyst over the monometallic analogues.  

 

Further to the enhancement in the tetrahedral nature of the titanium active centre, the 

spectroscopic analysis also suggests that the presence of the titanium in the same 

framework enhances the fraction of active redox cobalt centres. It is widely reported 

that only a small fraction of the total cobalt in the AlPO-5 structure is capable of 

cycling between the (II) and (III) oxidation states.
17

 Estimating the changes in the cobalt 
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environment upon oxidation and reduction treatments has allowed conclusions to be 

drawn for the CoTiAlPO-5 catalyst that suggests there is a greater proportion of Co(II) 

sites undergo oxidation to Co(III) than in the monometallic CoAlPO-5 catalyst. 

 

The authors report that the redox cobalt centres provide loci for the initiation and 

generation of intermediate radical species that are harnessed by the proximal 

oxophilic titanium centres which act in a synergistic manner in which to activate the 

oxidant. This concept underpins the following discussions in this section of the report, 

aiming to develop a fuller picture of the nature of the active centres and the enhanced 

performance of synergistic bimetallic systems over the monometallic analogues.
18
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5.2.2 Developing Structure-Property Relationships in CoTiAlPO-5 Catalysts 

 

A series of mixed loading CoTiAlPO-5 catalysts were synthesised in order to deduce 

further information about the roles of each of the metal centres in the synergistic 

enhancement in the catalytic epoxidation of cyclohexene to its epoxide.  

 

Sixteen different combinations were synthesised and showed good crystallinity and 

phase purity for the AFI (AlPO-5) framework. The Table 5.1 below summarises the 

series and highlights the samples which were chosen for testing. 

Titanium 
(atom %) 

Cobalt 
(atom %) 

Comments 

1 1 Low titanium, Low cobalt 

1 3  

1 6  

1 9 Low titanium, High Cobalt; TESTED 

3 1  

3 3 Equal loading (original); TESTED 

3 6 Double cobalt content; TESTED 

3 9  

6 1 TESTED 

6 3 Double titanium content; TESTED 

6 6  

6 9  

9 1 High titanium; Low cobalt; TESTED 

9 3 TESTED 

9 6  

9 9 High titanium, high cobalt; TESTED 

 

Table 5.1: Summary of the sixteen mixed loading CoTiAlPO-5 catalysts 

 

The samples were analysed for their metal content by inductively coupled plasma 

resonance (ICP). The plots below in Figure 5.7, show the relationship between the 

intended loading (ie: the amount of metal added to the synthesis gel) and the final 

metal content (as determined by ICP). Both of the metals show a linear relationship 

between the amount of metal added into the synthesis gel and the amount detected by 

ICP. The blue line, corresponding to the titanium relationship has a gradient of almost 

unity (1.09) suggesting that the metal added into the synthesis gel is almost exactly 

the amount found in the samples. The same can also be said for the cobalt series (red 

data) as the gradient of the linear relationship is 0.90. 
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Figure 5.7: Actual metal loading as a function of intended metal loading (in weight 

percent) for cobalt (red data) and titanium (blue data). 

 

The activity of the mixed loading CoTiAlPO-5 catalysts was compared using the 

epoxidation of cyclohexene to cyclohexene epoxide. The reaction was carried out at 

atmospheric pressure using acetyl peroxyborate (APB) as the oxidant and heated to 

65ºC. The scheme below shows the proposed structure of APB along with a schematic 

of the synthesis from peracetic acid and borax. The progress of the reaction was 

monitored every 30 minutes for a period of three hours. (It is believed that after this 

period of time, the aqueous oxidant is no longer active.) It is evident from the plots 

below (Figure 5.9 and Figure 5.10), that little additional conversion is seen after two 

hours, supporting the hypothesis that there is a limited period of activity for the active 

APB oxidant.  
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Scheme 5.1: Acetyl peroxyborate (APB), synthesised from the addition of ground borax 

salts to an aqueous solution of peracetic acid (PAA). 

 

APB was used as the oxidant in these studies as it facilitates epoxidation reactions (see 

Scheme 5.2 for the general epoxidation mechanism) with olefins with selectivities in 

excess of 98%.
2

 This selectivity advantage was demonstrated when an analogous 

experiment was carried out using aqueous peracetic acid (PAA - the precursor to APB 

and the active peroxide species) under identical reaction conditions (and using the 

original 3:3 atom % loading catalyst). The chromatograms in Figure 5.8 below, show 

annotated GC traces, comparing the reaction profile for the epoxidation using APB and 

the oxidation using PAA, where the additional peaks were identified using mass 

spectrometry. While the reaction with PAA gave almost 100% conversion it is evident 

from the number of additional peaks (aside from the epoxide peak) that the PAA 

oxidant is much less selective than ABP. 

 

Scheme  5.2: General reaction mechanism for an olefin (cyclohexene) with a peroxy 

acid species (APB derivative). 
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Figure 5.8: Comparison of GC trace for the epoxidation reaction; top trace using 

peracetic acid as the oxidant, bottom trace using acetyl peroxyborate as the oxidant. 
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This process was chosen as a model reaction as the transformation of alkenes to 

epoxides represents one of the most synthetically significant tools to add selective 

functionality into organic molecules, which can then be used as precursors for 

chemical and fine chemical applications.  

 

Scheme 5.3: Schematic of the epoxidation of cyclohexene to cyclohexene epoxide. 

 

The two plots in Figures 5.9 and 5.10 below show the results obtained for the 

epoxidation of cyclohexene using a selection of the mixed loading CoTiAlPO-5 

samples.  

 

The first plot shows the comparison between the highest loading of the two metals and 

the two extreme cases (ie: high cobalt and low titanium; high titanium and low cobalt). 

It is interesting to note that the equal and highest loading catalyst does not produce 

the highest conversion. In all three reactions, the extent of conversion is reached after 

one hour. The inset graph on Figure 5.9 aims to show how the kinetic curve may 

proceed (the scale on the y-axis is zoomed in with respect to the main figure and error 

bars have been added to account for GC error in calculating the area under the 

component peaks). 

 

Figure 5.9: Epoxidation of cyclohexene to cyclohexene epoxide using APB as the 

oxidant, showing the highest loading of both metals and asymmetric high and low 

loading samples of the two metals. Reaction carried out at atmospheric pressure in a 

glass reactor at 65 °C. 1.1 Molar equivalents of APB (oxidant) to substrate were used 

in DCM/water. Mesitylene internal standard. 
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Comparing the two extreme cases of catalyst loading (green data and red data), reveals 

that the two active sites in the catalyst may, as predicted by Paterson et al
2

, play 

markedly different roles in the catalytic turnover of cyclohexene. If indeed the titanium 

centre is responsible for oxidant activation, it can be deduced that in the higher 

loading samples, the increased number of titanium centres is decomposing the oxidant 

before it is consumed in the catalytic turnover of cyclohexene to its epoxide. This point 

is further substantiated by the fact that the red trace (high loading titanium) takes 

longer than 30 minutes to reach the extent of the reaction, This may suggest that in 

the first 30 minutes of reaction the oxidant it activated by the oxophilic titanium 

centres. Following activation of the oxidant, the cobalt redox centres are not as readily 

available in order to facilitate the catalytic turnover.  

 

These conclusions are also shown for the plot in Figure 5.10 below, where the two 

‘mirrored’ catalysts with double the atom percent of one metal over the other, shows 

the same trend. The lower titanium and higher cobalt (blue trace) case shows a greater 

level of conversion than the catalyst where there is double the amount of titanium to 

cobalt. Unlike the high titanium, low cobalt case discussed above however, both 

reactions reach the extent of reaction after 30 minutes. 

 

Figure 5.10: Epoxidation of cyclohexene to cyclohexene epoxide using two mirrored 

loading samples. Reaction carried out at atmospheric pressure in a glass reactor at 65 

°C. 1.1 Molar equivalents of APB (oxidant) to substrate were used in DCM/water. 

Mesitylene internal standard. 
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Catalyst (atom % wrt 
Al) 

Conversion (%) 

Ti Co 30 60 90 120 180 

1 1           

1 3           

1 6           

1 9 31.2 29.5 29.5 27.8 29.8 

3 1           

3 3 30.4 29.6 29.5 29.9 30.5 

3 6 39.9   45.5 45.4 46.4 

3 9           

6 1 31.4 35.4 34.8 36.7 36.3 

6 3 27.5 29.8 27.3 28.0 28.1 

6 6           

6 9           

9 1 2.4 17.6 17.4 16.8 19.0 

9 3 2.7 21.2 21.9 20.6 23.1 

9 6           

9 9 17.7 18.9 18.0 17.8 19.1 
 

Catalyst (atom % wrt 
Al) 

Turnover Number 

Ti Co 30 60 90 120 180 

1 1           

1 3           

1 6           

1 9 9.0 9.0 9.0 8.0 9.0 

3 1           

3 3 15.0 15.0 15.0 15.0 15.0 

3 6 13.0   14.0 14.0 15.0 

3 9           

6 1 15.0 17.0 17.0 18.0 18.0 

6 3 10.0 11.0 10.0 10.0 10.0 

6 6           

6 9           

9 1 1.0 6.0 6.0 6.0 7.0 

9 3 1.0 7.0 8.0 7.0 8.0 

9 6           

9 9 5.0 5.0 5.0 5.0 5.0 
 

Table 5.2: Summary of conversions (top) and Turnover Numbers (bottom) for the 

mixed loading CoTiAlPO-5 catalysts tested for the epoxidation of cyclohexene. 

 

Table 5.2 above shows a summary of the mixed loading CoTiAlPO-5 catalysts which 

were tested in the epoxidation reaction. Note that an error occurred during analysis of 

the data for the 3% Ti 6% Co catalyst at 60 minutes.  
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5.2.3 Tuning the redox metal 

 

It has been shown in the section above that the presence of the redox cobalt centre 

substituted in the same structure as the oxophilic titanium centre plays a pivotal role 

in the activity of the CoTiAlPO-5 system. In the case of this combination it is important 

to note that the choice of cobalt as the complementary redox metal may show scope 

for improvement as only a fraction of the Co(II) centres in the AFI framework are able 

to undergo oxidation to the higher Co(III) oxidation state.
19

 With this consideration in 

mind, analogous MnTiAlPO-5 and VTiAlPO-5 catalysts were synthesised to assess if the 

same synergistic enhancement was also present in these redox metal combinations. 

 

Ti +1 +2 +3 +4    

V +1 +2 +3 +4 +5   

Cr +1 +2 +3 +4 +5 +6  

Mn +1 +2 +3 +4 +5 +6 +7 

Fe +1 +2 +3 +4 +5 +6  

Co +1 +2 +3 +4 +5   

Ni +1 +2 +3 +4    

Cu +1 +2 +3     

Zn  +2      

Figure 5.11: Possible oxidation states of the 3d transition metal series. Those 

highlighted in blue denote the most stable configurations.
20

  

 

Manganese and vanadium were chosen as the complementary redox metal as they are 

both capable of easily redox cycling between more than one oxidation state (Figure 

5.11) and have an ionic radii of appropriate size in order to substitute into the 

aluminium (or phosphorus) framework sites (Table 5.3).  
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Metal Ion 
Effective ionic radii 

/pm 

Cobalt 
Co(II) 65 

Co(III) 52 

Manganese 
Mn(II) 67 

Mn(III) 58 

Chromium 
Cr(II) 73 

Cr(III) 62 

Nickel 
Ni(II) 70 

Ni(III) 56 

Iron 
Fe(II) 63 

Fe(III) 49 

Copper Cu(II) 62 

Vanadium 

V(II) 79 

V(III) 64 

V(IV) 59 

V(V) 54 

Titanium 

Ti(II) 86 

Ti(III) 67 

Ti(IV) 61 

 

Table 5.3: Summary of effective ionic radii for the main 3d transition metal ions.
21

  

 

Chromium and iron were considered as suitable redox metals to use in combination 

with the oxophilic titanium centre but have a number of drawbacks for the use in 

catalysis.  

 

Iron substituted aluminophosphates are common and have been reported in the 

literature, but have also been observed to readily form surface oxides under certain 

conditions which decrease the activity of the catalyst.
22

 Oligomeric surface oxides 

result in a support-nanoparticle arrangement which is not the desired system for this 

study where the synergistic influence of two framework substituted centres is the aim 

of the project. Note that the efficacy of FeAlPO-5 and FeAlPO-31 in the aerial oxidation 

of cyclohexene
23

 is discussed in the literature review of this work. 

 

Chromium has also been reported as an effective active centre in aluminophosphates
24

 

(AlPO’s), but again also has a number of drawbacks. In some reports, the chromium 

species in the AlPO structure have been described as a “Trojan horse” structure. 

Clusters of partially substituted and extraframework species are readily formed and are 

subject to leaching under catalytic conditions.
25,26

 The ejection of the metal centres 

during the reaction renders the catalyst homogeneous as the metal species are thus in 

a solvated aqueous state and no longer part of the framework structure.  
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5.2.4 Characterising the Physicochemical Properties of the “M”TiAlPO-5 Samples 

 

Synthesising the new series of catalysts adopted the same established methods 

previously reported,
2

 using a gel ratio of; 0.97Al : 1.5P : 0.03M : 0.03Ti : 0.8SDA : 

50H
2

O, where M is the complementary redox metal and the SDA is N-methyl 

dicyclohexylamine.
27

 The three titanium-containing AlPO-5 catalysts were confirmed for 

phase purity using powder X-ray diffraction (PXRD) giving patterns characteristic for 

the AFI framework,
28

 with high crystallinity and no obvious secondary crystalline phase 

impurities. Inductively coupled plasma resonance (ICP) was used to compare the 

theoretical loading of the metals in the synthesis gel and the final calcined samples 

(see Table 5.4). All of the metals gave good agreement between the intended metal 

loading and the actual metal loading as determined by ICP, with the exception of the 

vanadium containing sample. This is believed to be due to the type of vanadium 

species which substitutes into the aluminophosphate framework, which is discussed in 

detail in the following sections. BET measurements gave consistent internal pore 

surface areas and were in good agreement with literature values.
29

 

Table 5.4: Summary of Catalyst Physical Properties 

Catalyst 

Moles of metal /100g of 

catalyst (theoretical) 

Moles of metal /100g of catalyst (ICP) 

final 

Surface Area 

(BET)/ m
2

g
-1

 

Ti Redox Metal Ti Co V Mn 

CoTiAlPO-5 0.0243 0.0243 0.0232 0.0268   277 

VTiAlPO-5 0.0243 0.0243 0.0207  0.0165  282 

MnTiAlPO-5 0.0243 0.0243 0.0274   0.0261 226 

 

Sample morphology was assessed using SEM, showing consistent spherical particles 

with an average size of 10 - 20 μm, shown in Figure 5.12 below. 

  

Figure 5.12: Scanning electron microscopy (SEM) images of the samples show consistent 

particle size and morphology.  

Left: VTiAlPO-5, Magnification 1000. Right: CoTiAlPO-5, Magnification 2000. 
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5.2.5 Comparison of the Catalytic Activity for the Titanium-Containing Series 

 

The three catalysts were tested for their activity in the epoxidation of cyclohexene. 

Previously it has been shown that the bimetallic CoTiAlPO-5 catalyst exhibits superior 

conversions with respect to the monometallic analogues due to the synergistic 

influence of the two metals in the framework.
2

 It is hypothesised that while the redox 

active centre is required for catalytic turnover, the presence of the titanium centre 

facilitates the activation and coordination of the oxidant to its oxophilic centre. Acetyl 

peroxyborate (APB) has been used as the oxidant of choice in these reactions as redox 

centres (such as Mn(III) and Co(III)) are believed to promote the formation of the active 

oxygen species to the reaction sphere.
30

 The combination of this effective oxidant and 

the size selectivity of the AlPO-5 channels enable the catalysts to exhibit selectivity in 

excess of 98% towards cyclohexene epoxide (refer to the chromatograms in Figure 

5.8). 

 

Figure 5.13: Turnover number for the epoxidation of cyclohexene over a 3 hour 

period. Squares ( ) VTiAlPO-5, Circles ( ) CoTiAlPO-5, Triangles ( ) MnTiAlPO-5. 

Reaction carried out at atmospheric pressure in a glass reactor at 65 °C. 1.1 Molar 

equivalents of APB (oxidant) to substrate were used in DCM/water. Mesitylene internal 

standard. 

 

Figure 5.13 shows the turnover number of each of the three titanium-containing 

catalysts over a period of three hours. Turnover number is used for comparison as 

opposed to raw conversions in order to normalise the difference in the framework 

incorporation of the different transition metals (as discussed by ICP results above). 

Table 5.5 summarises the conversion and turnover numbers for these catalysts and 

can be found at the end of this section.  
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It is evident that the most active of the three catalysts is the VTiAlPO-5, while the other 

two are significantly lower. There are two fundamental differences between the 

catalysts – the complementary redox centre and the electronic influence that the redox 

metal evokes on the titanium centre. These two arguments are discussed in the work 

by Paterson et al
2

 in a similar study which links the spectroscopic data obtained for the 

CoTiAlPO-5 catalyst with the pronounced differences between the conversion of 

cyclohexene to its epoxide for the bimetallic and monometallic CoTiAlPO-5, CoAlPO-5 

and TiAlPO-5 catalysts respectively. It is believed that the presence of the cobalt 

centres in close proximity to the titanium active sites increases the tetrahedral 

character of the titanium centre. It is also well documented in the literature that in the 

AFI structure it is not possible to oxidize all of the Co
II

 species into the Co
III

 oxidation 

state and that in fact only around 30 % of the 2+ species cycles to the 3+ state.
19

 The 

spectroscopic analysis of the cobalt centre by diffuse reflectance UV/Visible methods 

suggested that the presence of the titanium in the same framework also increased the 

proportion of the cobalt centres that could be oxidised into the 3+ state.
2

 These two 

factors are hypothesized to render the bimetallic catalyst more active than the 

monometallic analogues as not only is there a greater proportion of coordinatively 

unsaturated titanium centres capable of activating the oxidant, but there is also more 

active redox centres which can facilitate the catalytic turnover.   

 

It has been shown, and frequently documented, that the oxophilic titanium centre is 

able to bind to and activate the oxidant. Thus, it is logical that the most tetrahedral 

titanium centres are more active in catalysis as they are able to expand their 

coordination sphere, unlike the already saturated octahedral species. Therefore, 

optimisation of the tetrahedral character in the aluminophosphate family is one such 

way to increase activity. Probing these sites spectroscopically and linking this to the 

activity of the catalyst can develop more understanding of the roles and function of the 

active sites. Using these arguments, it can be deduced that the vanadium redox centre 

is also capable of enhancing the tetrahedral character of the titanium site, providing 

one aspect of the reasoning behind the enhanced activity seen using this catalyst over 

the CoTi- and MnTi- combinations. 
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Scheme 5.4: Schematics of oxidant binding modes at the tetrahedral titanium centre. 

“A” denotes the framework atoms and “R” represents pendant groups on the oxidant 

species. 

 

Scheme 5.4 above shows five arrangements of the oxidant binding modes proposed 

for peroxy-type species at the tetrahedral titanium centre.
12,31

 Literature reports (from a 

combination of spectroscopic techniques such as EXAFS and modelling DFT methods) 

predict that the peroxide species can form either a bidentate η
2
 Ti-peroxy species or 

monodentate η1 

Ti-peroxy species. Oxidants such as H
2

O
2

 and TBHP in the liquid phase 

are well known to behave as strong ligands towards Ti(IV) compounds forming peroxy 

radical species and displacing other pendant ligands in the coordination sphere, such 

as water. It has also been proposed, however, that the η2

 species will only form in the 

absence of a functional group (such as an olefin) and thus is unlikely to be the active 

species in the epoxidation reaction. This second point is still under discussion and is 

not ruled out while assessing the mechanistic synergy observed in our bimetallic 

catalysis systems. The η2

 Ti-peroxy species, when the incoming oxidant species is an 

oxidant such as TBHP (or in these epoxidation reactions, APB), is known to be 

stabilised by the transfer of electron density from the partially filled π* O-O anti-

bonding orbitals of the peroxidic oxygen to the Ti(IV) centres. Therefore it can be 

inferred that this type of species may play a key role in these catalytic processes due to 

presence of the second active metal centre. 

 

Further, as with the ideas proposed regarding the increase in redox proportion of the 

cobalt active site in CoTiAlPO-5, it can also be rationalized in terms of the 

complementary redox centre playing a significant role in the catalytic turnover. For 

instance, those with a lower redox barrier will more efficiently produce the epoxide 

product (once the nearby titanium site has activated the oxidant). A metal with a lower 

energy barrier towards electron transfer will play a greater role in facilitating the 

electron transfer between with oxidant and the substrate. Further to the ease of redox 

cycling (ie: energy barrier) the extent of redox cycling is also a key aspect of this 

discussion. As mentioned above, not all of the Co
II

 species raised oxidation state to Co
III

 

(even with the enhancement of the titanium centre). Developing a system where the 

oxidation state change of the redox centre is favourable and efficient will enhance the 

catalytic turnover of the catalyst. Using these arguments, it is reasonable to conclude 
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that the vanadium centre is the most efficient at redox cycling, and in combination 

with tetrahedral titanium, affords a highly efficient catalyst for the epoxidation 

process. 

 

 

Figure 5.15 Turnover number for the epoxidation of cyclohexene over a 3 hour period. 

Squares ( ) VTiAlPO-5, Circles ( ) monometallic VAlPO-5, Triangles ( ) monometallic 

TiAlPO-5, Diamonds ( ) physical mixture of VAlPO-5 and TiAlPO-5. Reaction carried out 

at atmospheric pressure in a glass reactor at 65 °C. 1.1 Molar equivalents of APB 

(oxidant) to substrate were used in DCM/water. Mesitylene internal standard. 

 

Confirming the enhanced turnover numbers seen when the two metal centres are 

present in the same framework was achieved by conducting a series of parallel studies 

using the monometallic analogues along with a physical mixture of the two 

monometallic catalysts. Figure 5.15 shows that the two active centres, when combined 

in the same framework, achieve significantly higher TON than their monometallic 

counterparts, highlighting the cooperative, or synergistic, nature of the VTiAlPO-5 

catalyst. It is thus evident that in order to achieve the higher turnover numbers, the 

two metal centres need to be located in close locality such that the oxidant and 

substrate can be readily combined and the oxidant is not simply decomposed in the 

reaction. It can be further suggested that it is not only the close locality of the two 

metal centres that play a vital role in producing higher conversions, but also that their 

electronic and thus intrinsic structural influence are key in these bimetallic systems. 

Developing an understanding of the roles and influences the two centres (vanadium 

and titanium) have on each other and in the catalysis is addressed in the following 

sections.  
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A Time /min 30 60 120 180 

VTiAlPO-5 

(0.84wt% V, 

0.99wt% Ti) 

Conversion (%) 52.2 60.4 62.8 63.4 

TON 39 45 47 47 

CoTiAlPO-5 

(1.58wt% Co, 

1.11wt% Ti) 

Conversion (%) 28.2 30.9 30.5 30.5 

TON 31 34 34 34 

MnTiAlPO-5 

(1.46wt% Mn, 

1.31wt% Ti) 

Conversion (%) 48.8 55.8 58.8 60.2 

TON 27 31 32 33 

B Time /min 30 60 120 180 

VTiAlPO-5 

(0.84wt% V, 

0.99wt% Ti) 

Conversion (%) 52.2 60.4 62.8 63.4 

TON 39 45 47 47 

VAlPO-5 

0.96wt% V) 

Conversion (%) 24.8 28.9 31.6 32.0 

TON 21 24 26 27 

TiAlPO-5 

(1.34wt% Ti) 

Conversion (%) 34.0 36.1 36.3 37.5 

TON 32 33 33 34 

TiAlPO-5 / 

VAlPO-5 

Conversion (%) 53.4 58.2 63.8 63.0 

TON 30 33 36 36 

 

Table 5.5: Summary of conversion and turnover number (TON) for the titanium 

containing catalyst series (A, top table) and the VTiAlPO-5 series (B, bottom series). 

(note that the bottom entry of table B is the physical mixture of the two monometallic 

samples, where the metal loading of each is as per the monometallic samples.) 
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5.2.6 Probing the Active Sites Using Diffuse Reflectance UV/Visible Spectroscopy 

 

To elucidate the nature and roles of each of the metal sites in the AlPO-5 catalysts, 

detailed spectroscopic characterization by DR UV-Vis was carried out. Figure 5.16 

below, shows the oxidised and reduced UV/Visible spectra for the three titanium 

containing catalysts (CoTi-, MnTi and VTi- whose catalysis results for the epoxidation 

of cyclohexene are discussed above) and the proceeding discussions highlight the key 

spectroscopic features which will be of importance in rationalising the hypotheses 

proposed. 

 

Figure 5.16: DR UV/Visible spectra of bimetallic titanium and complementary metal 

series, highlighting the redox features of the second metal in the framework. 

 

The oxidised CoTiAlPO-5 (top blue trace) shows strong absorptions in the 250-500 nm 

range, due to ligand to metal charge transfer (LMCT) transitions between the oxygen 

ligands and the tetrahedral Co(III). In the visible region, the triplet bands at 530, 592 

and 659 nm are assigned to the d-d transitions of Co(II) ions in tetrahedral 

coordination.
2,32,33

 The presence of this triplet after calcination (oxidation), suggests 

that only a fraction of Co(II) ions can be oxidised to Co(III), as is discussed above and is 

consistent with previously reported data.
34

 In addition, a broad absorption between 

900-1200 nm, due to d-d transition of Co(III) sites in tetrahedral coordination, is also 

present. In the reduced sample (top red trace), the strong absorptions due to CT of 

Co(III) completely disappear, indicating that all Co(III) ions are reduced back to Co(II) 

and a band at 230 nm resulting from Ti(IV) centres becomes visible (discussed further 

below). 
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The VTiAlPO-5 oxidised catalyst (middle blue trace), shows a broad intense band in the 

region of 270-290 nm due to LMCT transitions of isolated T
d

 V(V) sites. This eludes to 

evidence for the incorporation of V into the AlPO-5 framework. The strong tail in the 

350-450 nm range suggests the presence of some polymeric vanadium species, such 

as V
2

O
5

, which could be due to either a smaller proportion of extra-framework species 

or islanding of the vanadium species in the AFI framework. After reduction (middle red 

trace), the band becomes sharper with a maximum at 220-260 nm, which can be 

assigned partly to the presence of LMCT transition of monomeric V(IV) in tetrahedral 

coordination and partly due to the presence of tetrahedral Ti(IV) sites. In addition, the 

weak bands at 530, 660, 1100 nm are due to d-d transitions of tetrahedral monomeric 

V(IV) centres, supporting the presence of isolated vanadium sites.
35

 

 

The MnTiAlPO-5 oxidised catalyst (bottom blue trace), shows an intense band between 

250-350 nm due to LMCT transitions between the oxygen ligands and the Mn(III) 

centres and a broad absorption at 575 nm, extending up to 1100 nm, due to Mn(III) d-

d transitions.
36

 Upon reduction, these features disappear, suggesting that all of the 

Mn(III) sites are reduced to Mn(II) – a UV/Visible silent species. After the reduction of 

the MnTiAlPO-5 catalyst (bottom red trace), a band centred around 250 nm appears, 

which is assigned to the presence of Ti(IV) sites. 

 

The spectral traces in Figure 5.17 below show the same three samples in their reduced 

state. Detecting the titanium sites in the bimetallic-AlPO-5 catalysts was achieved by 

complete reduction of the catalysts in H
2

 at 673K to eliminate the overlap of the 

intense UV bands of Co(III), Mn(III) and V(V) with those of Ti(IV), (compare with the blue 

trace in Figure 5.16). This allows the interference from the redox metals to be 

minimised so that analysis of the region of titanium absorption can be carried out. The 

graphs in Figure 5.17 below are on a smaller scale than those above, as the LMCT 

feature of the oxygen bound to titanium is weaker than the corresponding LMCT in the 

redox metal centres discussed above. 
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Figure 5.17: DR UV/Vis spectra of the titanium region of the bimetallic AlPO-5 series 

 

VTiAlPO-5 (top red trace) shows a strong shoulder at 215 nm which is attributed to 

isolated tetrahedral Ti(IV) LMCT transitions, confirming the presence of titanium 

centres with distinct tetrahedral character. Tetrahedral titanium (as mentioned 

previously in sections of the text) has a maximum centred at 215 nm. The shoulder in 

this spectral trace is thus indicative of the four coordinate centres which are believed 

to be required for effective catalysis. The maxima at 250 nm is likely to have some 

contributions from both Ti(IV) and V(V) isolated sites.
37

 This main maximum confirms 

both the presence of the isolated (ie: non-agglomerate) vanadium active species and 

that although there are clearly defined tetrahedral titanium sites in the catalyst, there 

are also some present with greater than four-fold coordination; likely some 5- and 6- 

fold.  

 

CoTiAlPO-5 (red trace, second from the top), shows a band at 230 nm which is 

assigned to Ti(IV) sites almost in tetrahedral coordination (or distorted tetrahedral). 

The slight shift (from 215 to 230 nm) can be attributed partly to the identity of the 

nearest neighbours
15,38,39

 but also is likely to be due to the titanium centres having 

coordination numbers of greater than four. 

 

A broader adsorption band is observed for the MnTiAlPO-5 catalyst, suggesting a 

greater number of Ti(IV) sites in higher coordination. In particular there is a clear, 

intense shoulder at 295 nm due to the presence of either Ti(IV) oligomeric species 

(either as extra-framework or titanium islanding in the AFI framework) or  is due to the 

presence of octahedral TiO
2

 type species.
40

 The presence of these species in this 

sample links to the lower catalytic activity of the MnTiAlPO-5 sample, when compared 

with the greater activity of the VTiAlPO-5 catalyst, which clearly contains defined (and a 

greater number of) tetrahedral titanium sites. 
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5.2.7 IR Spectroscopy Using Probe Molecules  

 

The redox properties of the metals (Co, V and Mn) were studied by firstly reducing the 

catalysts in H
2

 at 673K before oxidation in O
2

 at 823K. Probe molecules were dosed 

onto the reduced sample to assess the binding characteristics of the metal centres 

under different indicative conditions. 

 

Carbon Monoxide (CO) Probe 

 

CO was used as a probe molecule to study the redox properties of the bimetallic AlPO-

5 series. CO induces pi back-bonding from the metal centre into the unoccupied 

orbitals of the carbon monoxide ligand. The donation of electrons from the metal 

centre to the CO molecule oxidises the metal centre, while reducing the carbon 

monoxide. The interaction can either be described as liquid-like where the 

accumulation of a multi-layer of physisorbed molecules exhibit stretching modes of the 

carbon monoxide probes, or show a reversible chemisorbed feature. This 

chemisorption feature allows the site to be assessed for reversible redox capabilities.
41

  

 

In Figure 5.18, the FTIR spectra, upon adsorption of CO, of the calcined and reduced 

catalysts are shown. 

 

Figure 5.18: FTIR spectra, recorded at 80K upon adsorption of CO (1 mbar), of the 

oxidized (blue) and reduced (red) Ti catalysts series. 

 

In the FTIR spectra upon CO adsorption, all three catalysts show a band at 2138 cm
-1

 

due to liquid-like CO. Bands between 2180-2160 cm
-1

 are also present in all three 

catalysts and are attributed to CO interacting via H-bond with hydroxyls, mainly P-OH 
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groups. At higher wavenumber, absorptions due to direct interaction of the CO probe 

with the metal sites are present.  

 

In the reduced CoTiAlPO-5 (top red trace), the band at 2187 cm
-1

 is due to the CO 

interaction with Co(II) in tetrahedral coordination. This band decreases in intensity 

after oxidation (top blue trace) but does not disappear completely. This observation 

confirms that, as previously discussed, only a fraction of Co(II) is oxidised to Co(III).  

 

The FTIR spectrum for the VTiAlPO-5 sample shows a similar direct interaction of CO 

with the metal centre at 2195 cm
-1

 which is only present in the reduced sample 

(compare middle red trace with the middle blue trace). This is attributed to CO 

adsorbed on vanadyl species
35

 indicating that the V(IV) sites are completely converted 

into V(V) centres upon oxidation and thus is an effective redox cycle. 

 

The presence of Mn(II) sites is inferred by the weak band at 2182 cm
-1

 on the reduced 

sample in the FTIR spectrum,  due to CO adsorbed on Mn(II) sites (bottom red trace). 

The change in the peak is minimal upon oxidation (bottom blue trace) indicating that 

the interaction between the manganese sites and the CO probe is weak and can be 

inferred as to why this metal is less effective in the redox catalytic turnover. 

 

Figure 5.19: FTIR spectra, recorded at 80K upon adsorption of CO (1 mbar), of the 

oxidised (blue) and reduced (red) catalysts. 

 

Figure 5.19 above shows a comparison of the corresponding monometallic (CoAlPO-5 

and TiAlPO-5) analogues and an AlPO-5 sample with no substituted metal in the 

framework. (Note that work probing VAlPO-5 with CO is discussed in later sections). 
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The spectra for CoAlPO-5 (top series) shows the same liquid-like peak at 2138 cm
-1

 as 

the CoTiAlPO-5 with a shoulder (at 2161cm
-1

) where CO is interacting with the hydroxyl 

groups and the main intense peak at 2187 cm
-1

 indicating direct interaction with the 

metal site and the carbon monoxide probe. Comparing these features with the TiAlPO-

5 catalyst, it is evident that there is not corresponding adsorbed CO at the titanium 

sites, indicating that this active centre does not undergo redox activity. The liquid-like 

mode is still present along with the peak at 2161 cm
-1

 indicative of interaction of the 

CO probe with hydroxyl groups. Comparing the IR trace in Figure 5.18 for CoTiAlPO-5 

trace with the monometallic traces, it is evident that the features seen in the bimetallic 

trace display components owed to the presence of both the metals. The larger peak 

seen at 2161 cm
-1

 for the CoTiAlPO-5 sample over the CoAlPO-5 sample is due to the 

presence of the titanium in the sample. Further, on comparison of the CO interaction 

with the metal sites in the spectra for the CoTiAlPO-5 catalyst (figure 5.18) and the 

CoAlPO-5 catalyst, it is evident that the presence of the titanium in the AFI framework 

alongside the cobalt does, as discussed above, increase the amount of Co(II) that is 

oxidised to Co(III), i.e.: a larger difference in the oxidised and reduced peak intensities 

is observed. 

 

Figure 5.19 also shows the interaction of CO with blank – undoped - AlPO-5 (bottom 

trace in black on Figure 5.19). This trace indicates that only a slight interaction with 

the CO probe and hydroxyl species are present, which can be attributed to surface 

hydroxyl sites on the particles of the AlPO-5 crystallite or due to defect sites in the 

crystal structure. 
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Oxidant Binding – Aqueous ABP Solution 

 

Spectroscopic characterisation has also developed further understanding of the 

interaction between the metal sites and acetyl peroxyborate (APB, oxidant) responsible 

for the formation of peroxo-species in the catalytic reaction. FTIR spectroscopy can 

also provide direct information about the ν(O-O) stretching mode of peroxo 

complexes.42

  

 

For the following analysis, an aqueous solution of acetyl peroxyborate was adsorbed 

on the calcined AlPO-5 catalysts (CoTi-, MnTi-, VTi- and monometallic VAlPO-5 and 

TiAlPO-5), following the mimicked conditions during the catalytic testing. 

 

Figure 5.20: FTIR spectra of ABP (peroxo) stretching region for adsorbed O-O species 

on the metal sites for the bimetallic titanium catalyst series. 

 

Figure 5.20 depicts the FTIR spectra of adsorbed APB on bimetallic AlPO-5, in the 

region where the stretching O-O modes are expected. Upon interaction with APB, a 

weak band at 884 cm
-1

 and a broad, more intense band at 816 cm
-1

 are formed. The 

feature at 884 cm
-1

, which is also present in the spectra of TiAlPO-5 and CoAlPO-5 (see 

Figure 5.21 below), is due to physisorbed APB. The broad band at 816 cm
-1

 is assigned 

to the stretching mode of O-O peroxo species. It is evident from comparing the size of 

the main chemisorbed peak, that the VTiAlPO-5 catalyst has the largest signal 

indicating a distinct interaction with the oxidant, which is further evidence to support 

the greater activity of this catalyst over the other two. Although only slight, it can also 

be inferred that the CoTiAlPO-5 catalyst has a slightly larger and more defined 
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chemisorbed peak, which could be attributed to the greater amount of tetrahedral 

titanium character observed in the UV/Visible spectra for these catalysts. 

 

 

Figure 5.21: FTIR spectra of ABP (peroxo) region highlighting the components from 

monometallic vanadium doped and monometallic titanium doped making up the full 

bimetallic VTiAlPO-5 stretching mode. 

 

Figure 5.21 above, shows a comparison of the monometallic, VAlPO-5 and TiAlPO-5 

catalysts, with the VTiAlPO-5 catalyst for the O-O stretching region of peroxy species 

adsorbed onto metal sites. The presence of peroxo species on both Ti and V sites is 

confirmed by the comparison of FTIR spectra of the VTiAlPO-5, VAlPO-5 and TiAlPO-5 

upon APB adsorption. In TiAlPO-5, the band of peroxo is centred at 816 cm
-1

 and in 

VAlPO-5 at 828 cm
-1

, while in VTiAlPO-5 this band is broader and both components are 

present. It is clear from these spectra that the interaction between the peroxy group 

and the vanadium site contributes to the overall binding of the peroxy interaction seen 

in the VTiAlPO-5 catalyst. Components of binding at both the metal centres make up 

the larger and broader signal seen for VTiAlPO-5. Further, this result also bolsters the 

cooperativity hypothesis proposed for this combination of active sites. Activation of the 

oxidant at both of the metal centres indicates that this could facilitate the enhanced 

catalytic activity of this system. 
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Figure 5.22: FTIR spectra of ABP (peroxo) region demonstrating the lack of 

chemisorbed component visible for blank AlPO-5 and CoAlPO-5. 

 

Confirming the true peroxy interaction with the titanium and vanadium active sites is 

seen in the figure above, strong adsorption bands are seen at 816 cm
-1

 and 828 cm
-1

, 

but these same broad intense signals are not observed in the spectra for CoAlPO-5 or 

the blank (undoped) AlPO-5 catalysts. There is a small physisorbed peak for the 

CoAlPO-5 catalyst at 884 cm
-1

, which is also present in the CoTiAlPO-5 and other metal-

containing samples. However, this band is not seen in the blank, undoped sample, 

confirming that interaction with the AFI framework and the peroxy groups requires the 

presence of a metal centre. 
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5.3 Linking Spectroscopic Observations and Catalytic 

Trends in Vanadium-Titanium AlPO-5 

 

5.3.1 An Introduction to Vanadium Substitution in Aluminophosphate Frameworks 

 

Vanadium substitution in the framework of aluminophosphates has caused much 

controversy in the literature. The site of substitution and the coordination geometry 

are the main issues addressed in many reports.
43

 It has been proposed in a number of 

accounts that the loading of the vanadium in the structure has the greatest influence 

on the coordination geometry along with the degree of site isolation. In a 

characterisation and catalysis study by van Hooff and co-workers
44

 they conclude that 

the increased vanadium metal loading in the synthesis gel corresponded to a gradual 

change in coordination from tetra- to penta-coordination.  

 

It is widely accepted that the vanadium species changes between V(IV) in the as 

synthesised sample to V(V) in the oxidised (calcined) sample. This is interpreted in 

some reports as the vanadium ion occupying the framework phosphorus site
45,46

 as it is 

unlikely that a +5 ion can readily occupy a site which possesses only a +3 charge, due 

to the large degree of charge imbalance. The model below shows a schematic 

representation of one substitution mode in the phosphorus site of the AlPO structure. 

This model requires that two of the frameworks bridging bonds are broken in the 

reduced state, which will in turn generate a considerable distortion and instability in 

the porous architecture. 

 

Scheme 5.5: Model of vanadium substitution at the phosphorus sites as proposed by 

some authors. Image adapted from the work by Montes et al
47

 

 

However, there is considerable spectroscopic evidence for the presence (and energetic 

favourability) of the vanadium species in the form of an oxo-vanadium molecular ion 

(V=O; a vanadyl ion). In this case, the overall charge of the molecular ion cycles 

between +2 and +3 upon oxidation and reduction conditions (while the vanadium ion 

alone is still cycling between +4 and +5). Therefore, it is highly plausible that a vanadyl 
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ion is able to substitute at the aluminium site, with a charge compensating proton in 

the (V=O)
2+ 

state.  

 

Some reports, however, have described this species as being extra-framework as there 

is an oxy –ligand protruding out of the discrete framework site; in some reports 

authors have suggested that only three of the four bridging sites are used in anchoring 

the vanadyl species into the framework site. Contradictory reports still consider this as 

framework incorporation as the aluminium (or phosphorus) site is replaced by the 

vanadium species and is not easily removed under prevailing heat treatments or in 

catalytic solvent systems.   

 

Later literature reports agree that the vanadium is present, at least in low loading 

samples, as a vanadyl ion which is either in square pyramidal or distorted octahedral 

geometry.
48

 In some cases, there reports to be two spectroscopically unique vanadium 

environments in the AFI structure – one which corresponds to the oxo-vanadium 

species pointing directly into the pore, while the other is attributed to its orientation 

directed towards the bulk of the framework.  

 

Due to the paramagnetic nature of many vanadium species, EPR has been used as a 

probe for the nature of the vanadium centre, including the geometry, oxidation state 

and nearest neighbouring atoms. Interpretation of the EPR signal between the V
4+ 

isolated ion and the molecular vanadyl ion has caused differences in the overall model 

of VAlPO materials. In an EPR study on α-berlinite aluminophosphate, de Biasi
49

 

concluded that the signal due to the vanadium species was attributed to V
4+

 in 

aluminium sites. However, in later work Kevan et al
50

 reinterpreted this result using a 

breadth of model compounds and attributed the difference in signal fluctuation to the 

presence of vanadyl species on surface sites as opposed to sites buried within the 

framework structure. Since these studies, more sophisticated EPR techniques have 

been developed and are employed in the next section of discussions.
51

 It is important 

to note however, that EPR techniques are not able to precisely detect the oligomeric 

vanadium species which have also been reported to form upon higher metal loadings 

in the synthesis gel.
52

  

 

Computational simulation studies of vanadium substitution in the AlPO-5 framework 

carried out by Gulín-Gonźalez et al
53

 have compared the energetic differences between 

the substitution of Al
3+

 by V
3+

 with P
5+

 by V
5+

 using energy minimising techniques. In this 

work, it was shown that if V
3+

 substitutes at the aluminium site then there is an 

associated strong distortion of the framework and the bond distances and angles are 

unlikely to be easily accommodated by the framework. However, these conclusions are 
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unrepresentative of the substitution models proposed by other authors, who do not 

suggest that it is a single V
3+ 

which occupies the aluminium sites, rather a vanadyl ion. 

While this work provides evidence that the stability of V
5+

 substitution in the 

phosphorus site is energetically possible, it is still not conclusive to rule out the 

possibility that the vanadyl ion replaces the framework aluminium sites. 

 

In a number of reports, there lies inconclusive evidence for which site the vanadium 

species substitutes for in the aluminophosphate matrix. DR UV/Visible and EPR data to 

date can be used to support either of the two substitution models. In this case, it is 

interesting to note the ICP metal analysis values for the VAlPO structures quoted in the 

text. In more than one example in the literature,
35,43

 there is indirect evidence by 

assessing the molar ratios of the components in the AlPO structure that vanadium is 

present in framework aluminium sites. Based on the assumptions that the AlPO 

framework consists of strictly alternating aluminium and phosphorus atoms (bridged 

by oxygen atoms), it can be deduced that the two atoms are present in equal ratios (ie: 

50:50) If this is the case then the substituting metal will clearly be present at the 

framework site where this values deviates below 50%. The following table gives a few 

examples of this which have been quoted in literature references. 

 

Sample 

Structure 

type 

Vanadium Aluminium Phosphorus Reference 

VAlPO-5 AFI 0.01 0.49 0.50 Zahedi-Niaki et al
43

 

VAlPO-31 ATO 0.01 0.47 0.52 Zahedi-Niaki et al
43

 

VAlPO-11 AEL 0.01 0.48 0.51 Zahedi-Niaki et al
43

 

VAlPO-17 ERI 0.01 0.49 0.50 Zahedi-Niaki et al
43

 

VAlPO-5 AFI 0.069 0.48 0.51 Vishnuvarthan et al
35

 

VAlPO-11 AEL 0.076 0.48 0.51 Vishnuvarthan et al
35

 

Table 5.6: Comparison of metal compositions in six different vanadium substituted 

aluminophosphate structures. 

  

In a study on the characterisation and catalytic properties of VAlPO-5 for liquid phase 

oxidations, Rigutto et al
54

 used a similar rationale to suggest that the vanadium ion 

was occupying the aluminium site. They also drew similar conclusions about the effect 

of the metal loading and the type of vanadium geometry and oligomerisation as was 
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discussed by van Hooff and co-workers
44

. At low loading, a monomeric vanadyl unit 

was observed in square pyramidal or distorted octahedral geometry, while increasing 

the metal loading is coupled to an increase in dimeric and higher order cluster species 

which are present in a tetrahedral geometry. In this study, vanadium NMR was also 

used to ascertain further information about the nearest neighbours in the VAlPO-5 

framework. A series of model compounds were used to compare the differences in the 

spectral features when vanadium is closest to aluminium and when it is bridged to a 

phosphorus atom. The model compounds used in this study were vanadyl phosphates 

(VOPO
4

) and aluminium orthovanadate (AlVO
4

). Using these comparisons, the 

environment which matched more closely to the VAlPO-5 sample was the vanadium 

phosphate model compound. The authors
54

 also suggest that the flexible AFI 

framework would allow for non-tetrahedral species to substitute into the lattice and 

reference the NMR study by Meinhold et al
55,56

 who suggest that up to 40% of the 

framework aluminium sites can be occupied by a different metal ion by lengthening of 

the Al-O bond and distortion of the O-Al-O bond angle.  

 

Further, Rigutto et al
54

 also use indirect methods to conclude that vanadium species 

must be framework bound or isomorphously substituted (as opposed to 

extraframework). In a higher loading sample (greater than 3 atom %), it was observed 

that upon removal of the structure directing agent (by calcination) the structure began 

to collapse giving a dense phase material. It can be rationalised that if the AFI 

framework remained void of vanadium ions substituting into framework positions and 

the ions were simply bound to the framework, then it would remain intact during heat 

treatments and template removal.  

 

In 2011, a comprehensive spectroscopic study of VAlPO-5 and VAlPO-11 was carried 

out by Vishnuvarthan et al
35

 using Raman, DR UV/Visible and FT-IR with probe 

molecules. Although the authors suggest that the vanadyl ions substitutes at the 

framework phosphorus sites, they also discuss issues with the charge imbalance 

associated with a 3+ molecular ion substituting in a 5+ site.  

 

Raman studies suggest that “three-legged” isolated V
5+

=O moieties are present and are 

homogenously dispersed among the VAlPO lattice. Similar conclusions were also drawn 

from analysis of the DR UV/Vis spectra. The figure below shows the UV spectrum of 

VAlPO-5 (obtained from a sample synthesised by the thesis author), which is very 

similar to the spectra obtained for VAlPO-5 and VAlPO-11 in the work by Vishnuvarthan 

et al
35

. 
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Figure 5.23: DR UV/Vis spectra of oxidised (green trace) and reduced (red trace) 

VAlPO-5 

 

The intense charge transfer band in the 300 nm region is attributed to monomeric 

tetrahedrally coordinated oxovanadium species in the following process: 

 

V
5+

 = O
2-

 + hν → V
4+

 - O
-

 

 

Upon reduction, the sharpening of the main charge transfer peak and the appearance 

of the weak d-d transitions around 600 and 750 nm are indicative of the formation of 

an oxovanadium complex where the vanadium ion is now present in the 4+ oxidation 

state.  The d-d transitions are also likely to have some component from the presence 

of dimeric V
2

O
5

 type species, which is consistent with other reports at this (slightly 

higher) metal loading.
34

 

 

FT-IR using CO as a probe molecule was used on an analogous sample to assess the 

redox properties of the VAlPO-5 species, shown in Figure 5.24. Similar trends are 

observed here as for the previous discussions in Section 5.2.6 and 5.2.7. The two weak 

bands observed in the region of 2192 cm
-1

 and 2184 cm
-1

 suggest that the presence of 

two crystallographically unique vanadium sites are present in the AlPO framework, 

consistent with the work carried out by Zahedi-Niaki et al.
43

 

 



Rebecca Leithall  Chapter 5 

 278  

 

Figure 5.24: FT-IR of VAlPO-5 with CO probe molecules adsorbed at 110 K (red trace). 

Further traces show the out-gassing of the probe molecule, with the final surface 

properties shown by the blue dashed line.
34

 

 

Studies on the redox properties of the VAlPO-5 framework were also carried out by 

Bedioui et al
57

 using cyclic voltammetry techniques. The authors report that some of 

the vanadium present in their sample is extraframework and is thus easily removed 

under electrochemical conditions. However, this report also suggests that there are 

two distinctly different vanadium sites present in the VAlPO-5 structure. The ease of 

oxidation and reduction of the two species is discussed in relation to the vanadium site 

being in a phosphorus-rich environment (ie: in the aluminium site) or an aluminium-

rich environment. It is proposed that the vanadium in the aluminium site would be 

easier to reduce (and more difficult to oxidise) while the vanadium in the phosphorus 

site would be harder to reduce (and easier to oxidise), based on the electronegativity 

difference of the two framework atoms. The authors
57

 suggest that the two different 

sites seen in cyclic voltammetry studies may indicate that there are contributions from 

isomorphous substitution at both the aluminium and phosphorus positions. Deeper 

discussions regarding cyclic voltammetry techniques will be provided in following 

sections. 

 

Further examples of vanadium incorporation in the framework of aluminophosphates 

include those where it is substituted in tandem with a second component. In these 

examples, the presence of another heteroatom has a profound effect on both the 

substitution and the bonding modes of the vanadium ion in the (or on the) framework. 

Work by the groups of Blasco, Conceptión and López-Nieto has studied the effect of 

both magnesium and cobalt in aluminophosphate frameworks in combination with 
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vanadium.
58-62

 In these studies, it is well established that the second metal (cobalt or 

magnesium) both substitute at the aluminium site, and thus competes for this 

framework position. It is concluded that in the samples containing both magnesium 

and vanadium that the vanadium ion is not located in framework positions as it is 

displaced by the magnesium ion.
58,61

 However, in the structures with both cobalt and 

vanadium, the two redox metals are reported to have a beneficial and cooperative 

influence on the proportion of the redox sites which are capable of cycling between the 

two oxidation states (ie: Co
2+/3+ 

and V
4+/5+

).
59,60

 

  

Studies comparing the properties of vanadium incorporated aluminophosphates with 

vanadium incorporation in silico-aluminophosphates
63,64

 suggest that the presence of 

the silicon atoms plays a significant role in the vanadium incorporation. Singh et al
63

 

observed that the stronger V-O-P bond (compared to the V-O-Si bond) shows different 

redox properties in VAPO structures over VAPSO and corresponding vanadium silicates. 

Work by Li et al
64

 suggest similar differences in VAPO and VAPSO samples, and further 

discuss the effect of the silicon atoms facilitating the formation of isolated vanadium 

species. Interpretation of their spectroscopic data suggests that the VAPO samples 

contain a considerable degree of V
2

O
4

 type particles while the VAPSO structures contain 

more isolated framework vanadium species. In this study, it is also suggested however, 

that the vanadium species are preferentially located in the phosphorus sites. This is 

shown schematically in Scheme 5.6 below. 

 

Scheme 5.6: Vanadium coordination modes in VAPSO-5 (left) and VAlPO-5 (right). 

 

The incorporation on the vanadium species and the effect that the presence and loci of 

the simultaneous titanium species plays on the AFI structure will be discussed in the 

following sections. 
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5.3.2 Oxidation of Alcohols Using VTiAlPO-5, VAlPO-5 and TiAlPO-5 

 

The oxidation of benzyl alcohol was carried out using the VTiAlPO-5, VAlPO-5 and 

TiAlPO-5 catalysts, as discussed above in Section 5.2.5. The reaction was carried out in 

a stainless steel Parr pressure reactor, at 100 °C using 20 bar of air and a stir rate set 

at 800 rpm. The reagents were combined in a homogeneous phase using tertiary 

butanol as the solvent. Each catalyst was tested for activity both in the presence of 

tertiary butyl hydroperoxide (TBHP, referred to herein as ‘initiator’) and without the use 

of the initiator. The series of plots below show the activity difference for each catalyst 

between the reactions with and without initiator (along with the background level of 

reaction seen when the initiator is present under the reaction conditions without 

catalyst in the system). 

 

 

Figure 5.25: Conversion of benzyl alcohol to benzaldehyde over 6 hours (360 minutes) 

using VTiAlPO-5 catalyst. Reaction was carried out at 100 °C, with 20 bar of air, stirred 

at 800 rpm. The green trace shows the extent of the reaction when the initiator is 

present without the catalyst. 

 

The graph above clearly shows that the oxidation of benzyl alcohol to benzyaldehyde 

does not occur with notable conversions without the addition of the tertiary butyl 

hydroperoxide initiator. In the first instance, this may suggest that the reaction 

proceeds via a radical mechanism. The green trace (also shown on the other two 

corresponding graphs for the monometallic VAlPO-5 and TiAlPIO-5) shows the extent 
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of reaction when the substrate (benzyl alcohol) is present in the same reaction 

conditions but without the presence of catalyst. This shows that the catalyst is 

responsible for the conversion of the alcohol to the aldehyde and not solely the 

presence of the radical initiator.  

 

 

Figure 5.26 Conversion of benzyl alcohol to benzaldehyde over 6 hours (360 minutes) 

using VAlPO-5 catalyst. Reaction was carried out at 100 °C, with 20 bar of air, stirred 

at 800 rpm. The green trace shows the extent of the reaction when the initiator is 

present without the catalyst. 

 

The VAlPO-5 catalyst in contrast with the VTiAlPO-5 catalyst appears to show a 

different and slower induction period, deduced by the shape of the kinetic profile. 

While the VTiAlPO-5 catalyst reaches the extent of reaction after around three hours 

the conversion seen in the VAlPO-5 catalyst is still rising after five hours. This may also 

be indicative of the metal centres present in the catalyst framework adopting different 

reaction pathways. As is also seen in the VTiAlPO-5 catalyst, the extent of reaction is 

low without the addition of the radical initiator, again suggesting that the reaction 

proceeds via a radical initiated mechanism. It can also be inferred that as with the 

reaction profile comparing VAlPO-5 with VTiAlPO-5, the use of only vanadium as an 

active centre has a much slower induction period. This trend is seen in the red trace 

(reaction without initiator), where the reaction begins to show greater conversion after 

four hours, and a more significant amount of the benzyaldehyde product is seen after 

five and six hours of reaction. 
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Figure 5.27: Conversion of benzyl alcohol to benzaldehyde over 6 hours (360 minutes) 

using TiAlPO-5 catalyst. Reaction was carried out at 100 °C, with 20 bar of air, stirred 

at 800 rpm. The green trace shows the extent of the reaction when the initiator is 

present without the catalyst. The insert graph in the top right hand corner shows the 

same data on a smaller scale axis. 

 

On comparison of the VTiAlPO-5 bimetallic system and the VAlPO-5 system, titanium 

alone as the active centre does not show considerable conversion both with and 

without the initiator present in the reaction. While the kinetic profile is of a similar 

shape to that seen in the VTiAlPO-5 catalyst, the extent of conversion is reached after 

three hours at a maximum below 20 %. This is shown clearly in the insert graph, where 

after a three hour induction period the conversion of the alcohol to the aldehyde slows 

and plateaus after this time only reaching 14 %. 

 

These three plots provide further evidence for the cooperative nature of the vanadium 

and titanium present in the same framework and the enhanced conversions seen in 

these catalytic reactions. It can be hypothesized from these data (and the previously 

discussed spectroscopic data) that the titanium is responsible for the activation of the 

oxygen oxidant (probably a radical process, which is aided by the presence of the 

initiator). This is seen in the steeper rise to maximum conversion for the TiAlPO-5 

catalyst and the VTiAlPO-5 catalyst, while the VAlPO-5 catalyst displays a much 

shallower increase and thus longer induction period. It can also be envisaged that the 

vanadium active site is responsible for substantiating the catalytic turnover. This is 

evident from the significantly smaller extent of conversion seen for the TiAlPO-5, but 
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the higher conversions seen for those containing the vanadium active centre. These 

observations support the previously discussed mechanistic and intrinsic structural 

synergy theory, in relation to the epoxidation of cyclohexene. 

 

 

Figure 5.28: Selectivity of benzyl alcohol oxidation to benzaldehyde over a 360 

minutes (6hour) period for the VTiAlPO-5 (blue diamonds), VAlPO-5 (green triangles) 

and TiAlPO-5 (red squares) with TBHP initiator in the reaction. Reaction was carried out 

at 100 °C, with 20 bar of air, stirred at 800 rpm. 

 

Further to the trends discussed above, the role of the initiator had been observed to 

not only facilitate a decrease in induction period and increase on conversion. The plot 

above (Figure 5.28) and plot (Figure 5.30) show the selectivity difference between the 

two systems (ie: with and without the addition of the free radical initiator). The plot 

above shows the selectivity across the six hour period for the three catalysts with the 

use of the initiator. It is clear from this plot that the vanadium active site facilitates the 

oxidation process to occur with greater selectivity towards benzaldehyde, whereas the 

titanium site readily enables a further oxidation to occur and thus a greater amount of 

benzoic acid is formed. 
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Figure 3.29: Selectivity of benzyl alcohol oxidation to benzaldehyde over a 360 

minutes (6hour) period for the VTiAlPO-5 (blue diamonds), VAlPO-5 (green triangles) 

and TiAlPO-5 (red squares) without TBHP initiator in the reaction. Reaction was carried 

out at 100 °C, with 20 bar of air, stirred at 800 rpm. 

 

In contrast to the plot in Figure 5.28, where the presence of the initiator facilitated 

high selectivities, Figure 3.29 above suggests that when an initiator is not used that it 

is only the VAlPO-5 catalyst that maintains significant selectivity towards the aldehyde. 

The greatest decrease in selectivity is seen in the TiAlPO-5 catalyst, but there is also a 

notable decrease in selectivity in the VTiAlPO-5 catalyst. These observations provide 

further clues about the different mechanisms of oxidation for the two active centres 

and the cooperative nature of the two metals in the same framework. Using a free 

radical initiator would suggest that the reaction proceeds via a radical mechanism. 

However, the similarity of the data observed for the VAlPO-5 catalyst both with and 

without initiator may suggest that the oxidation mechanism occurs by a two electron 

transfer and would involve two vanadyl sites (since the redox transition is only a one-

electron exchange). The d-d transitions in V
2

O
5

-type species observed in the UV/Vis 

data, therefore may suggest that the dimeric vanadium species is in fact still 

catalytically active as well as the isolated vanadyl-type species. 
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Figure 5.30: Yield of benzaldehyde over a 360 minutes (6hour) period for the VTiAlPO-

5 (blue diamonds), VAlPO-5 (green triangles) and TiAlPO-5 (red squares) with TBHP 

initiator in the reaction. 

Figure 5.30 above, shows the yield of the benzyl alcohol oxidation reaction towards 

benzaldehyde, further confirming that the VTiAlPO-5 catalyst is the most effective at 

facilitating the oxidation of benzyl alcohol selectively to benzaldehyde. The yield is 

calculated as the product of the conversion and the selectivity, demonstrating that two 

monometallic catalysts (especially the titanium catalyst) do not produce as much of the 

desired product.  

 

Time /hours 1 2 3 4 5 6 

Oxidised (calcined) 

VAlPO-5 

Conversion (%) 25.4 35.2 42.9 55.6 63.1 77.6 

Selectivity (%) 98.5 99.8 99.9 99.8 99.9 99.9 

TON 391 542 660 856 971 1194 

Oxidised (calcined) 

TiAlPO-5 

Conversion (%) 3.8 7.0 10.9 11.6 12.7 13.4 

Selectivity (%) 79.6 76.2 75.5 74.5 80.4 69.6 

TON 39 73 113 120 132 139 

Oxidised (calcined) 

VTiAlPO-5 

Conversion (%) 49.5 66.7 78.2 83.0 85.0 87.5 

Selectivity (%) 94.8 97.2 98.0 98.4 98.6 98.6 

TON 386 521 610 648 663 683 

 

Table 5.7: Summary of the conversions, selectivities and turnover numbers for the 

VTiAlPO-5, VAlPO-5 and TiAlPO-5 catalysts using initiator in the catalysis reaction. 
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5.3.3 Using Electron Paramagnetic Resonance (EPR) as a Spectroscopic Probe for 

Paramagnetic Active Sites in VTiAlPO-5 

 

A number of sophisticated studies using electron paramagnetic resonance 

spectroscopy (EPR) in tandem with specifically selected probe molecules have allowed 

detailed structural information to be deduced about the nature of the titanium sites 

and the loci of substitution in the aluminophosphate framework. Key findings by 

Prakash et al
65

 have suggested, using combined EPR and ESEM (electron spin echo 

modulation), that the titanium ion substitutes at the phosphorus site. Ti(IV) is EPR 

silent, but the Ti(III) species which is readily produced in prevailing reducing conditions  

(in this study γ-radiation was used to evoke the desired oxidation state change) is EPR 

active. In one of their studies Prakash et al
66

 were able to show that there were very 

distinct spectroscopic differences between the sample of SAPO-5/TiO
2

 (an intentionally 

impregnated extra-framework octahedral species) and the framework incorporated 

TiAlPO-5. These studies lead to evidence confirming their speculations that the 

titanium ions in TiAlPO-5 were located at framework positions.  

 

 

Figure 5.31: ESR spectra recorded at 77K of TiAlPO-5 and TiO
2

/SAPO-5 after treatment 

in reducing conditions. (Image adapted from Prakash et al
66

) 

 

In a similar follow up study, the authors
65

 used spin-echo modulation at the Ti(III) 

frequency to assess the nearest neighbour positions (either Al(III) or P(V)). It is 

concluded in this study that the distances between the framework atoms suggest 

aluminium is closer to the Ti(III) ion, thus indicating it has substituted at the 

phosphorus position. However, upon assessing the values quoted in the report 

obtained by metal analysis (by ICP techniques) it evidenced indirectly that not all of the 

titanium ions are occupying a phosphorus site. 
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 Idealised AlPO-5 Chemical Analysis for TiAlPO-5 Deviation from idealised AlPO-5 

Al 0.5 0.494 0.006 

P 0.5 0.48 0.02 

Ti  0.026  

Table 5.8: Comparison of ideal undoped AlPO-5 material and the “tetrahedral atom 

fraction by ICP” as quoted by Prakash et al
65

 

 

The sum of the deviation from the idealised AlPO structure is equal to that of the metal 

content of titanium in the sample. Upon calculating the distribution of the titanium 

content between the two framework positions, it is evident that 76.9 % of titanium 

occupies the phosphorus site, while the remaining 23 % is present at aluminium. This 

distribution is actually consistent with a recent report by Maurelli et al,
51

 where the 

Ti(III) species they observe by EPR is proposed to occupy the aluminium framework 

position and is predicted to be between 20 % 
51

 and 43 % 
67,68

 of the total framework 

incorporation of titanium; the exact distribution is likely to be influenced by the 

loading of titanium ions in the structure. 

 

The combined UV/Visible and EPR study by Maurelli et al
51,68

 have established that the 

EPR observable Ti(III) species are present at the aluminium site. Using HYSCORE 

(hyperfine sublevel correlation spectroscopy) techniques, it was shown that the nearest 

neighbour to the Ti(III) ion was in fact the 
31

P framework site. The presence of the Ti(III) 

in a tetrahedral coordination in the TiAlPO-5 was confirmed by the presence of weak d-

d transitions showing a broad band centred at 870 nm; Figure 5.32. 

 

Figure 5.32: DR UV/Vis spectra of TiAlPO-5 after oxidation (black solid line), reduction 

(grey dotted line line) and after treatment with 20 mBar of ammonia (dashed line). 

Normalised for comparison. 
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In the oxidised form of the VTiAlPO-5, the Ti(IV) ion is EPR silent, meaning that direct 

structural information about the nature of the vanadium species can be deduced by 

comparison with the monometallic VAlPO-5 catalyst (in the oxidised and reduced state) 

with the bimetallic VTiAlPO-5 catalyst (in both oxidised and reduced states).  

 

VO
2+

 and Ti
3+

 ions are both paramagnetic enabling a combined Continuous Wave (CW) 

and Pulse EPR study on the oxidized and reduced VTiAlPO-5 (and VAlPO-5) systems to 

be performed in order to elicit complementary information on the local environment of 

the two active centres. The CW and ESE-EPR spectra of the calcined (oxidized) VTiAlPO-

5 are shown in Figure 5.33(a) and 5.33(b).  

 

 

Figure 5.33: Experimental (blue) and simulated (red) spectra recorded at 10K, 

(a) CW and (b) ESE –EPR spectra of calcined VTiAlPO-5,  

(c) CW and (d,e) ESE spectra of reduced VTiAlPO-5.  

Spectra (b) and (d) were recorded with ns while for spectrum (e)ns.  

The arrows indicate the field position at which the pulsed EPR experiments (HYSCORE) 

were performed (see Figure 5.40 below). 

 

The field swept spectra are characterised by an axially symmetric powder pattern 

typical of V
4+

 in a vanadyl environment with distorted octahedral coordination. The EPR 

parameters deduced from computer simulation of the spectra are g║ = 1.9267, g┴ = 

1.9729, A║ = 544 MHz and A┴ = 194 MHz, in agreement with those reported in the 

literature,
47,69,70

 for isolated VO
2+

 groups. Further insights into the local coordination 
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environment of the VO
2+

 ions is provided by ESEEM studies and in particular by 

Hyperfine Sublevel Correlation Spectroscopy (HYSCORE), which allows probing the 

interaction of the paramagnetic metal centre with neighbouring magnetic nuclei (
31

P 

(I=1/2) and 
27

Al (I=5/2)). The HYSCORE spectrum of the calcined sample recorded at 

observer position B
0

 = 346.5 mT is reported in Figure 5.34(a). This magnetic field 

setting corresponds to the so-called “powder like position” meaning that almost all 

orientations are excited and the spectrum reflects a powder-like situation. 

 

 

Figure 5.34: HYSCORE spectra of  

(a) calcined VTiAlPO-5 sample at the observer position indicated in Figure 5.33(b);  

(b) reduced VTiAlPO -5 sample at the observer position indicated in Figure 5.33(d).  

Four spectra with different  values (96, 128, 176 and 216 ns) are added together after 

Fourier transform in order to eliminate blind spots. All spectra were recorded at 10 K. 
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The spectrum contains signals stemming from the superhyperfine interaction between 

the unpaired electron hosted in the V orbitals and 
31

P, 
27

Al and 
1

H nearby nuclei. In 

particular, two sets of cross-peaks (
31

P(1) and 
31

P(2)) appear in the (+,+) quadrant – right 

hand portion - approximately centred at the 
31

P nuclear Larmor frequency ((
31

P) = 

5.993 MHz), while a third set of cross peaks (
31

P(3)) appears in the (-,+) quadrant – left 

hand portion shaded purple - separated by 2(
31

P) and positioned at approximately (-

13.8, +1.8) (-1.8 +13.8) MHz. Similar spectra are observed for the monometallic VAlPO-

5 system, shown in Figure 35 below. 
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Figure 5.35: Experimental HYSCORE spectra of monometallic reduced VAlPO-5 sample 

recorded at 10K at the observer position corresponding to the arrow in the ESE 

detected EPR spectrum in the insets (B
0

 = 290.0 mT and B
0

 = 349.4 mT in spectra a) 

and b), respectively). In both cases spectra recorded at two  values (96ns and 250ns) 

were added together after Fourier transform. 

 

The characteristics of the cross-peaks 
31

P(1)-
31

P(3) lead to their assignment to three 

phosphorus nuclei with maximum hyperfine couplings of 3, 11, and 16 MHz, 

respectively. In the (+,+) quadrant a diagonal peak centred at the 
27

Al nuclear Larmor 

frequency ((
27

Al) = 4.02 MHz) is also present, which is due to remote (matrix) 
27

Al 

nuclei. 

 

The observed
 31

P couplings agree with values reported for vanadyl phosphate molecular 

complexes
71-74

 and together with the absence of distinct 
27

Al couplings provide 

unambiguous evidence for framework substitution of VO
2+

 species at framework Al
3+
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position. For a VO
2+

 substituting for an Al
3+

 a +1 charge compensation is required in 

order to maintain the electro-neutrality of the AlPO-5 framework, provided by a proton 

forming an hydroxyl group in the proximity of the VO
2+

 group. Direct evidence for the 

presence of such a proton is provided by the extended ridge centred at the 
1

H nuclear 

Larmor frequency with maximum extension of about 15 MHz. Analysis of the 
1

H ridge 

and comparison with powder
54

 and single crystal ENDOR
75

 data for the [VO(H
2

O)
5

]
2+

 ion 

as well as hydrated vanadium exchanged zeolites,
70,76

 indicates that such an hydroxyl is 

located in the first coordination sphere, laying in the VO
2+

 equatorial plane.  

 

Upon reduction in the presence of H
2

 at 673 K, small changes are observed in the CW-

EPR spectra (Figure 5.33(c)) which are attributed to the presence of overlapping species 

generated after reduction. Separation of the overlapping spectra is obtained by 

recording the two pulse echo detected EPR spectrum at different time intervals (Figure 

5.33(d) and (e)). The spectrum recorded with a pulse interval 200 ns (Figure 5.33(d)) 

shows the presence of the typical 
51

V hyperfine pattern due to the VO
2+

 species 

together with a second species indicated with an arrow in Figure 5.33(d), which is 

isolated when recording the spectrum with 400 ns (Figure 5.33(e)). This species, 

characterized by a longer phase memory time (Tm), is assigned to Ti
3+

 in tetrahedral 

coordination on the basis of the g tensor extracted by computer simulation (g║ = 

1.991 and g┴ = 1.908), which coincides with values recently reported in the case of 

reduced TiAlPO-5.
51

 

 

The HYSCORE spectrum taken at an observer position coinciding with the maximum 

echo intensity of the Ti
3+

 species is shown in Figure 5.34(b). The spectrum is analogous 

to the one recently reported for Ti
3+

 ions isomorphously substituted in the TiAlPO-5 

structure
51

 and is characterized by a series of cross peaks due to the interaction 

between the unpaired electron with nearby 
31

P ions, having maximum hyperfine 

couplings of 3, 11, 16 and 26 MHz. These relatively large 
31

P hyperfine couplings 

together with the absence of distinct 
27

Al couplings provide direct evidence for 

framework substitution of Ti
3+

 at an Al site; accounting for at least a proportion of the 

overall titanium content. It is important to note that in this case, no charge 

compensation is needed for a Ti
3+

 substituting for an Al
3+

. This is reflected by the 

absence of the pronounced 
1

H signal observed in the case of VO
2+

.  

 

Note that the features attributed to the titanium species in the VTiAlPO-5 spectra are 

not present in the monometallic VAlPO-5 spectra (shown in Figure 5.35). 
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5.3.4 Cell Parameters and Reflection Positions for Oxidised and Reduced VTiAlPO-

5, VAlPO-5 and TiAlPO-5 

 

Certain indirect characterisation methods can be used to infer secondary information 

regarding the extent of framework incorporation of transition metals, such as 

significant changes in the surface area measurements and expansion or contraction of 

the unit cell parameters.  

 

In the case of vanadium and titanium substitution in the framework, the ionic radii of 

these two metals are comparable to that of the aluminium and phosphorus in the 

lattice (see table below). This could suggest that the cell parameters and positions of 

the reflections are unlikely to change significantly. 

 

Table 5.9: Ionic radii of aluminium, phosphorus, vanadium and titanium
21

 

Element Radius /pm 

Al (3+) 

P (5+) 

54 

38 

Ti (3+) 67 

Ti (4+) 61 

V (4+) 59 

V (5+) 54 

 

 

The discussions below provide x-ray diffraction data and associated refined unit cell 

information which confirms the consistency of the AFI framework when titanium and 

vanadium ions are substituted into the framework. 

 

The six patterns below show that the VTiAlPO-5, VAlPO-5 and TiAlPO-5 samples are 

phase pure for the AFI framework and maintain structural integrity upon treatment in 

the reducing hydrogen atmosphere. The plots are grouped so that the oxidised 

(calcined) and reduced patterns for each catalyst are shown as an overlay for direct 

comparison. 
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Figure 5.36: Powder X-ray diffraction pattern of oxidised (calcined) and reduced 

VTiAlPO-5, treated in the same conditions as described for the electron paramagnetic 

resonance studies. 

 

The oxidised reflections are much more clearly resolved and the smaller (less intense) 

reflections can be seen at greater values of 2 theta. However, the two diffraction 

patterns are in agreement with one another and confirm that the AFI framework 

remains intact after exposure to the reducing atmosphere. The lack of appearance of 

other peaks after this treatment also confirms that there are no secondary phases 

formed after exposure to heat and hydrogen and thus the species observed in the EPR 

analysis are not artefacts of another structure. 

 

Figure 5.37: Powder X-ray diffraction pattern of oxidised (calcined) and reduced VAlPO-

5, treated in the same conditions as described for the electron paramagnetic 

resonance studies. 
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As discussed for the VTiAlPO-5 diffraction pattern, the consistency in reflections 

between the oxidised and reduced samples and the lack of secondary phase 

reflections, indicate that the AFI structure is maintained upon reduction. These 

conclusions can also be drawn for both the monometallic VAlPO-5 and TiAlPO-5 

samples, substantiating the reliability of the EPR results for the mode and types of 

substitutions made by the vanadium (as a vanadyl species) and titanium. 

 

Figure 5.38: Powder X-ray diffraction pattern of oxidised (calcined) and reduced 

TiAlPO-5, treated in the same conditions as described for the electron paramagnetic 

resonance studies. 

 

The tables below summarise the unit cell parameters for the six samples (Table 5.10) 

and the positions of the AFI diffraction patterns (Table 5.11). The idealised cell data 

was obtained from the atlas of zeolite structures
28,77

 while the undoped AFI sample was 

synthesised and characterised using standard methods developed in the Raja group.
2

 

The deviation columns are quoted relative to the data for the idealised unit cell.  

 

It is evident by assessing the unit cell parameters that there is no significant change in 

the unit cell volume or the length of the sides (a and c; note that a=b for the AFI space 

group - P6/mcc). The greatest deviation from the idealised unit cell volume is seen in 

the VAlPO-5 sample, which can be attributed to the presence of the oxygen double 

bond associated with the vanadyl species. 

 

However, the changes in the unit cell parameters are small and any further conclusions 

drawn from these values would be likely to be attributed to being within experimental 

error associated to the scope of the diffractometer. It can be suggested that with the 

comparable ionic radii (especially between those of aluminium with vanadium and 

titanium) of the dopant metals and the highly comparable cell parameters that the 
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incorporation of these metals does not make any significant changes or strain on the 

framework. This may also be used to explain the robust structural integrity of these 

catalysts and maintenance of phase purity upon exposure to the prevailing reducing 

atmosphere, and under the catalytic conditions used in this report. 

 

Table 5.10: Summary of refined cell parameter values for VTiAlPO-5, VAlPO-5 and 

TiAlPO-5, along with values for undoped AFI. 

Structure a /Å c /Å 
Volume 

/Å3 

Deviation 

a /Å c /Å 
Volume 

/Å3 

Idealised Cell 
Data28 

Experimental 
AlPO-5 

13.8 
13.69 

8.6 
8.43 

1418.4 
1368.2 

   

VTiAlPO-5 
Calcined 

13.68 8.46 1369.4 0.12 0.14 49.0 

VTiAlPO-5 
Reduced 

13.65 8.35 1346.8 0.15 0.25 71.6 

TiAlPO-5 
Calcined 

13.67 8.41 1361.7 0.13 0.19 56.7 

TiAlPO-5 
Reduced 

13.70 8.41 1365.1 0.10 0.19 53.3 

VAlPO-5 
Calcined 

13.57 8.34 1329.2 0.23 0.26 89.2 

VAlPO-5 
Reduced 

13.64 8.36 1346.5 0.16 0.24 71.9 

 

 

Further to the consistency in unit cell parameters, Table 5.11 also shows that the 

positions of the reflections are highly comparable for the six samples. Not all of the 

reflections are observed for the samples (indicated by the grey shaded boxes). This 

further substantiates the conclusions drawn above. 
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Table 5.11: Summary of reflection positions for oxidised and reduced VTiAlPO-5, 

VAlPO-5 and TiAlPO-5. The shaded regions indicate a reflection which was not 

resolved. NB: Ox = Oxidised, Red = Reduced. 

h k l 
VTiAlPO-5 VAlPO-5 TiAlPO-5 

Ox Red Ox Red Ox Red 

0 1 0 7.510 7.545 7.589 7.500 7.476 7.455 
1 1 0 13.046 12.991 13.170 12.991 12.964 12.902 
0 2 0 15.010 15.045 15.179 15.000 14.967 14.911 
1 2 0 19.876 19.911 20.045 19.866 19.849 19.821 
0 0 2 21.305 21.339 21.384 21.250 21.130 21.161 
1 2 1 22.510 22.545 22.679 22.589 22.497 22.500 
1 1 2 24.921 24.955 25.179 24.911 24.855 24.866 

2 2 0 26.037 26.116 26.295 26.116 26.068 26.071 
1 2 2 29.162 29.330 29.375 29.241 29.148 29.152 
0 4 0 30.189 30.223 30.357 30.179 30.184 30.134 
2 2 2 33.760 33.929 34.018 33.973 33.788 33.750 
1 3 2 34.653 34.732 34.911 34.777 34.719 34.732 
0 4 2 37.108 37.321 37.411 37.277 37.118 37.054 
1 2 3 38.001 38.036 38.125 38.125 37.857 37.813 
2 4 1 41.662           
1 5 0 42.376 42.679         
0 0 4 43.224 43.348         
1 5 2   43.929         
1 5 2 47.867           
2 5 0   48.036       47.946 

1 2 4     48.259       
 



Rebecca Leithall  Chapter 5 

 298  

5.3.5 Using Cyclic Voltammetry to Probe the Redox Properties of the Vanadium 

and Titanium Species in VTiAlPO-5. 

 

Redox properties of molecular sieves can be probed using spectroscopy techniques (as 

discussed above) but also by using cyclic voltammetry. This technique allows the whole 

of the sample to analysed (as opposed to techniques such as XPS which are limited to 

the surface), but also distinguishing between crystallographically unique sites by the 

appearance of separate pairs of redox couple peaks (unlike techniques which ‘see’ an 

average of the bulk such as XANES and EXAFS).  

 

The vanadium centres in VAlPO-5 were studied by the group of Bedioui et al
57

. 

Electrodes were prepared by pressing powder composite pellets of the VAlPO-5 sample 

and graphite, mounted onto a platinum grid and immersed in an argon purged 

potassium boron fluoride aqueous electrolyte. The VAlPO-5 sample in this study was 

believed to contain a considerable quantity of non-framework vanadyl species which 

could be easily removed on immersion in the electrolyte solution and redox cycling. 

Removal of the electrostatically bound species is achieved with relative ease and 

reported to have a redox couple of, E = 0.77 V (VO
2+

 ↔ VO
2

+

, at pH = 0). This 

conclusion must be considered tentatively as the vanadium precursor used was V
2

O
5

, a 

precursor reported by some authors
54

 to produce a significant quantity of an impurity 

phase containing V-O-V chains and VOPO
4

.2H
2

O structures. These extra phases will 

most certainly contribute to an additional redox peak which could be interpreted as 

non-framework bound regions of the aluminophosphate architecture.  

 

Other observations reported in this study
57

 suggest that there are two different and 

well-defined redox couples which are attributable to the presence of some vanadium 

substituting at the phosphorus site as a discrete metal ion, while the second is a 

vanadyl molecular ion substituting at the aluminium framework position. Scheme 5.7 

below shows this schematically. It is also suggested from this work that the vanadium 

species bound to phosphorus is easier to reduce and more difficult to oxidise, while 

the species in an aluminium rich environment is easier to oxidise but harder to reduce. 
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Scheme 5.7: Schematic representation of two crystallographically different vanadium 

sites described by Bedioui et al.
57

  

 

Vanadium aluminophosphates – VAlPO-41, VAlPO-31 and VHMA - have also been 

extensively studied by the group of Venkatathri.
78,79

 In these studies, the authors also 

conclude that there are two distinctly different redox couples for the V
5+

/V
4+

 process. 

However, these two different sites are proposed to be attributed to vanadium 

substitution at the phosphorus site only. 

 

The titanium site in the TS-1 and TS-2 catalysts have also been studied using cyclic 

voltammetry by de Castro-Martins and co-workers.
80,81

 In this work it was shown that 

the titanium centre was able to cycle between Ti(IV)/Ti(III). The charge imbalance 

generated when the Ti(IV) ion is reduced to Ti(III) is proposed to be compensated by 

the migration of the electrolyte cations in and around the porous architecture. The 

authors also propose that the maximum current flux is directly proportional to the 

fraction of titanium centres that have been substituted into the framework. Further, the 

flux is believed to be independent of the structure type and the size of the crystallite. 

This is deduced by indirect methods as the current flux and redox capacity is not 

observed in titania species supported on silica or in Ti(III) substituted zeolites. 

Therefore, the authors propose that the presence of the redox flux is evidence of the 

framework incorporation of titanium into the silicate structure.  

 

It has also been shown by studying samples which have been exposed to probe 

molecules (such as peroxo species
81

) and those such as ETS-10 (with 6-coordinate 

titanium) that the position and value for the redox couple is dependent on the 

coordination geometry of the titanium site. This type of behaviour was also observed 

by Doménech and co-workers
82

 in a study of solvent molecules in a series of Ti/Beta 

catalysts. It was observed that two redox peaks were produced and ascribed to the two 

different coordination modes of titanium with the probe molecules.
83

  

 

Cyclic voltammetry studies were used in order to probe the redox properties of the 

VTiAlPO-5, VAlPO-5 and TiAlPO-5 catalysts. The samples were baked in sucrose (in 
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order to deposit a carbon layer to improve conductivity)
84

 before working into a 

malleable solid using acetylene black and PTFE binder. Thin circular pellets were 

punched out and heated under vacuum to remove water from the surface. Cells were 

constructed using lithium as the counter electrode in an electrolyte solution of lithium 

iron disulphide, in a glove box to maintain an inert atmosphere. The voltammogram 

was recorded at a sweep rate of 0.1 mVs
-1

 between -1.8 and 0.8 V (against the 

saturated calomel electrode (SCE). Three scans were taken for each sample and had 

comparatively similar CV curves. The following figures show the final of the three 

scans for each sample.  

 

Figure 5.39: Cyclic voltammetry of monometallic TiAlPO-5 (with two different loadings; 

low = 3 atom % and high = 6 atom %), against the saturated calomel electrode. 

 

Figure 5.39 shows the cyclic voltammogram obtained for two titanium samples with 

different loadings. The high loading sample (6 atom %; green trace) interestingly, not 

only shows smaller current flux peaks for the main anodic and cathodic peaks but also 

shows an additional set of peaks at higher voltage. This suggests that in the higher 

loading sample, there is more than one type of titanium environment, consistent with 

previous speculation that in higher loading samples, the titanium centres show less 

site isolation and the existence of more six-coordinate (octahedral) titanium occurs. 

The lower loading sample on the other hand shows a much smoother cyclic 

voltammogram, with only one redox couple and no additional peaks. In line with the 

work by de Castro-Martins
80,81

 it can be used as an indirect probe technique for showing 

the framework incorporation of titanium into the aluminophosphate architecture. The 

appearance of the other peaks in the higher loading sample suggest that this may be 
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due to a small amount of extra-framework material (probably TiO
2

 type species) which 

also accounts for the appearance of the anatase-like shoulder in the UV/Visible 

spectrum.  

 

Figure 5.40 below, shows the cyclic voltammogram for the VTiAlPO-5 sample using the 

same conditions and potential window as for the two titanium samples reported above. 

It is evident from the shape of the CV that there is a change in the redox properties of 

the catalyst. Firstly the peaks are sharper and more defined (as opposed to the 

titanium samples which were smoother curves) and the position of the redox couple 

appears at lower voltage. The redox couple is also smaller than for the monometallic 

TiAlPO-5 samples – compare 0.216 with 0.162 - suggesting that the electron transfer 

occurs with greater ease. This profound electronic difference in the sample aids in 

explaining why the bimetallic VTiAlPO-5 sample shows greater catalytic activity than 

the monometallic analogues of the same metals.   

 

 

Figure 5.40: Cyclic voltammetry of bimetallic VTiAlPO-5, against the saturated calomel 

electrode. 

 

The following figure summarises the CV data for the two titanium samples (discussed 

above) and the VTiAlPO-5 sample, along with the CV trace obtained for the 

monometallic VAlPO-5 data. Note that the CV experiment was designed to probe the 

redox behaviour of the Ti
3+

/Ti
4+

 redox couple and that the VAlPO-5 data (red trace) does 

not show redox activity across this potential window. However, the redox activity of the 

vanadium centre has been shown using other techniques and has been discussed in 

previous sections of this report.  
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Figure 5.41: Cyclic voltammetry of monometallic TiAlPO-5 (with two different loadings; 

blue trace, low = 3 atom % and green trace, high = 6 atom %), monometallic VAlPO-5 

(red trace) and VTiAlPO-5 (purple trace) against the saturated calomel electrode. 

 

Further work on these systems will be aimed at designing an analogous set of 

experiments for the VAlPO-5 (V
4+

/V
5+

) redox couple to be able to compare the anodic 

and cathodic data for the monometallic and bimetallic systems. With careful design of 

experiment, the number of redox sites and the alterations in the observed redox 

systems should be able to be quantitatively measured in order to track the changes in 

these values with respect to changing the loading of the two metals and changing the 

asymmetric loading of them relative to each other.  
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5.3.6 Oxidation of Benzyl Alcohol Using the Reduced VTiAlPO-5 Series 

 

The reduced samples used in the electron paramagnetic spectroscopy studies (in 

Section 5.3.3) were also tested for their activity in the oxidation of benzyl alcohol. The 

plots below show the conversion and selectivity for the VTiAlPO-5, VAlPO-5 and TiAlPO-

5 in their reduced state. 

 

 

Figure 5.42: Conversion over a period of 6 hours for benzyl alcohol to benzaldehyde 

using pressurised air (20 bar) and TBHP initiator at 100°C using the analogous 

reduced VTiAlPO-5 (orange circles), VAlPO-5 (blue diamonds) and TiAlPO-5 (green 

triangles) series as discussed in the previous sections. 

 

The first two observations about this data set is that firstly all of the catalysts show 

lower conversions than in the study using the oxidised analogous in the previous 

sections (5.3.2); this rationale will be discussed in more detail in the following text. 

Secondly, it is also interesting to note that of the three systems, the combined 

bimetallic VTiAlPO-5 sample is still the most active of the three catalysts. 

 

Figure 5.43 below, showing the selectivity of the three reduced catalysts towards 

benzaldehyde (where the major by-product is formed as the result of further oxidation 

to benzoic acid), shows that the order of superior selectivity is switched on comparison 

with the catalysts in the oxidised state. The most selective of the catalysts in the 

oxidised state was the monometallic VAlPO-5 (refer to Figure 5.28), while in this 

reduced set, the reduced VAlPO-5 (red data series in Figure 5.43) is now the least 



Rebecca Leithall  Chapter 5 

 304  

selective. This observation suggests some interesting implications about the 

mechanism of oxidation and the presence of a charge compensating proton (which will 

produce a Brønsted acid site). Mechanistic speculation will be discussed in greater 

depth in the following sections. 

 

 

Figure 5.43: Selectivity over a period of 6 hours for benzyl alcohol to benzaldehyde 

using pressurised air (at 20 bar) and TBHP initiator at 100°C using the analogous 

reduced VTiAlPO-5 (orange circles), VAlPO-5 (red squares) and TiAlPO-5 (purple 

crosses) series as discussed in the previous sections. 

 

The following three figures show the previously discussed results for the oxidation of 

benzyl alcohol (to benzaldehyde) using the three catalysts in the oxidised state 

(discussed in Section 5.3.2) and directly compares them to the data series for the 

reduced set. The three catalysts are shown separately so that direct comparisons can 

be made about the nature of the active centres and the mechanism of oxidation, while 

also drawing on the spectroscopic evidence presented in the previous sections. 
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Figure 5.44: Comparison of conversion and selectivity of benzyl alcohol to 

benzaldehyde over a period of 6 hours for the TiAlPO-5 catalyst in its oxidised 

(calcined) and reduced state. Reaction was carried out at 100 °C, with 20 bar of air, 

stirred at 800 rpm. 

 

Figure 5.44 above shows the oxidation of benzyl alcohol for the oxidised and reduced 

monometallic TiAlPO-5 catalyst. Comparing the conversion for the two catalysts shows 

only a slight decrease in activity for the reduced catalyst (contrast 13.4 % with 10.6 % 

for the maximum conversion after 6 hours). The difference in the two sets of data is 

observed in the selectivity change between the oxidised and reduced catalysts. The 

purple data set is the selectivity for the reduced catalyst, while the green data set is for 

the oxidised set, and on comparison it is evident that the reduced catalyst is more 

selective towards the desired benzaldehyde product.  

 

The conclusions drawn in the electron paramagnetic spectroscopy reveals that under 

reducing conditions a proportion of the titanium centres are reduced to Ti(III) (from 

Ti(IV)). The Ti(III) centres are believed to substitute at the aluminium sites in the 

aluminophosphate framework and thus do not require a charge compensating proton 

in order to maintain the charge neutrality across the framework. With this in mind, it is 

evident that the production of benzoic acid is as a result of the acid catalysed (from a 

Brønsted acid site) further oxidation of benzaldehyde. In the reduced TiAlPO-5 catalyst 

there are therefore fewer Brønsted acid sites and thus the selectivity towards the 

benzaldehyde product is greater than in the oxidised state. 
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Scheme 5.8: Mechanistic steps in the oxidation of benzyl alcohol to benzaldehyde. 

The mechanism in Scheme 5.8 shows the oxidation of benzyl alcohol to benzaldehyde, 

where the moiety labelled [O] could be used to represent a number of different species 

in the reaction process. Firstly [O] could signify the active oxidant, as either a transient 

species that has been activated by the catalyst (more likely facilitated from the 

interaction between molecular oxygen and the tertiary butyl hydroperoxide initiator), 

or as an absorbed species on the catalyst surface (active sites). It could also represent 

part of the aluminophosphate framework that is used to facilitate catalytic turnover but 

is not used or consumed in the process.  

 

Scheme 5.9 below shows how the presence of Brønsted acid sites can increase the 

amount of benzaldehyde that is “over-oxidised” to benzoic acid. 

 

 

Scheme 5.9: Mechanistic steps in the further oxidation of benzaldehyde to benzoic 

acid. 

 

As with the initial oxidation step, the mechanism above involves a species denoted at 

[O], which is a role likely to be played in part by a number of different transient 

reactive species in the oxidation process. The over-oxidation of benzaldehyde to 

benzoic acid is catalysed by the presence of the Brønsted site as it activates the 

reactive aldehyde carbonyl group.  
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Figure 5.45: Comparison of conversion and selectivity of benzyl alcohol to 

benzaldehyde over a period of 6 hours for the VAlPO-5 catalyst in its oxidised 

(calcined) and reduced state. Reaction was carried out at 100 °C, with 20 bar of air, 

stirred at 800 rpm. 

 

Figure 5.45 above shows the comparison between the conversion and selectivity 

profiles for the oxidised and reduced VAlPO-5 catalysts. Unlike in the TiAlPO-5 data, 

the oxidised form of the catalyst is far more active than the reduced form (compare the 

red data set with the blue data set). This is expected as it is the cycle from the higher 

oxidation state to the lower oxidation state that will facilitate the catalytic turnover of 

the alcohol to the aldehyde. The conversion observed for the reduced form is still 

considerable, reaching a maximum of just over 20 % for the six hour data point. It can 

be envisaged that the vanadium centres first require oxidation by the oxidising 

atmosphere in the reactor before they are then active for the catalytic turnover of the 

alcohol substrate.  

 

As with the TiAlPO-5 catalysts, the most notable difference in the two catalyst states 

(oxidised versus reduced) is in the selectivity profile. In contrast to the monometallic 

TiAlPO-5 catalyst however, the oxidised state gives greater selectivity towards the 

desired aldehyde than the reduced state (compare the green data set which is almost 

at 100 % selective to the rapidly decreasing purple data set). This can be rationalised 

using similar arguments to the previously discussed data for TiAlPO-5. It has been 

shown by the electron paramagnetic spectroscopy studies that the vanadium in the 

framework substitutes at the aluminium site as a vanadyl ion (V=O). In the reducing 
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conditions the overall charge of the vanadyl ion is 2+, thus a charge compensating 

proton is required in order to maintain the aluminophosphate charge neutrality. Using 

the same rationale as with the difference in the selectivity for TiAlPO-5, it is likely that 

the huge difference in the selectivity towards the acid over the aldehyde for reduced 

VAlPO-5 is due to the increased number of Brønsted acid sites. It can be concluded 

from the VAlPO-5 study that the active centre in this catalyst is the V=O ion in the 3+ 

(vanadium in the 5+ state), and the high selectivity seen the oxidised data is directly 

attributed to the vanadyl ion without a charge compensating proton. 

 

It can also be envisaged that in the case of the vanadyl active centre and the presence 

of the double bonded oxygen atom, the role of the [O] species in the mechanisms 

discussed above may also be played by the framework. The framework is not broken 

down in the reaction and maintains structural integrity, but the pendent double 

bonded oxygen may also contribute to the enhanced catalytic activity observed in the 

oxidation reactions involving the vanadium-based aluminophosphate catalysts. 

 

The final figure in this comparative series is the conversion and selectivity trends for 

the oxidised and reduced VTiAlPO-5 catalyst. 

 

Figure 5.46: Comparison of conversion and selectivity of benzyl alcohol to 

benzaldehyde over a period of 6 hours for the VTiAlPO-5 catalyst in its oxidised 

(calcined) and reduced state. Reaction was carried out at 100 °C, with 20 bar of air, 

stirred at 800 rpm. 

 



Rebecca Leithall  Chapter 5 

 309  

The shape of the conversion kinetic profile for the oxidised and reduced catalysts is 

remarkably different. The blue data set (oxidised) shows a steady increase to the 

maximum conversion of over 85 % and increase in conversion begins to plateau after 4 

hours. However, the conversion for the reduced sample is slow and low (3 – 12 %) for 

the first 3 hours. The extent of conversion begins to increase sharply after this point 

and reaches just over 50 % after 6 hours. As postulated in the VAlPO-5 discussion, this 

may be due to the reduced vanadium sites being slowly oxidised by the oxidising 

atmosphere inside the reactor. After 4 hours enough of the sites cycle to the active, 

higher oxidation state and a corresponding increase in conversion is also seen. On 

looking at the selectivity profile for the reduced VTiAlPO-5 catalyst, there is also a 

correlating plateau in the general diminishing trend in selectivity around 3 – 5 hours, 

which can be mirrored with the increase in active vanadium sites.  

 

As has been discussed for the VAlPO-5 catalyst, the reduced catalyst is significantly 

less selective towards the aldehyde product, which can be attributed to the charge 

compensating proton, yielding a greater number of Brønsted acid sites which will 

facilitate the further oxidation of benzaldehyde to benzoic acid. 

 

It can be concluded from this study using the reduced forms of the VTiAlPO-5, VAlPO-5 

and TiAlPO-5 catalysts that the information obtained from the EPR measurements is 

consistent with the catalysis trends. It can be tentatively confirmed that some of the 

titanium sites are present in framework aluminium sites and lose the charge 

compensating proton upon reduction to Ti(III), while the vanadium is also present at 

framework aluminium sites, but require an associated proton upon reduction. Table 

5.12 below, shows a summary of the data discussed in this section. 

 

  

Time /hours 1 2 3 4 5 6 

Reduced VAlPO-5 

Conversion (%) 5.5 10.9 12.8 16.4 18.4 20.9 

Selectivity (%) 92.4 83.0 72.2 62.4 56.7 51.7 

TON 84 168 197 252 283 322 

Reduced TiAlPO-5 

Conversion (%) 2.7 3.9 5.7 7.1 8.9 10.6 

Selectivity (%) 90.4 85.4 82.3 80.4 79.2 77.6 

TON 28 40 59 74 92 110 

Reduced VTiAlPO-5 

Conversion (%) 3.9 3.9 12.8 21.8 36.7 52.9 

Selectivity 98.8 97.5 88.5 89.3 87.7 76.7 

TON 30 30 100 170 286 413 

 

Table 5.12: Summary of conversion and turnover number (TON) for the oxidation of 

benzyl alcohol for the reduced catalyst series (VAlPO-5, TiAlPO-5 and VTiAlPO-5) 
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5.3.7 Recyclability Testing 

 

Recycle testing was carried out for each of the catalysts in the two reactions discussed 

(epoxidation of cyclohexene and oxidation of benzyl alcohol) showing that the 

catalysts did not undergo any significant depletion in activity. An example of three 

runs of the same catalyst is shown in Figure 5.47 confirming that VTiAlPO-5 maintains 

conversions within 5 % of the initial run for the epoxidation reaction.  

 

Figure 5.47: An example of recycle runs for VTiAlPO-5 catalyst (in the epoxidation of 

cyclohexene), confirming the maintenance in catalytic performance. 

 

Further, filtration of the catalyst and testing the resulting mixture using AA (atomic 

absorption) spectroscopy revealed that only minimal trace quantities (3 ppb) of the 

metals were present in the reaction mixture, ruling out the speculation that the 

catalysts leach their active centres into the solution, thus resulting in an homogeneous 

system.  
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5.4 Optimising the Titanium and Vanadium Sites in Mixed 

Loading VTiAlPO-5 Systems. 

 

In the following section, a series of mixed loading AlPO-5 samples with varied ratios of 

vanadium to titanium were synthesised and studied. In the previous section, it has 

been shown that VTiAlPO-5 shows a superior catalytic activity over other combinations 

of redox metal centre paired with the oxophilic titanium centre. Spectroscopic studies 

have revealed that the two metals show complementary characteristics in enhancing 

the favourable coordination geometry of the active sites, the redox properties of the 

metal and interestingly the ability to coordinate to the oxidant.  

 

The study below looks at understanding more about the metal incorporation of 

vanadium and titanium and at which site in the strictly alternating aluminium and 

phosphorus framework the metals favour. Further, catalytic testing on the mixed 

loading samples, aims to study the shape of the kinetic curves and understand more 

about the role in the oxidation mechanism each of the metals is responsible for 

facilitating. A clearer picture of the nature of the frameworks and active sites will be 

achieved and an optimum metal loading of the two cooperative metals will be 

proposed. 
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5.4.1 ICP-AES analysis of the metal loadings in mixed VTiAlPO-5 catalysts 

 

The following plots show the relationship between the intended weight percent of each 

metal (that is how much of the metal was added to the synthesis gel) in relationship to 

what the actual weight percent of metal in the final solid (measured experimentally by 

ICP-AES). Table 5.13 summarising these findings is given below. 

 

Figure 5.48: Trend of intended weight percent loading of vanadium in the mixed 

loading VTiAlPO-5 series against the actual loading as deduced by ICP-AES analysis 

 

The graph in Figure 5.48 above shows the relationship between the intended loading 

of vanadium and the actual loading of vanadium in the mixed loading samples. The 

trend quite starkly shows that the incorporation of vanadium into the structure reaches 

a plateau at about 2 weight percent (wt %). The linear section of the relationship 

suggests that around 75 % of the metal loaded into the synthesis gel is incorporated 

into the aluminophosphate framework. At lower loadings, the correlation between 

intended against actual is consistent (see trends around the 0.5 weight % region of the 

plot) but as the intended loading increases, the actual loading becomes lower than the 

metal added in the synthesis gel. This trend is consistent with observations noted 

during the synthesis of these materials, where after filtration of the solid product, the 

supernatant solution at higher loadings was often slightly off colourless. 

 

While the ionic radius
21

 (see Table 5.3 in Section 5.2.3 above) of the vanadium is not an 

unfavourable size for framework incorporation, there are reports that suggest that the 

vanadium species that is present in the aluminophosphate framework is not simply an 
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isolated transition metal ion; as discussed in section 5.3.1. Spectroscopy has shown 

that the metal is present as either a hydroxyl pendant species or as a vanadyl ion. 

Further, a recent study using UV/Visible spectroscopy and Raman methods by 

Vishnuvarthan et al
34,35

 suggests that the presence of the vanadium in the framework 

increases the amount of structural defects. Affect of defects will be considered in 

Section 5.5 of this discussion.  

 

 

Figure 5.49: Trend of intended weight percent loading of titanium in the mixed loading 

VTiAlPO-5 series against the actual loading as deduced by ICP-AES analysis 

 

Looking at the titanium centre, the relationship between the intended loading and the 

actual metal loading maintains its linearity at higher loadings unlike the incorporation 

of vanadium. The linear relationship suggests that over 85 % of the intended metal 

added to the synthesis gel is included in the final solid structure. As with the trends 

seen in the vanadium series, at lower weight percent (0.5 wt %), the two values 

correlate well.  

 

There is still considerable speculation regarding the incorporation of titanium into the 

framework of aluminophosphates. It was originally believed that the Ti(IV) ion would 

substitute at the phosphorus site
65,66

 along with a charge compensating proton. 

However, recent spectroscopy studies have suggested that at least a proportion of the 

titanium sites substitute at the Al(III) site as a Ti(III) species, without the requirement 

for a charge compensating proton; see Section 5.3 for EPR discussions.
51,68

 Both of 

these species are unlikely to be redox active (under non-forcing and catalytic 

conditions), which is consistent with the studies carried out using the CO probe in the 
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FTIR experiments discussed previously. It is believed that studying the slight changes 

in the aluminium and phosphorus weight percent values determined by ICP could 

reveal more information about the distribution of site occupation of the titanium active 

centres (ie: as Ti(III) at the aluminium site versus occupying the phosphorus site as 

Ti(IV)).  

 

Catalyst 
(atom % wrt 

Al) 

Weight % 
(intended) 

Mole % (intended) 
Weight % (by 

ICP) 
Mole % (by ICP) 

Ti V Ti V Ti V Ti V Ti V 

1 1 0.39 0.42 0.0082 0.0082 0.45 0.35 0.0094 0.0069 

1 3 0.39 1.24 0.0081 0.0244 0.31 0.74 0.0065 0.0145 

1 6 0.39 2.47 0.0081 0.0485 0.27 1.11 0.0056 0.0218 

1 9 0.39 3.69 0.0080 0.0724 0.25 2.03 0.0052 0.0399 

3 1 1.17 0.41 0.0244 0.0081 0.80 0.37 0.0167 0.0073 

3 3 1.16 1.24 0.0243 0.0243 0.92 0.85 0.0192 0.0167 

3 6 1.16 2.46 0.0242 0.0484 1.07 1.72 0.0224 0.0338 

3 9 1.15 3.68 0.0241 0.0722 1.00 1.86 0.0209 0.0365 

6 1 2.33 0.41 0.0486 0.0081 1.84 0.28 0.0384 0.0055 

6 3 2.32 1.23 0.0484 0.0242 2.06 1.02 0.0430 0.0200 

6 6 2.30 2.45 0.0481 0.0481 1.23 2.02 0.0257 0.0397 

6 9 2.29 3.66 0.0479 0.0718 1.08 2.05 0.0226 0.0402 

9 1 3.47 0.41 0.0725 0.0081 3.14 0.30 0.0656 0.0059 

9 3 3.46 1.23 0.0723 0.0241 3.08 0.87 0.0643 0.0171 

9 6 3.44 2.44 0.0718 0.0479 2.83 1.81 0.0591 0.0355 

9 9 3.42 3.64 0.0714 0.0714 2.77 2.27 0.0579 0.0446 
 

Table 5.13: Summary of intended weight percent and mole percent along with 

experimentally determined (by ICP) weight and atom percent. 
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The mole % values obtained by ICP for the sixteen catalysts were used in order to draw 

conclusions about the site occupation of the two metals. A number of logical 

assumptions have been made in the following analysis: 

 

i. Ideal aluminophosphate-type structures do not have Al-O-Al bonds or P-O-P 

bonds (based on Lowensteins rule)
85

. 

ii. Aluminophosphate frameworks cannot have >0.500 mole fraction Al or P, so the 

sum of the aluminium and phosphorus fraction should not exceed or fall below 

unity, (based on point (i)). 

iii. The values obtained for the metal content corresponds to isolated framework 

species and does not account for extra-framework or impurity phases. 

 

There are a number of different scenarios which have been considered in this analysis: 

- Both vanadium and titanium substitute at the aluminium site 

- Both vanadium and titanium substitute at the phosphorus site 

- Vanadium substitutes at the aluminium site, while titanium substitutes at the 

phosphorus site 

- Titanium substitutes at the aluminium site, while vanadium substitutes at the 

phosphorus site 

- Vanadium occupies aluminium sites, while titanium occupies a proportion of the 

phosphorus sites and a proportion of the aluminium sites (as proposed by 

Maurelli et al).
51,68

  

 

The following steps were carried out for each catalyst for each of the five scenarios 

outlined above: 

 

1)  Mole fraction of metal was summed together with the appropriate value for 

aluminium or phosphorus (eg: for both metals occupying the aluminium site; 

Al+V+Ti mole fraction was summed) 

2)  The resulting values for mole fractions were divided together to give a ratio of 

idealised Al/P (which should give a value of unity if the assumptions above are 

obeyed). 

3)  A value for % deviation from unity was calculated to express whether aluminium 

sites or phosphorus sites had been over or under accounted for. 

 

Table 5.14 summarises the five scenarios for the sixteen catalysts with a value for the 

% deviation from unity and an indication as to whether the aluminium or phosphorus 

centre is seemingly missing from the analysis. 
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Catalyst 

Vanadium and 

Titanium 

substitution at 

Aluminium 

Vanadium at 

Phosphorus and 

Titanium at 

Aluminium 

Titanium at 

Phosphorus and 

Vanadium at 

Aluminium 

Vanadium and 

Titanium 

substitution at 

Phosphorus 

Vanadium and 30% 

Titanium at 

Aluminium  

Ti V 
% 

Deviation 
Missing 

% 

Deviation 
Missing 

% 

Deviation 
Missing 

% 

Deviation 
Missing 

% 

Deviation 
Missing 

1 1 -7.6 P -5.5 P -4.7 P -2.6 P -5.5 P 

1 3 -9.2 P -5.2 P -7.4 P -3.4 P -7.9 P 

1 6 -4.4 P 1.8 Al -2.8 P 3.3 Al -3.3 P 

1 9 -4.5 P 6.3 Al -3.0 P 7.6 Al -3.5 P 

3 1 -7.6 P -5.6 P -3.1 P -1.2 P -4.4 P 

3 3 -11.8 P -6.4 P -5.6 P -0.4 P -7.4 P 

3 6 -7.1 P 2.0 Al -1.0 P 7.5 Al -2.8 P 

3 9 -5.3 P 4.8 Al 0.6 Al 10.2 Al -1.1 P 

6 1 -13.0 P -11.4 P -2.5 P -1.1 P -5.5 P 

6 3 -10.7 P -5.1 P 1.0 Al 6.0 Al -2.4 P 

6 6 -13.4 P -0.7 P -5.0 P 6.7 Al -7.4 P 

6 9 -7.1 P 3.7 Al -0.9 P 9.2 Al -2.7 P 

9 1 -15.3 P -13.4 P 4.2 Al 5.8 Al -1.3 P 

9 3 -13.0 P -7.4 P 6.5 Al 11.1 Al 1.0 Al 

9 6 -10.6 P 0.1 Al 6.6 Al 15.7 Al 1.8 Al 

9 9 -7.9 P 5.4 Al 9.0 Al 20.2 Al 4.2 Al 

 

Table 5.14: Summary of % deviation values for the sixteen mixed loading VTiAlPO-5 catalysts. Negative deviation values indicate there are too 

few phosphorus sites accounted for (highlighted in indigo), while the positive values indicate too few aluminium sites (highlighted in magenta).
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It is evident from Table 5.24 above that the data for the samples deviated from the 

assumptions listed above. However, some conclusions can also be drawn from the 

patterns in the data. 

 

The situation where both metals are treated in the aluminium sites shows that in all 

sixteen samples there is phosphorus which is unaccounted for, suggesting that some 

of the metal centres must occupy these phosphorus sites. Equally, if all the metal sites 

are treated as being present in the phosphorus sites, then there is also a significant 

number of unaccounted aluminium sites, especially in the higher loading samples 

where the experimental error is proportionally less.  

 

In the case where titanium is treated in the aluminium sites and vanadium in the 

phosphorus sites, then at higher vanadium loadings, a substantial amount of 

aluminium sites are unaccounted for which may indicate vanadium is present in all or 

some of the aluminium sites. Equally, in the reverse case where vanadium is treated as 

substituting at the aluminium site while titanium is occupying the phosphorus site, 

there is a significant amount of unaccounted for aluminium centres at high titanium 

loading. This may suggest that some of the titanium sites substitute at aluminium 

sites. 

 

The final columns of the table shows the case where vanadium occupies the aluminium 

sites, while 30 % of the titanium sites occupy aluminium sites and remaining 70 % 

occupy phosphorus. In this scenario the % deviation is smallest across the whole 

catalyst series and at the higher metal loadings (final four in the series) the deviation 

can be considered to be satisfactorily within experimental error. Therefore, it is most 

likely from these data and the analysis described here that the vanadium occupies the 

aluminium sites while the titanium can occupy both aluminium and phosphorus sites 

in a similar distribution as has been recently proposed by Maurelli et al.
51,68
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5.4.2 Physicochemical Characterisation of Mixed Loading VTiAlPO-5 Catalysts 

 

Powder X-ray Diffraction 

 

The phase purity, surface area, and morphology of the four of the mixed loading 

samples were assessed in order to draw comparisons and trends in the samples. The 

four catalysts examined were: 

 

1) 1% V 1% Ti AlPO-5 

2) 1% V 9% Ti AlPO-5 

3) 9% V 1% Ti AlPO-5 

4) 9% V 9% Ti AlPO-5 

 

The figures and tables below summarises the information obtained from the powder x-

ray diffraction studies of the four catalysts and the subsequent lattice parameters 

obtained by carrying out a Rietvelt refinement using the CellRef program.
86

 

 

The XRD patterns are grouped into low vanadium loading and high vanadium loading 

in order to compare how the two quantities of vanadium affects the structural integrity 

of the framework.  

 

The two patterns in Figure 5.50 show the reflections observed for low vanadium 

loading samples (1%V 1%Ti and 1%V 9%Ti AlPO-5). It is evident from these patterns that 

the two structures are phase pure for the AFI structure and do not show secondary 

impurity phases. It is also observed that the framework retains its structural integrity 

between the as synthesised crystalline sample and after the structure-directing agent 

has been burned away (calcined). 
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a) 

 

b) 

Figure 5.50: As Synthesised and Calcined X-ray Diffraction Patterns for low vanadium 

loading AlPO-5 samples a) 1%V 1%Ti AlPO-5 b) 1%V 9%Ti AlPO-5 

 

The second set of powder X-ray patterns in Figure 5.51, shows the high loading 

vanadium samples (9%V 1%Ti AlPO-5 and 9%V 9%Ti AlPO-5). The first of the two 

patterns (with high vanadium and low titanium) shows that the structure is phase pure 

for AFI and has maintained its structural features during calcination. However, the 

second of the two shows that upon calcination the structure begins to show an 

additional phase. 
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a) 

 

b) 

Figure 5.51: As Synthesised and Calcined X-ray Diffraction Patterns for high vanadium 

loading AlPO-5 samples a) 9%V 1%Ti AlPO-5 b) 9%V 9%Ti AlPO-5 

 

It is firstly interesting to note that in the as synthesised sample, there is the presence 

of a few small extra reflections, which are attributed to the presence of TiO
2

 species 

which are not isomorphously substituted into the framework positions. This is also 

consistent with DR UV/Vis data discussed below.  

 

The calcined sample shows further additional peaks and decrease in count intensity for 

the AFI reflections. This observation is consistent with the work of Rigutto et al
54

 who 

conclude that vanadium species must be framework bound or isomorphously 

substituted (as opposed to extraframework) due to the patterns in the framework 
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breakdown in higher loading samples. It was observed that upon removal of the 

structure directing agent (by calcination) the structure began to collapse giving a dense 

phase material. It can be rationalised that if the AFI framework remained void of 

vanadium ions substituting into framework positions and the ions were simply bound 

to the framework, then it would remain intact during heat treatments and template 

removal. This rationale is also likely to be why the calcined pattern is remarkably 

different compared to the as synthesised sample.  

 

Structure a /Å c/ Å Vol /Å3 
Deviation 

a /Å c/ Å Vol /Å3 

Idealised Cell Data 13.8 8.6 1418.4       

Experimental AlPO-5 13.7 8.4 1368.2       

1% V 1% Ti AlPO-5 

As 
Synth 

13.7 8.4 1364.8 0.09 0.21 53.6 

Calcined 13.8 8.4 1374.3 0.04 0.21 44.1 

9%V 1% Ti AlPO-5 

As 
Synth 

13.8 8.4 1373.7 0.05 0.21 44.7 

Calcined 13.7 8.3 1353.7 0.11 0.26 64.7 

1% V 9% Ti AlPO-5 

As 
Synth 

13.7 8.4 1379.7 0.05 0.17 38.7 

Calcined 13.8 8.4 1390.1 -0.02 0.20 28.3 

9% V 9% Ti AlPO-5 

As 
Synth 

13.7 8.4 1358.8 0.12 0.22 59.6 

Calcined 13.8 8.4 1385.2 0.00 0.21 33.2 

Table 5.15: Summary of CellRef refinement values for the four mixed loading catalysts 

 

Table 5.15 and 5.16 provide a summary of the XRD patterns after refinement using the 

CellRef programme. It is evident from the values shown in Table 5.15 that the four 

frameworks (both as synthesised and calcined) retain similar structural parameters, 

indicating that the overall AFI framework is well maintained upon isomorphous 

substitution of vanadium and titanium ions. 

 

However, it can be seen from the summary of h,k,l reflections observed in the eight 

XRD patterns that the samples with higher loading of substituted metals must also be 

less crystalline as some of the smaller reflections at higher angle (smaller d-spacing) 

are not obviously present. 
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h k l 
1% V 1% Ti AlPO-5 9% V 1% Ti AlPO-5 1% V 9% Ti AlPO-5 9% V 9% Ti AlPO-5 

As Synth Calcined As Synth Calcined As Synth Calcined As Synth Calcined 

0 1 0 7.461 7.416 7.372 7.416 7.372 7.372 7.506 7.372 

1 1 0 12.909 12.820 12.864 12.909 12.909 12.775 12.954 12.775 

0 2 0 14.918 14.874 14.829 14.918 14.874 14.829 14.963 14.829 

1 2 0 19.786 19.696 19.741 19.786 19.696 19.607 19.786 19.652 

0 0 2 21.170 21.170 21.170 21.259 21.036 21.036 21.215 21.125 

1 2 1 22.420 22.420 22.420 22.465 22.376 22.331 22.510 22.376 

1 1 2 24.876 24.921 24.832   24.787 24.876     

2 2 0 25.993 25.903 25.903 26.037 25.903 25.769     

1 2 2 29.163 29.029 29.074 29.252 29.029 28.984 29.163 29.118 

0 4 0 30.101 30.012 30.012 30.190 30.056 29.878 30.145 29.878 

2 2 2 33.807 33.762 33.762 33.941 33.629 33.539 33.852   

1 3 2 34.656 34.522 34.522 34.745 34.522 34.432 34.700 34.432 

0 4 2 37.112 36.978 36.978 37.201 36.978 37.022 37.156   

1 2 3 37.960 37.915 37.915 38.094 37.737 37.737 37.960   

1 4 2 41.086               

2 4 1 41.622   41.532   41.532       

1 3 3 42.381   42.247   42.291       

0 0 4 43.140   43.140           

0 5 2 43.810   43.720           

1 5 2     47.739   47.784       

1 4 3 47.829               

Table 5.16: Summary of h,k,l reflections for the four mixed loading VTiAlPO-5 catalysts. 
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Surface Area Analysis (BET) 

 

Further indirect methods can be used to obtain information about the deviation of a 

doped sample away from the idealised parent sample.
87

 One such method is to use the 

surface area and isotherm analysis of the catalyst. Figure 5.52 and Table 5.17 below 

shows the isotherm of the four catalysts and the associated BET surface area calculated 

from the isotherm plot. 

 

 

Figure 5.52: Nitrogen Isotherms of the four mixed loading VTiAlPO-5 samples. Blue: 

1%V 9%Ti AlPO-5. Red: 9%V 1%Ti AlPO-5. Green: 1%V 1%Ti AlPO-5. Purple: 9%V 9%Ti 

AlPO-5. 

 

Catalyst 

BET Surface 

Area /m
2

g
-1 

Vm  

1% V 1% Ti 286.73 65.73 

9% V 9% Ti 196.98 45.25 

1% V 9% Ti 197.89 45.46 

9% V 1% Ti 259.37 59.58 

Table 5.17: Summary of BET surface area values for four of the mixed loading VTiAlPO-

5 series. 

 

The isotherm graphs and the BET surface area values can be divided into two sets of 

trends; those with a lower surface area have a high titanium content and those with a 
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surface area which better resembles that of the literature value have a low titanium 

content. This may suggest, using indirect inference, that the high titanium loading 

forms a considerable amount of extra-framework species. This is consistent with 

spectroscopy data discussed in the following sections, where in the higher loading 

samples, a larger amount of higher coordinate species are observed, suggesting that 

TiO
2

 oligomeric clusters are present.  

 

The amount of vanadium present does not appear to have such a large influence of the 

overall surface area of the AlPO-5 sample. The sample with the lowest two loading has 

the greatest surface area (286.73 m
2

g
-1

), whereas the sample with low titanium loading 

and high vanadium loading has a slightly lower surface area (259.37 m
2

g
-1

). This may 

suggest that with higher vanadium loading a small amount of V
2

O
5

 species are formed, 

but not to the same extent as in the samples with higher loading of titanium. 

 

Microscopy 

 

Scanning electron microscopy was used in order to compare the surface texture and 

sample morphologies of the four catalysts. The images below show the small 

crystallites formed and a brief summary of trends and observations is given in Table 

5.18. 
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1% V  

1% Ti 

  

9% V 

9% Ti 

  

1% V  

9% Ti 

  

9% V  

1% Ti 

Figure 5.53: Scanning Electron Microscopy Images of the Mixed Loading VTiAlPO-5 

Series. 
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Catalyst 

Average 

Particulate 

Size /µm 

Particulate 

Shape 

Surface 

Texture and 

Features 

Other 

Observations 

1% V 1% Ti ~10 Spherical 

Rough. 

Small 

columns/pillars 

of ~ 100 nm 

Some crystallites grow 

in twins 

9% V 9% Ti 5 – 10 Barrel Shaped 

Mostly Smooth. 

Plates/sheets of 

~150 nm 

Centre of barrel is 

surrounded by an 

outer coating 

1% V 9% Ti 5 – 10 Mostly Spherical 

Rough. 

Sheets and 

columns make 

up the surface 

Lots of the crystallites 

grow in twins. Some 

shows different 

textures 

9% V 1% Ti ~ 10 

Non-spherical, 

Non-uniform, 

some resemble 

barrel shaped 

particles 

Smooth. Plates 

of ~ 150 nm 

Small, rough 

particulates of debris 

grow on the surfaces 

of the main 

crystallites. 

Table 5.18: Summary of particle size and texture observations seen under the scanning 

electron microscope. 

 

It can be summarised that the four different loadings of vanadium and titanium show 

structural and textural differences. The lowest loading of the two metals shows the 

most spherical and uniform particle, while the highest loading of the two metals form 

uniform particles that are barrel shaped. The two asymmetric loadings show 

characteristics of both and are less uniform in appearance.  
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Figure 5.54: Comparison of atom positions in the 1% V 1% Ti AlPO-5 sample. Top SEM 

image shows the particle on which the analysis was carried out. 

Figure 5.54 compares the atoms distribution in the particle of VTiAlPO-5 shown. The 

aluminium and phosphorus atom maps show that the two atoms are evenly present 

throughout the particle without patches of oligomeration. It can also be seen that the 

vanadium and titanium atoms are also present and are evenly distributed. There are 

not areas of intense white patches, which would suggest that the atoms are clustered 

in oligomeric patches. Rather, only single white spots suggest that the atoms are 

isolated and in single site framework positions. 
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5.4.3 Diffuse Reflectance UV/Visible Spectroscopy of Mixed Loading VTiAlPO-5 

 

Ex-situ diffuse reflectance UV/Visible analysis was performed on the four catalyst 

systems discussed in previous sections: 

 

a) 1% V 1% Ti AlPO-5 

b)  9% V 9% Ti AlPO-5 

c)  1% V 9% Ti AlPO-5 

d)  9% V 1% Ti AlPO-5 

 

Each of the four catalysts were freshly calcined and immediately transferred to the DR 

UV/Vis cell for analysis. The samples were then freshly reduced using a steady flow of 

5 % hydrogen in nitrogen at 400 °C for eight hours before a second spectrum was 

recorded.  

 

Figure 5.55 compares the oxidised (calcined) and reduced spectra for the 1% V 1% Ti 

and 1% V 9% Ti samples. In both sets of spectra the UV range (200 – 290 nm) shows 

defined LMCT maxima which are likely to have contributions from both the titanium 

and vanadium centres. The first of the two peaks (at 220 nm) is attributed to 

tetrahedral Ti(IV) centres which are visible both before and after reduction, augmenting 

that the majority of the titanium sites in low loading samples are framework 

substituted, single sites and do not undergo redox under these conditions. The second 

of the LMCT bands (in the 260 – 280 nm region) is attributed to the presence of 

isolated 4- and 5- fold V(V) centres.
34,35

 Upon reduction, this band becomes slightly 

more defined and shifted to the left (lower wavelength), suggesting the reduction of 

the V(V) sites to V(IV) sites. The red (reduced) trace also shows a slight increase in 

intensity, which is consistent with the contribution from weak d-d transitions from 

monomeric tetrahedral V(IV) centres. It may also be argued that some of the intensity 

observed in the peak with a maxima of ~270 nm is due to the presence of some higher 

coordination titanium species (ie: 5- and 6- fold). This is especially evident while 

comparing the reduced traces for the 1% V 1%Ti and 1% V 9% Ti AlPO-5 samples. In the 

lower titanium loading, the red trace is significantly smaller than the blue trace, 

consistent with the reduction of the V(V) species to V(IV). However, upon reduction of 

the higher titanium loading sample, this decrease (and slight shift) in peak intensity is 

almost negligible, indicating that a greater proportion of the titanium centres are of 

higher coordination and are combined with the signal from the vanadium centres. This 

is consistent with previous discussions and the catalytic data, where it is proposed that 

at higher loadings, the titanium centres loose site isolation and begin to form TiO
2

 6-

coordinate species, which have a LMCT maxima of ~280 – 300 nm.  
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Figure 5.55: Calcined and Reduced DR UV/Vis spectra of; top:1% V 1%Ti AlPO-5, 

bottom: 1% V 9% Ti AlPO-5, recorded ex-situ. 
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Figure 5.56: Calcined and Reduced DR UV/Vis spectra of; top:9% V 9%Ti AlPO-5, 

bottom: 9% V 1% Ti AlPO-5, recorded ex-situ. 

 

Figure 5.56 compares the UV/Vis spectra of 9% V 9%Ti and 9% V 1% Ti AlPO-5. As in the 

previous discussion, the LMCT transfer peak maxima at 220 nm is attributed to the 

presence of tetrahedral Ti(IV) centres. In all of the four spectral traces, the second 

maximum is larger and broader, indicating a more complicated set of vanadium (and 
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to some degree titanium) centres. The broad absorbance in the 350 – 450 nm region is 

attributable to the presence of dimeric and polymeric V
2

O
5

 ‘patches’, consistent with 

the higher loading of vanadium.
54,63,64

 In both of the samples, this region becomes 

smaller on reduction, indicating that the V(V) species in polymeric patches have been 

reduced to V(IV) species. This is particularly evident in the 9% V 9% Ti where the red 

(reduced) trace shows a broad and intense tailing of the main maxima with small peaks 

in the 530 nm region. This are assigned to d-d transitions due to the presence of 4- 

and 5- fold V(IV) species. It is interesting to note that the reduced traces show features 

in the 260 – 300 nm region which is likely to have some contributions from the V(IV) 

centres, but also from higher coordination titanium species, consistent with the 

formation of octahedral centres (with a maxima at ~300 nm) and to oligomeric 

titanium clustering. This is more noticeable in the higher loading titanium sample (9% 

V 9% Ti AlPO-5). Catalysts with higher coordination titanium centres have been shown 

to be less active in catalysis as they cannot expand their coordination number to 

accommodate oxidant or reagents. Site clustering and oligomeric species are less 

hindering for vanadium centres as the species are usually not coordinatively saturated 

and can still accommodate the binding of oxidants and reagents required for effective 

catalytic turnover.
18

 

 

The two plots in Figure 5.57 below summarise the discussion by combining the 

oxidised (calcined) traces for all four catalysts and separately showing the reduced 

traces, highlighting the differences in peak maxima and intensities for all of the 

spectra. 
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Figure 5.57: Calcined (oxidised; top) and reduced (bottom) DR UV/Vis spectra for all 

four catalysts. Blue = 9% V 9%Ti AlPO-5, Red = 1% V 1% Ti AlPO-5, Green = 9% V 1% Ti 

AlPO-5 and Purple = 1% V 9% Ti AlPO-5.  
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5.4.4 Epoxidation of Cyclohexene using the VTiAlPO-5 Mixed Loading Catalysts 

 

A similar set of experiments to those described in Section 5.2.5 were carried out using 

the mixed loading series of VTiAlPO-5 catalysts discussed above. The epoxidation of 

cyclohexene to its epoxide was carried out at 65ºC at atmospheric pressure using 

acetyl peroxyborate as the oxidant, and the reaction sampled at 30 minute intervals 

over a period of three hours. The plots below (Figures 5.58 and 5.59) show the results 

for the highest and lowest loadings of both vanadium and titanium along with the 

equal loading of these two extremes. The plots show the conversion (in percent) for 

the set of catalysts, and also the turnover number. This second plot has been included 

in order to highlight the effect of the metal content and the concept of active site 

efficiency, which is especially important in an industrial perspective. 

 

 

Figure 5.58: Conversion of cyclohexene to its epoxide over a period of three hours for 

a set of mixed loading VTiAlPO-5 catalysts. Reaction carried out at atmospheric 

pressure in a glass reactor at 65 °C. 1.1 Molar equivalents of APB (oxidant) to 

substrate were used in DCM/water. Mesitylene internal standard. 

 

Figure 5.58 above, shows the conversion of cyclohexene to its epoxide for a selection 

of four of the sixteen mixed loading samples of VTiAlPO-5. The four selected for this 

plot illustrate the four ‘extreme’ combinations: 

 

1) Low titanium and low vanadium (1% Ti 1% V AlPO-5) 

2) Low titanium and high vanadium (1% Ti 9% V AlPO-5) 

3) High titanium and high vanadium (9% Ti 9% V AlPO-5) 

4) High titanium and low vanadium (9% Ti 1% VAlPO-5) 
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It is interesting to note that the combination which gave the lowest conversion was the 

highest metal content of both vanadium and titanium. This result highlights the 

significance of site isolation in isomorphous substitution of the aluminophosphate 

structures. If two or more metals are present in the same framework but within close 

locality to one another, it is likely that they will negatively interfere with the catalytic 

turnover rather than enhance the conversion. Further, a higher metal content also 

often leads to the clustering and agglomeration of metal particles such that they are 

either a cluster associated to the framework or small island-type species that is 

partially incorporated into the framework. These types of structures are often 

detrimental to the activity of a catalyst as they facilitate side and competing reactions, 

such as self-condensation, oxidant degradation or over oxidation via competing 

pathways.  

 

It is also note-worthy that the two catalysts with high titanium content reach the 

maximum extent of conversion within the first 30 minutes of reaction. While this could 

be interpreted as catalyst degradation, this is unlikely as it has already been shown in 

the previous section concerning the epoxidation reaction, that the catalyst is fully 

recyclable and can produce comparable catalytic turnover in separate reactions. This 

plateau in conversion is more likely to be due to the significant number of titanium 

active centres, which rather than facilitating the catalytic turnover, are in fact 

accelerating the degradation of the oxidant. This manifests in there being less oxidant 

available for production of the epoxide, as the peroxy species are consumed faster 

than the complementary vanadium centres can facilitate the production of the final 

product. 

 

In contrast to the catalysts described above (where the maximum extent of conversion 

is reached after 30 minutes) the 1% Ti 9% V AlPO-5 catalyst does not reach maximum 

conversion until after 90 minutes. Further to this, the maximum conversion is higher 

than for the other three catalysts, which again suggests that the two metals play 

different and distinct roles in the reaction. Comparing this catalyst (high vanadium, low 

titanium) with that where the loading of the two metals is low but equal, it can be 

inferred that the reaction proceeds most efficiently when there is more vanadium in the 

framework than titanium.  

 

The plot below shows the results for the same set of catalysts with respect to the 

turnover numbers. These data account for the differences in metal loading and 

ascertain an estimate of the active site efficiency. As discussed in the paragraph above, 

when conversion is the sole measure of a catalysts activity, the 1%Ti 9%V AlPO-5 

catalyst can be awarded as the most effective catalyst in the epoxidation reaction. 
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However, when the amount of metal required to achieve this level of conversion is 

accounted for, then in fact the catalyst with the lowest loading of each metal is seen to 

be more effective. 

 

 

Figure 5.59: Turnover number for a series of mixed loading VTiAlPO-5 catalysts for the 

epoxidation of cyclohexene to its epoxide over a three hour period. Reaction carried 

out at atmospheric pressure in a glass reactor at 65 °C. 1.1 Molar equivalents of APB 

(oxidant) to substrate were used in DCM/water. Mesitylene internal standard. 

 

However, mirroring the same discussions regarding the amount of titanium present in 

the catalyst, those with the lowest turnover number are those with high titanium 

content. Comparing directly, the differences in turnover number between the opposite 

loadings (ie: ‘high titanium, low vanadium’ with ‘low titanium, high vanadium’), it is 

still clear that the most efficient catalyst is that with a greater number of vanadium 

sites than titanium sites. This point is evidenced further in the following two plots 

where the results for varying loadings (where one of the metals remains constant while 

the other is increased in increments) are presented graphically. 

 

Constant titanium with increasing vanadium  

 

The plot in Figure 5.60 below shows that the four catalysts can be divided into two sets 

which can crudely be described as ‘high’ conversion and ‘low’ conversion. The two 

which show higher conversions are those where the content of vanadium is 

significantly higher than titanium (6 atom % and 9 atom % respectively). This again 
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highlights the arguments proposed previously that the reaction requires a small 

amount of titanium in order to activate the peroxy oxidant species, but in parallel also 

requires a greater number of the redox vanadium sites to facilitate the catalytic 

turnover. In assessing these two ‘high’ conversion catalysts with respect to the 

turnover number, it is evident that the extra 3 % loading of vanadium does not 

significantly increase the maximum extent of conversion. Therefore, if these two are 

compared in light of metal efficiency, then it can be deduced that the 1% Ti 6% V AlPO-

5 catalyst is more viable for this epoxidation process. 

 

Finally, the two different categories of catalyst (described above as ‘high’ conversion 

and ‘low’ conversion) also highlight the differences in the shape of the kinetic profile. 

The two catalysts with significantly greater vanadium content show a slower rise to the 

maximum conversion, whereas the other two plateau after 30 minutes and do not 

reach the same higher levels. This can again be envisaged in terms of the greater rate 

of oxidant decomposition when there are more titanium sites and fewer vanadium 

sites. 

 

Figure 5.60: Conversion of cyclohexene to its epoxide over a period of three hours for 

a set of mixed loading VTiAlPO-5 catalysts, where the titanium content is fixed at 

1atom % and the vanadium content is raised in increments. Reaction carried out at 

atmospheric pressure in a glass reactor at 65 °C. 1.1 Molar equivalents of APB 

(oxidant) to substrate were used in DCM/water. Mesitylene internal standard. 
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Catalyst 
(atom % wrt 

Al) 
Conversion (%) 

Ti V 30 60 90 120 180 

1 1 35.6 36.5 37.1 36.4 37.0 

1 3 36.3 38.3 38.2 38.7 41.5 

1 6 48.7 59.5 63.3 64.6 64.9 

1 9 44.4 56.7 60.4 62.2 62.4 

3 1 42.7 50.4 53.6 55.7 56.8 

3 3 47.3 53.2 55.3 55.6 51.7 

3 6 44.5 50.1 49.2 52.4 49.0 

3 9 38.2 42.9 41.8 46.5 45.3 

6 1 34.1 41.9 42.2 42.6 43.5 

6 3 40.1 44.2 44.5 44.5 45.0 

6 6 43.3 50.3 51.6 51.4 53.8 

6 9 21.8 25.0 25.3 25.7 26.9 

9 1 29.7 29.6 30.0 30.4 30.8 

9 3 20.0 20.3 20.9 20.5 20.8 

9 6 20.4 20.3 20.6 20.8 20.8 

9 9 14.7 14.9 15.0 15.6 15.6 
 

Table 5.19: Summary of conversion of cyclohexene to its epoxide for the twelve 

catalysts with mixed ratio loadings of vanadium and titanium over a period of three 

hours. Values along the second from top column correspond to time in minutes. 

 

Table 5.19 and 5.20 summarise the conversion and TON for the epoxidation of 

cyclohexene for all sixteen of the mixed loading VTiAlPO-5 catalysts. 
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Catalyst 
(atom % wrt 

Al) 
TON 

Ti V 30 60 90 120 180 

1 1 65 66 68 67 67 

1 3 52 55 54 55 59 

1 6 53 65 69 70 71 

1 9 29 37 39 40 40 

3 1 53 63 67 70 71 

3 3 39 44 46 46 43 

3 6 23 26 26 27 26 

3 9 20 22 22 24 24 

6 1 23 28 28 28 29 

6 3 18 20 20 20 20 

6 6 20 23 23 23 24 

6 9 10 12 12 12 13 

9 1 12 12 12 12 13 

9 3 7 7 8 7 8 

9 6 6 6 6 7 7 

9 9 4 4 4 4 4 
 

Table 5.20: Summary of conversion of cyclohexene to its epoxide for the twelve 

catalysts with mixed ratio loadings of vanadium and titanium over a period of three 

hours. Values along the second from top column correspond to time in minutes. 

 

An experiment was designed in order to test the ‘life-time’ of the VTiAlPO-5 catalyst. 

The 1% Ti 6% V AlPO-5 catalyst was selected for this experiment as it gave the best 

conversions in the previous section. After 3 hours of reaction, a second portion of the 

APB oxidant was added to the catalysis to assess if the reaction plateau is a function of 

the oxidant being consumed or whether the catalyst active sites start to become 

inactive.  
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Figure 5.61: Epoxidation of cyclohexene using APB as the oxidant and 1%Ti 6%V AlPO-

5 as the catalyst. A further portion of APB was added after 3 hours of reaction. 

Reaction carried out at atmospheric pressure in a glass reactor at 65 °C. 1.1 Molar 

equivalents of APB (oxidant) to substrate were used in DCM/water. Mesitylene internal 

standard. 

 

It is evident from the increase in conversion after the addition of the second portion of 

oxidant that it is unlikely that the active sites become inactive, but rather that the 

oxidant is consumed either by the oxidation reaction or by the decomposition of the 

peroxy species by the catalyst active centres (predominately the oxophilic titanium 

sites). 

 

Figure 5.62 below shows a comparison between two sets of analogous CoTi and VTi 

mixed loading catalysis results. The two extremes (of “high redox content, low 

titanium” and “low redox content and high titanium”) have been shown against each 

other to highlight the difference in the catalytic performance of the two bimetallic 

catalyst systems. As discussed above, it is again evident that the bimetallic catalyst 

with vanadium and titanium in the same framework clearly show a far superior 

synergistic effect in facilitating the catalytic turnover than the CoTi analogues.  
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Figure: 5.62: Comparison of two analogous sets of mixed loading CoTi and VTi AlPO-5 

catalysts in the epoxidation of cyclohexene using APB as the oxidant. Reaction carried 

out at atmospheric pressure in a glass reactor at 65 °C. 1.1 Molar equivalents of APB 

(oxidant) to substrate were used in DCM/water. Mesitylene internal standard. 

 

It is interesting to note that the kinetic trace for the low cobalt and high titanium is 

almost exactly the same shape as that for the low vanadium and high titanium. This 

difference can be attributed to the phenomenon where only a fraction of cobalt(II) sites 

readily oxidise to Co(III), thus in actual fact the extend of “active” cobalt in both of the 

samples is significantly lower with respect to the active vanadium species. This further 

confirms the favourability of vanadium as the choice of redox metal to use in parallel 

with the oxophilic titanium centre.  
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5.4.5 Oxidation of Benzyl Alcohol using Mixed Loading VTiAlPO-5 

 

The following figures show the oxidation of benzyl alcohol to benzaldehyde using the 

mixed loading VTiAlPO-5 series discussed in the previous sections (in the epoxidation 

of cyclohexene, Section 5.4.4). The four catalysts screened for this reaction were as 

follows: 

 

1) High titanium, High Vanadium (9% Ti 9% V AlPO-5) 

2) Low titanium, Low Vanadium (1% Ti 1%V AlPO-5) 

3) High titanium, Low Vanadium (9% Ti 1%V AlPO-5) 

4) Low titanium, High Vanadium (1% Ti 9% V AlPO-5) 

 

 

Figure 5.63: Conversion over 6 hours for the oxidation of benzyl alcohol to 

benzaldehyde using a range of mixed and varied loadings of VTiAlPO-5 under the 

same conditions as in the section above. Initiator was used in all experiments. 

Reaction was carried out at 100 °C, with 20 bar of air, stirred at 800 rpm. 

 

The catalyst with the greatest conversion is the highest loading of the two metals (blue 

data set) and shows a steady increase in conversion of benzyl alcohol to benzaldehyde. 

Despite the lower conversions of the other three catalysts, the shape of the kinetic plot 

and the order of activity reveals interesting trends. The catalyst with the poorest 

conversion is not that with the lowest loading of the two metals, but in fact that with 

low vanadium and high titanium (purple data set). This result further substantiates the 
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postulation in the previous study with these catalysts for the epoxidation of 

cyclohexene, where it was suggested that more titanium in the catalyst than vanadium 

is in fact detrimental to effective catalytic turnover.  

 

The catalyst with the most interesting shaped profile is that of low titanium and high 

vanadium content (green data set). After three hours of reaction the conversion of 

benzyl alcohol increases above the other two catalysts and results in a conversion 

maximum of 35% after six hours.  

 

These trends bolster the conclusions drawn using the same set of catalysts in the 

epoxidation reaction, where it was established that a lower loading of titanium gives 

effective oxidant activation (without inducing wasteful oxidant decomposition), while 

the higher loading of vanadium readily facilitates catalytic turnover. 

 

Figure 5.64 below shows the selectivity towards benzaldehyde in the catalytic reaction. 

The trends in this data mirror well with those discussed in the section above where the 

monometallic TiAlPO-5, VAlPO-5 and equal loading VTiAlPO-5 were compared. The two 

catalysts with equal loadings (1% Ti 1% V and 9% Ti 9% V) show similar selectivity 

profiles, while those with unequal loadings (high/low and low/high), show profoundly 

different selectivity profiles.  

 

The purple data set shows the selectivity for 1% V 9% Ti and after six hours of reaction, 

the selectivity towards benzaldehyde has dropped to around 50 %. The main by-

product in this reaction is the over-oxidation of benzaldehyde to benzoic acid. The 

production of benzoic acid in this reaction is believed to be facilitated by presence of 

Brønsted acid sites. In the case of the Ti(IV) centre, these are proposed to originate 

from the charge compensating proton required in order to maintain the framework 

neutrality when the 4+ ion replaces a P(V) site in the aluminophosphate framework.  
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Figure 5.64: Selectivity over 6 hours of benzyl alcohol to benzaldehyde using a range 

of mixed and varied loadings of VTiAlPO-5under the same conditions as in the section 

above. Initiator was used in all experiments. The major by-product in this reaction is 

the further oxidation of benzaldehyde to benzoic acid. Reaction was carried out at 100 

°C, with 20 bar of air, stirred at 800 rpm. 

 

The green data set shows the selectivity for 9% V 1% Ti catalyst, where only after four 

hours of reaction, the selectivity begins to decrease and more benzoic acid is formed. 

This mirrors the selectivity seen in the monometallic VAlPO-5 catalyst discussed above. 

The sustained selectivity towards benzaldehyde can be attributed to the framework 

substituted vanadium centre not requiring a charge compensating Brønsted acid site. 

The selectivity is likely to decrease after four hours, either due to the presence of the 

small amount of Brønsted acid sites as a result of the titanium centres in the catalyst or 

due to the vanadium centre beginning to remain in the reduced state during catalytic 

cycling (which does not require a charge compensating proton). 

 

Figure 5.65 shows the data for the four catalysts expressed in terms of turnover 

number, in order to account for the number of active centres in the catalysts. The blue 

and purple data sets show the turnover number for the two equal (high and low) 

loading catalysts and demonstrate that reaction profile is similar upon normalisation 

against the number of active centres. From an industrial perspective, this allows the 

amount of metal in an active catalyst to be tuned according the atom economy. 
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Figure 5.65: Turnover number (TON) for a period of 6 hours of benzyl alcohol to 

benzaldehyde using a range of mixed and varied loadings of VTiAlPO-5 under the 

same conditions as in the section above. Initiator was used in all experiments. 

Reaction was carried out at 100 °C, with 20 bar of air, stirred at 800 rpm. 

As expected however, the catalyst with low vanadium and high titanium loading also 

shows the lowest turnover number, confirming that this is the least effective of the 

catalyst systems discussed for the oxidation of benzyl alcohol to benzaldehyde. 

 
  

Time /hours 1 2 3 4 5 6 

1%Ti 1%V AlPO-5 

Conversion (%) 3.4 6.6 8.3 9.9 11.1 14.6 

Selectivity (%) 60 117 148 176 197 260 

TON 60 117 148 176 197 260 

1%Ti 9%V AlPO-5 

Conversion (%) 1.7 3.7 7.8 18.2 25.6 35.0 

Selectivity (%) 11 24 50 117 165 225 

TON 11 24 50 117 165 225 

9%Ti 1%V AlPO-5 

Conversion (%) 1.4 2.7 3.8 5.3 7.2 8.6 

Selectivity (%) 6 11 15 21 29 35 

TON 6 11 15 21 29 35 

9%Ti 9%V AlPO-5 

Conversion (%) 16.2 30.1 45.3 57.7 71.1 78.7 

Selectivity (%) 50 92 139 177 218 241 

TON 50 92 139 177 218 241 

 

Table 5.21: Summary of Conversions and Turnover Numbers for the Mixed Loading 

ViAlPO-5 Series. 
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5.4.6 Oxidation of Benzyl Alcohol using other Bimetallic AlPO-5 Catalysts 

 

The oxidation of benzyl alcohol (as discussed above) was also carried out using the 

same series of bimetallic redox-and-titanium catalysts which were used in the model 

epoxidation reaction. The same conclusions in this section of the study mirror the 

epoxidation results and can be rationalised using the same arguments.  

 

Figure 5.66: Oxidation of benzyl alcohol to benzaldehyde over a period of six hours 

using air and TBHP initiator at 100°C. Blue diamonds (VTiAlPO-5), Green Triangles 

(MnTiAlPO-5) and Red Squares (CoTiAlPO-5). Reaction was carried out at 100 °C, with 

20 bar of air, stirred at 800 rpm. 

 

As has been shown spectroscopically, the titanium centre in VTiAlPO-5 has greater 

tetrahedral character than in the MnTi- and CoTiAlPO-5 systems, suggesting that the 

titanium centre is more efficient at expanding its coordination to accommodate and 

thus activate the oxidant species. Further, carbon monoxide probe studies also 

suggested that the redox properties of the vanadium ions in the framework sites are 

more favourable for the redox cycling required in order to produce an effective 

catalytic turnover. These two attributes coupled together make the VTiAlPO-5 system 

more favourable for redox catalysis, as has now been demonstrated using two catalytic 

systems where the transformation of functional groups and the oxidant are different. 

This shows that the VTiAlPO-5 combination is versatile and has the scope to be used in 

further redox catalytic transformations. 
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5.5 Establishing Structure-Property Correlations in 

VTiAlPO-5: Summary and Conclusions 

 

This final section of the report aims to unite the catalysis data with the spectroscopic 

results in order to postulate a model for the vanadium and titanium simultaneous 

substitution in this aluminophosphate framework and speculate the implications of 

this on the mechanisms of oxidation of the two reactions reported (epoxidation of 

cyclohexene and oxidation of benzyl alcohol). 

 

5.5.1 Defining the Site of Transition Metal Substitution 

 

On assessing the literature associated with the substitution of vanadium and titanium 

and linking this with the data obtained for these samples, a number of conclusions can 

be made as follows. 

 

a) At low loading, the vanadium substitutes as a vanadyl molecular ion in the 

aluminium site and cycles between (V=O)
3+

 and (V=O)
2+

. 

Isolated vanadium sites are observed by DR UV/Vis and the vanadyl ion was 

shown to be in a phosphorus environment (ie: substituting at the framework 

aluminium site) using HYSCORE techniques. The redox capability of the 

vanadium centre was shown by the carbon monoxide probe molecules in FT IR 

methods. 

 

b)  At higher loading, the vanadium ion can form oligomeric patches of V
2

O
5

 

associated with the framework which is also redox active but is likely to hinder 

the amount of metal which is able to undergo substitution due to strain and 

framework distortion. 

DR UV/Vis studies on the higher loading samples showed the presence of 

clusters of vanadium, while the trends shown in the ICP metal analysis clearly 

showed that there is a maximum of vanadium incorporation. The shape of the 

XANES pre-edge peak was also qualitatively more similar to the vanadium oxide 

standard than the sample of lower loading. (See appendix for qualitative  XANES 

data). 

 

c)  At low titanium loading, isolated tetrahedral titanium(IV) sites are formed which 

are likely to be active in oxidant activation. 

The presence of peak maximum in the DR UV/Vis studies at ~220 nm suggests 

the presence of isolated tetrahedral titanium sites. FT IR studies using the APB 
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peroxy species showed that the titanium (and vanadium) sites are able to bind 

the oxidant species.  

 

d)  At high titanium loading, there is a greater proportion of higher coordination 

speciation and islanding of the metal oxide. 

DR UV/Vis showed that the peak maximum was shifted to closer to 300 nm 

when a greater loading of titanium was used in the VTiAlPO-5 catalyst, 

indicative of octahedral oligomeric species. The position of the XANES pre-edge 

peak was also shifted to an environment which more resembles the perfect 

octahedron standard, suggesting TiO
2

 

type species were formed at higher 

loading. (Refer to the appendix for qualitative XANES data). 

 

e)  Titanium is present in both phosphorus and aluminium sites (as Ti(IV)) but the 

titanium in the aluminium site is susceptible to redox to Ti(III) under reducing 

atmosphere. 

HYSCORE techniques on the reduced titanium catalyst showed the presence of 

Ti(III) present in an environment of phosphorus nearest neighbours. CV analysis 

of two titanium samples showed that there was a redox flux associated with the 

monometallic titanium sample, which was profoundly different to the VTiAlPO-5 

redox peaks.  

 

f) The proportion of Ti in phosphorus sites to Ti in aluminium sites is 

approximately 7:3, where the proportion is likely affected by the amount of 

vanadium in the structure which competes for the aluminium sites. 

Analysis of the ICP data also suggests that the titanium is present in a variable 

framework position in a proportional divide similar to that predicted by EPR 

studies. 

 

The schematic figure below shows one such mode that the vanadium and titanium ions 

may substitute into the aluminophosphate framework. 
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Figure 5.67: Schematic representation of (i) undoped (no framework substituted metal) 

AlPO-5 and (ii) bimetallic VTiAlPO-5, highlighting a speculative model of the framework 

positions occupied by vanadium and titanium ions.  

 

The figure above is based on the summary of observations and conclusions observed 

from the extensive spectroscopic probing and catalytic data obtained in this report. 

The vanadyl ion is depicted as occupying the framework aluminium site, while the 

titanium(IV) ions are shown to substitute as a pair. In this pair-wise arrangement, the 

two 4+ ions substitute at both an Al(III) and P(V) site, which overall maintains the 

charge neutrality of the AFI framework 

 

Although in this figure the two ions are located in close proximity, this may not be 

representative of the entire matrix. However, it is also not entirely improbable; the 

follow discussion assesses such an arrangement by accounting for the statistical 

probability of the close locality of these two species. 

 

The following calculation is focused on a single isolated titanium centre, and is 

assumed to be bonded to four aluminium atoms (note that this calculation is simplified 

and thus does not account for the titanium substitution in the aluminium site). The 

atomic gel ratio is taken as a “standard” equal loading 3% Ti and 3% V AlPO-5; 0.97Al 

:0.97P :0.03V :0.03Ti. Therefore the probability of titanium being bonded to an 

aluminium atom is 0.97. In the tetrahedral environment of the AFI framework (Scheme 

5.10), the site is bonded to four other atoms (via an oxygen bridge), therefore: 

 

1. Titanium bonded to only aluminium atoms = (0.97)
4

*100 = 88.52% 

2. Titanium bonded to 3 aluminium and one vanadium = (4*(0.97)
4

*0.03) = 10.95% 
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Scheme 5.10: Schematic of tetrahedral titanium with four atoms bonded via bridging 

oxygen atoms. 

 

This calculation is based purely on statistical analysis and does not take into account 

for energetic optimisation, electronic favourability or framework distortions, which are 

all likely to increase the proportion of titanium and vanadium placed next to each 

other in the framework. 

 

The active site density can also be envisaged by looking at the building blocks of the 

aluminophosphate structure. The AFI framework comprises of 12-ring channels 

containing strictly alternating aluminium and phosphorus T-sites. The unit cell (Figure 

5.68a) consists of 24 T-site atoms with tetrahedrally coordinated centres. The VTiAlPO-

5, VAlPO-5 and TiAlPO-5 catalysts discussed in this work, shows that the vanadium and 

titanium ions (particularly at low loading) isomorphously substitute at these T-sites. In 

the AFI structure, all of the T-sites are exposed to an outer channel, meaning that all of 

the T-sites can be considered equal, as none of them are ‘buried’ in the bulk material 

(displayed in Figure 5.68b) 

 
 

Figure 5.68a: Unit cell representation of 

the AFI (AlPO-5) framework. 

Figure  5.68b: Combinations of the AFI 

unit cells, build the porous channel 

network 
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Basing the model on a 12-membered central ring (to avoid double counting of any one 

T-site – compare Figures 5.69a and 5.69b), the likeliness of two active sites being next 

to, or in very close proximity to one-another can be estimated.  

 

 

 

Figure 5.69a: Central 12-membered ring with interconnecting 

6- and 4- rings linking to another assembly of 12-membered 

rings 

Figure 569b: Isolated 

12-membered ring 

 

The VTiAlPO-5 catalyst modelled in this discussion was the sample synthesised with a 

6 atom % loading. Therefore there are 0.72 heteroatoms per 12-membered ring - 

(12*0.06) – which can be interpreted as greater than a 50:50 chance of a heteroatom 

being located in a 12-membered pore of the main AFI channel. Combining 4 layers of 

these rings gives a cylindrical arrangement, shown in figure 5.70, and accounts for 

active sites that may be next to each other, but as a member of a different 12-ring 

assembly.  

 

Figure 5.70: Representation of 4 layers of 12 member rings. 

 

There are 48 T-sites in one of these units (4 layers of 12-memebered rings). Therefore, 

by calculating the percentage of these 48 T-sites that are in fact substituted 

heteroatoms, (ie: vanadium or titanium), then it can be estimated that 2.88 atoms in 

one of these 48 T-site assemblies in an active centre. 
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Number of heteroatoms in assembly = 48*0.06 = 2.88 

 

In the rationale above, external chemical considerations (eg: preferential arrangement 

of two metals next to each other during synthesis), framework energetics and the 

electronic influence of the two metals are not included. It can also be argued that the 

framework distortion caused by the incorporation of one of the transition metal ions 

may actually positively enhance the incorporation of further metal centres. Therefore, 

it is not unreasonable to suggest that two metal centres may also play a further 

structural synergistic enhancement in allowing more metal sites to occupy framework 

positions. This rationale is eloquently displayed in the following figure (Figure 5.71), 

and outlined in texts by Shriver and Atkins,
88

 where the enthalpy of the framework and 

the entropy increase upon the spontaneous generation of defect sites is in a fine 

balance and actually suggests that the presence of such defect sites lowers the overall 

energetics (Gibbs energy) of the matrix. Using this argument it is evident that a 

significant proportion of the transition metal ions will be present in framework sites 

and most probably in a close locality to others, thus enabling them to work in synergy 

during the facilitation of effective catalytic turnover. 

   

 

Figure 5.71: The variation of the enthalpy and entropy of a crystal structure as the 

number of defects increases. The resulting G = H ‒TS has a minimum at a non-unity 

concentration showing that the formation of defects is spontaneous and energetically 

favoured for the overall crystal structure. 
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5.5.2 Mechanism of Epoxidation and Roles of Metal Sites 

 

In this study, the epoxidation of cyclohexene using APB as the oxidant was utilised as 

the initial proof of concept reaction in order to deduce trends in reactivity in the 

catalyst series discussed in previous sections. Synthetically, the use of aqueous 

peroxide species is a key aspect of epoxidation reactions of this variety and thus the 

APB oxidant and the reactive species created in situ of the reaction sphere is an 

important choice for effective catalysis in combination with the aluminophosphate 

catalysts. 

 

As discussed in the sections above, the preferential interaction between the oxidant 

species and the titanium centre (over the cobalt and manganese) redox centres show 

that the titanium active site is an integral component of the catalyst system. The 

interactions shown between the oxidant and vanadium centre further substantiates the 

cooperativity shown in the catalytic reaction for the production of cyclohexene 

epoxide. The vanadium site has also been shown by a number of methods to also be 

active in the redox cycle between V(V) and V(IV), making it not only an effective 

oxophilic centre (for activation of the oxidant species), but also in the facilitation of 

catalytic turnover of the substrate to product.  

 

Studies on the two centres in different loading ratios has shown that the most active of 

the catalysts was a combination where a low loading of titanium was used in 

combination of slightly higher loading vanadium. The most effective of the series 

studied was 1% Ti 6% VAlPO-5. Linking this to the DR UV/Vis and XANES studies, it can 

be inferred that this catalyst has the greatest and most defined tetrahedral titanium 

active sites (while higher loadings show more characteristics of titanium in higher 

coordination). Further, these probe techniques (and contributions from literature) have 

also suggested that at in higher vanadium loadings there are both isolated tetrahedral 

(or distorted square pyramidal) centres and regions of dimeric (or greater) V
2

O
5

 

species. However, unlike in the case of oligomeric titanium which is octahedral, 

vanadium oxide type species do not have a saturated coordination sphere and are 

likely to still be catalytically active as they can accommodate an oxidant or substrate 

molecule. These clear spectroscopic observations and links to the catalysis trends 

augments that the most effective of the catalysts is 1% Ti 6% VAlPO-5. 

 

The role of the titanium centre in catalysis with microporous solids is discussed in 

previous sections (5.1.1). The modes of oxidant binding in tetrahedral titanium 

systems is shown in Scheme 5.4 and therefore the following mechanistic discussions 

will focus on the role of the vanadium and vanadyl centres. 
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The scheme below shows one proposed mechanism of epoxidation at the vanadium 

centre. The vanadium species acts in order to activate the oxidant so therefore 

facilitates the nucleophilic attack of the olefinic bond. In this mechanism, the vanadium 

centre is considered as a ‘naked’ vanadium ion, without the pendant double bonded 

oxygen (ie: a vanadyl ion). This mechanism can be hypothesised to occur in both 

isolated vanadium sites and in the areas of dimeric vanadium substitution in higher 

loading samples. The denoted “T” is thus acting to represent the rest of the 

aluminophosphate framework and can be treated as bridging oxygen linking the 

vanadium ion to either phosphorus (aluminium) or other vanadium ions. 

 

Scheme 5.11: Role of vanadium site in the activation of oxidant in the epoxidation 

reaction.
89

 Note that the “T” atom represents the aluminophosphate framework. 

 

While the Scheme 5.11 above shows the epoxidation of cyclohexene in four stages 

using a vanadium ion, it does not account for the presence of the vanadyl ion (ie: with 

the pendant oxygen double bond). The vanadyl ion substituting at the aluminium site 

has been observed by EPR correlation analysis, so should also be considered as an 

active species in its molecular state. The role of the double bonded oxygen atom is 

likely to be of paramount importance in distinguishing the superior activity of the 

VTiAlPO-5 system over other bimetallic systems studies in this report (MnTiAlPO-5 and 

CoTiAlPO-5). The following mechanism shows how the role of the oxygen double bond 

may act in order to facilitate catalytic turnover, showing a Mars van Krevelen-type 

mechanism
90,91

 where the framework atoms themselves are used and regenerated in the 

reaction. 
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Scheme 5.12: Role of the vanadyl molecular ion in the catalytic epoxidation of 

cyclohexene. Note that the “T” atom represents the aluminophosphate framework. 

 

In the mechanism above, the V=O unit (vanadyl molecular ion) is involved in the 

reaction in a similar way to the peracid species in the classic organic synthesis 

methods of producing an epoxide group across an olefinic bond (refer to Scheme 5.2, 

in Section 5.2.2, for comparison). The double bonded oxygen in the vanadyl species 

(analogous to the carbonyl group in peracids) interacts with the hydrogen in the 

activated oxidant species by hydrogen bonding. This arranges the oxidant in a 

favourable orientation for the cyclic flow of electrons across the olefin moiety and thus 

produces the epoxide group. The position of the oxygen double bond has shifted 

location about the vanadium centre from an axial position to the equatorial position, 

as it is regenerated from part of the oxidant species. The active catalyst-oxidant 

species is regenerated in the oxidising atmosphere of the reaction and is thus ready to 

complete further cycles of the catalytic epoxidation.  

 

Both of the mechanisms discussed here highlight how the vanadium species is a 

favourable choice for the catalytic epoxidation of cyclohexene. In both cases, the 

oxidation state of the vanadium species cycles between 4+ and 5+ (or 3+ and 2+, if 

considered in reference to the vanadyl molecular ion) but also readily interacts with the 

incoming oxidant species. Coupled with the previously discussed distinctly favourable 

interaction of tetrahedral titanium species with peroxy group, this catalyst proves 

highly effective for the epoxidation reaction discussed in this report.  
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5.5.3 Mechanism of Primary Alcohol Oxidation in VTiAlPO-5 

 

The oxidation mechanism of primary alcohols is discussed briefly in Section 5.3.6, in 

Schemes 5.8 and 5.9, where the oxidising species is treated as [O]. In the scheme 

below, the vanadium centre is considered in greater detail, showing the coordination of 

the reactant species to the low lying vacant d-orbitals of the vanadium species, via the 

lone pair on the oxygen in the alcohol group. Unlike in the previous section where the 

epoxidation of olefins is considered and the primary role of the active centres is to 

coordinate the oxidant, the role of the metal in this example is quite different. In the 

oxidation of alcohols, the active metal centre acts to coordinate to the oxygen in the 

reactant species, which in turn weakens the hydroxyl bond of the alcohol so that the 

framework oxygen bridge can abstract the proton from the alcohol. In this type of 

reaction, the oxidant plays a key role in regenerating the active metal centre, by 

returning it to its higher oxidation state (as opposed to directly facilitating the 

functional group change). 

 

In the case of the VTiAlPO-5 catalyst, it can be envisaged that the titanium centre 

activates the oxidant into a suitable species that is able to regenerate the vanadium 

active centre, while the vanadium itself facilitates the functional group change. From 

this hypothesis, it can be concluded that the monometallic vanadium species has a 

longer induction period as it does not have the enhanced oxidant activation from the 

presence of the titanium species in the same framework. Further, it is thus also evident 

that the monometallic titanium species will not be as effective at facilitating the 

conversion between alcohol and aldehyde as it is the vanadium species that is primarily 

involved in this step.  

 

The studies showing the enhanced conversion and greater selectivity towards aldehyde 

(and not the over oxidation product, benzoic acid) in the presence of the initiator is 

also linked to the activation and production of the oxidant species from molecular 

oxygen. It is well documented from synthetic literature methods that reactions with a 

free radical initiator proceeds with both greater selectivity and with a shorter induction 

period.
92

 This is also evident from this reaction, as the production of the specific (and 

selective) oxidant species is positively enhanced by the presence of the tertiary butyl 

hydroperoxide species. 

 

Further to the mechanistic implications of these metals working in a cooperative 

manner, it is also shown spectroscopically that the presence of the vanadium species 

in the same framework as the titanium species also enhances the tetrahedral character 

of the oxophilic titanium centres and thus makes them more favourable for their role 
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in oxidant activation. The efficient redox cycling observed in the vanadium species by 

FTIR probe techniques is vital for the conversion between alcohol and aldehyde.  

 

 

Scheme 5.13: Proposed mechanism for the oxidation of benzyl alcohol at a vanadium 

active centre in VTiAlPO-5, showing the substrate coordination and proton abstraction 

facilitating the conversion between the alcohol and aldehyde. 
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5.6 Experimental 

 

5.6.1 Synthesis of Catalysts 

 

Materials Specification 

 

Aluminium hydroxide (AlOH
3

.xH
2

O, Aldrich) and phosphoric acid (85 wt % aqueous 

solution, Sigma Aldrich) were used as the respective aluminium and phosphorus 

precursors. Cobalt acetate tetrahydrate (Co(C
2

H
3

OO)
2

.4H
2

O, Aldrich), vanadium(IV) 

oxide sulphate hydrate (VOSO
4

 · xH
2

O, Aldrich) and manganese(II) acetate tetrahydrate 

(Mn(CH
3

COO)
2

.4H
2

O) and titanium isopropoxide (Ti(OC
3

H
7

)
4

, Aldrich) were used as the 

metal sources . The specific structure directing agent for AFI frameworks - N,N-

dicyclohexylmethylamine (Aldrich) used.
27 

 

Mixed Loading of CoTiAlPO-5 

 

The following procedure outlines a general CoTiAlPO-5 synthesis procedure. Exact 

precursor values can be found in the table below (Table 5.22) 

 

Phosphoric acid was diluted with distilled water (10 mL) and stirred in a Teflon beaker. 

Aluminium hydroxide in distilled water (10 mL) was added to the reaction mixture. 

Cobalt acetate was dissolved in distilled water (10 mL) and added dropwise 

simultaneously along with titanium isopropoxide (titanium precursor is a liquid and is 

added dropwise using an autopipette) to the stirred solution. N-

methyldicyclohexylamine (8.682 g) was added gradually to the vigorously stirred 

solution and stirred for 60 minutes to allow the mixture to homogenise. The mixture 

was divided between three Teflon lined autoclaves, before being crystallised under 

autogeneous pressure for 2.5 hours at 180 °C (453 K). The resulting blue solid was 

collected by filtration and washed with distilled water before being dried in an oven 

overnight at ~70 °C (343 K). Solids were checked for phase purity by powder x-ray 

diffraction. The solids were calcined overnight at 575 °C (848 K) while a continuous 

flow of air. The resulting green solids were stored in a desiccator until needed for 

catalysis. 
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Ratio Mass 

Titanium Cobalt Aluminium Phosphorus Titanium Cobalt Aluminium Phosphorus 

0.01 0.01 0.99 1.49 0.158 0.138 4.287 9.537 

0.01 0.03 0.97 1.49 0.158 0.412 4.201 9.537 

0.01 0.06 0.94 1.49 0.158 0.83 4.071 9.537 

0.01 0.09 0.91 1.49 0.158 1.245 3.941 9.537 

0.03 0.01 0.99 1.47 0.474 0.138 4.287 9.409 

0.03 0.03 0.97 1.47 0.474 0.415 4.201 9.409 

0.03 0.06 0.94 1.47 0.474 0.83 4.071 9.409 

0.03 0.09 0.91 1.47 0.474 1.245 3.941 9.409 

0.06 0.01 0.99 1.44 0.948 0.138 4.287 9.217 

0.06 0.03 0.97 1.44 0.948 0.415 4.201 9.217 

0.06 0.06 0.94 1.44 0.948 0.83 4.071 9.217 

0.06 0.09 0.91 1.44 0.948 1.245 3.941 9.217 

0.09 0.01 0.99 1.41 1.421 0.138 4.287 9.025 

0.09 0.03 0.97 1.41 1.421 0.415 4.201 9.025 

0.09 0.06 0.94 1.41 1.421 0.83 4.071 9.025 

0.09 0.09 0.91 1.41 1.421 1.245 3.941 9.025 

 

Table 5.22: Synthesis ratios of the sixteen mixed ratio CoTiAlPO-5 catalysts. 

 

Titanium and Redox Metal Series 

 

0.0980 mols (9.601g, Aldrich) of H
3

PO
4

 was added to 10ml of deionised water and 

allowed to stir by magnetic stirrer in a PTFE beaker. 4.071g (0.0522mol, Aldrich) of 

Al(OH)
3

 was added slowly and was left stirring for 30minutes with the addition of a 

further 10ml of water. 

Metal precursors were added dropwise in solution with 10 mL of distilled water, and 

simultaneously to the main reaction mixture. The reaction mixture was left stirring for 

30minutes (opaque solution). 

N-methyldicyclohexylamine (0.044mol, 8.682g, Aldrich) was added slowly with the 

remaining 18ml of water. This gel (viscous solution) was left stirring for 60 minutes 

(~1000rpm) to fully homogenise. 

The reaction mixture was divided between Teflon-lined autoclaves (capacity 40ml), 

sealed and heated for 2.5 hours at 180 °C (453 K). The autoclaves were immediately 

quenched in cold water, the product was filtered and washed with water and dried in 

the oven at ~70 °C (343 K). Phase purity was confirmed by powder X-ray diffraction. 

Calcination was carried out at 575 °C (848 K) for 16 hours in a tube furnace with a 

flow of air using a temperature ramp of 5 degrees per minute. The resulting calcined 

aluminophosphate was checked again for phase purity and stored in a desiccator to 
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minimise the reduction of the active sites through water adsorption, before use in 

catalysis.  

 

Confirmation of the structural integrity after the reduction treatment (for spectroscopic 

characterisation) was checked by powder X-ray diffraction and the patterns and cell 

parameters compared to the calcined samples. 

 

Table 5.23. Gel Compositions of AlPO-5 series. 

 

Catalyst Gel Composition 

ICP experimental 

metal loading /wt% 

CoTiAlPO-5 

0.485Al
2

O
3

:0.75P
2

O
5

:0.03CoO:0.03TiO
2

:0.8R:50H
2

O 

(0.97Al:1.5P:0.03Co:0.03Ti:0.8R:50H
2

O) 

 

1.58 (Co) 

1.11 (Ti) 

MnTiAlPO-5 

0.485Al
2

O
3

:0.75P
2

O
5

:0.03MnO:0.03TiO
2

:0.8R:50H
2

O 

(0.97Al:1.5P:0.03Mn:0.03Ti:0.8R:50H
2

O) 

 

1.46 (Mn) 

1.31 (Ti) 

VTiAlPO-5 

0.485Al
2

O
3

:0.75P
2

O
5

:0.015V
2

O
5

:0.03TiO
2

:0.8R:50H
2

O 

(0.97Al:1.5P:0.03V:0.03Ti:0.8R:50H
2

O) 

 

0.84 (V) 

0.99 (Ti) 

 

VAlPO-5 

0.48Al
2

O
3

:0.75P
2

O
5

:0.02V
2

O
5

:0.8R:50H
2

O 

(0.96Al:1.5P:0.04V:0.8R:50H
2

O) 

 

0.96 

TiAlPO-5 

0.48Al
2

O
3

:0.75P
2

O
5

:0.03TiO
2

:0.8R:50H
2

O 

(0.96Al:1.5P:0.04Ti:0.8R:50H
2

O) 

1.34 

 

“R” denotes the structure directing agent Methyldicyclohexylamine 

 

Mixed Loading of VTiAlPO-5 

 

The following procedure outlines a general VTiAlPO-5 synthesis procedure. Exact 

precursor values can be found in the table below (Table 5.24) 

 

Phosphoric acid was diluted with distilled water (10 mL) and stirred in a Teflon beaker. 

Aluminium hydroxide in distilled water (10 mL) was added to the reaction mixture. 

Vanadyl sulfate hydrate was dissolved in distilled water (10 mL) and added dropwise 

simultaneously along with titanium isopropoxide (titanium precursor is a liquid and is 
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added dropwise using an autopipette) to the stirred solution. N-

methyldicyclohexylamine (8.682 g) was added gradually to the vigorously stirred 

solution and stirred for 60 minutes to allow the mixture to homogenise. The mixture 

was divided between three Teflon lined autoclaves, before being crystallised under 

autogeneous pressure for 2.5 hours at 180 °C (453 K). The resulting green-buff 

coloured solid was collected by filtration and washed with distilled water before being 

dried in an oven overnight at ~70 °C (343 K). Solids were checked for phase purity by 

powder x-ray diffraction. The solids were calcined overnight at 575 °C (848 K) while a 

continuous flow of air. The resulting yellow solids were stored in a desiccator until 

needed for catalysis. 

 

Ratio Mass 

Titanium Vanadium Aluminium Phosphorus Titanium Vanadium Aluminium Phosphorus 

0.01 0.01 0.99 1.49 0.158 0.131 4.287 9.537 

0.01 0.03 0.97 1.49 0.158 0.392 4.201 9.537 

0.01 0.06 0.94 1.49 0.158 0.783 4.071 9.537 

0.01 0.09 0.91 1.49 0.158 1.175 3.941 9.537 

0.03 0.01 0.99 1.47 0.474 0.131 4.287 9.409 

0.03 0.03 0.97 1.47 0.474 0.392 4.201 9.409 

0.03 0.06 0.94 1.47 0.474 0.783 4.071 9.409 

0.03 0.09 0.91 1.47 0.474 1.175 3.941 9.409 

0.06 0.01 0.99 1.44 0.948 0.131 4.287 9.217 

0.06 0.03 0.97 1.44 0.948 0.392 4.201 9.217 

0.06 0.06 0.94 1.44 0.948 0.783 4.071 9.217 

0.06 0.09 0.91 1.44 0.948 1.175 3.941 9.217 

0.09 0.01 0.99 1.41 1.421 0.131 4.287 9.025 

0.09 0.03 0.97 1.41 1.421 0.392 4.201 9.025 

0.09 0.06 0.94 1.41 1.421 0.783 4.071 9.025 

0.09 0.09 0.91 1.41 1.421 1.175 3.941 9.025 

Table 5.24: Synthesis ratios of the sixteen mixed ratio VTiAlPO-5 catalysts 
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5.6.2 Characterisation of Catalyst Physical Properties 

 

Scanning Electron Microscopy (SEM) 

Two scanning electron microscopes were used in order to image the 

aluminophosphate structures: JEOL JSM 5910 and JEOL JSM 6500F.  

 

Fresh samples of the aluminophosphates were transferred to a piece of aluminium foil. 

The sticky carbon sample holder was gently tapped onto the foil in order to produce a 

light covering of the sample on the carbon surface. The excess loose sample was 

carefully tapped off the carbon surface using a spatula.  

 

The particle morphology of the VTiAlPO-5 and CoTiAlPO-5 samples were taken without 

pre-coating the sample, whereas the textures and fine structures of the mixed loading 

VTiAlPO-5 were analysed by pre-coating the samples by gold sputtering in order to 

improve the conductivity under the electron beam. 

 

Brunauer Emmett Teller (BET) surface area measurements 

 

Surface area measurements were taken on a Gemini 2375 instrument using nitrogen to 

produce the adsorption and desorption isotherms.  

 

Samples were prepared by thoroughly cleaning and drying a sample tube and 

measuring its mass using a four-figure balance. Sample was added to the weighed tube 

and dried at ~180 °C (453 K) under reduced pressure overnight (for approximately 18 

hours). The tube containing the sample was accurately weighed a second time and the 

mass of the dry sample deduced by substituting the mass of the tube.  

 

The instrument was set-up using the following parameters: 

Evacuation Rate: 50 mmHg min
-1

 

Evacuation Time: 1.0 minutes 

Saturation Pressure: 760 mmHg 

Equilibrium Time: 5 seconds 

 

The sample tube and a counter reference tube were connected to the experimental 

station and the tubes lowered into liquid nitrogen (ie: measurements were taken at 77 

K). The method set-up generated a both a single point BET value and a 6-point value 

which correlated well in all samples. The isotherm was generated from 40 points of 

relative pressure and volume adsorbed.  
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Inductively Coupled Plasma Resonance 

 

A Perkin-Elmer Optimum 3000 DV was used for ICP analyses using calcined samples 

which were fully digested. Complete digestion requires: 10ml of deionised water and 

10ml of ACS Plus Certified H
2

SO
4

 (Fisher Scientific) and heating at 210˚C (483 K) until 

the solution was clear.  Measurement calibration standards containing 100ppm Al, 

100ppm P, 50ppm Co, 50ppm Cr, and 50ppm Ti were made from 1000ppm stock 

solutions from SPEX Certiprep.  The blank and standards contained 10ml H
2

SO
4

 and 

were diluted to 200ml with deionised water.   

 

Powder X-ray Diffraction Analysis of Phase Purity and Structural Integrity 

 

All powder X-ray diffraction patterns were taken using a Siemens D5000 Powder X-Ray 

Diffraction Diffraktometer Kristalloflex, using a scan rate of 4 degrees per minute and 

an increment of 0.02 degrees. The data were collected over a minimum period of 5 

hours with the final pattern displayed as accumulation of the repeat scans. 

Cell parameter values were refined using the CellRef program with starting values and 

space groups as quoted in the “Collection of Simulated XRD powder patterns for 

zeolites”
28

 and “Atlas of Zeolites framework types”
77

 handbooks. 
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5.6.3 Epoxidation of Cyclohexene 

 

Synthesis of Acetyl Peroxyborate 

 

Sodium tetraborate (2 g) was dissolved in peracetic acid (4 mL) and stirred at 40 °C 

(313 K) overnight (or until a white sticky solid has formed in the flask). The solid was 

oven dried and titrated to assess the peracetic acid content (these range between 9 

and 20 %). 

Percentage peracetic acid in the samples is calculated as follows: APB (0.1g) was 

weighed and the mass recorded exactly. The sample was dissolved in 0.6M KI solution 

(10 ml) to give a dark red solution. This was titrated against sodium thiosulphate 

solution until pale enough for starch indicator to be added. The resulting dark blue 

solution was titrated further until totally colourless.  

 

The PAA content was calculated using the following equation: 

% Peracetic Acid = (0.38 x titre) / mass of APB 

 

Atmospheric Pressure Epoxidation of Cyclohexene 

 

The oxidation of cyclohexene to its epoxide was carried out at atmospheric pressure in 

a glass reactor at 65 °C (338 K). An aqueous solution of acetyl peroxyborate – APB (1.1 

molar equivalents with respect to the cyclohexene substrate in 20 mL of distilled 

water) was added to the vessel which already contained the organic components – DCM 

(20 mL), mesitylene (internal standard, 9 mmol, 1.25 mL) and cyclohexene (3mmol, 

0.304 mL). The reactor was lowered into a pre-heated oil bath at 65 °C (338 K) and 

refluxed for 3 hours. Small samples were analysed by GC (Perkin Elmer, Clarus 480) 

using an Elite-5 column and Flame Ionisation Detector (FID). The products were 

identified and quantified by using mesitylene as an internal standard and employing 

the calibration method. 

 

Gas Chromatography Analysis of reactants and Products 

 

Two gas chromatographs (GC) were used in this work: 

 

1)  Clarus 400 instrument with manual inject, fitted with a flame ionisation detector. 

2)  Clarus 480 instrument with autosampler, fitted with flame ionization detector. 
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The columns were both an Elite-5 30 m, 0.25 mm ID column coated with 0.25 µm of a 

5 % diphenyl-95 % dimethyl polysiloxane. The graph below shows the oven method 

used for the analysis of products. 

 

Figure 3.72: Graphical Representation of the oven method used for the GC analysis of 

the epoxidation reaction components. 

 

In a standard GC analysis, a small aliquot of sample was removed from the reaction 

and centrifuged to remove suspended particulates. The supernatant solution was 

decanted and analysed.  

 

The internal standard method was used throughout these studies (see Chapter 2 for 

discussion about calculations). Confirmation of the products was established using 

authenticated standards and response factors for each component determined relative 

to the internal standard (mesitylene).  

 

The graphs below show the calibration plots from which the GC response factor (RF – 

taken as the gradient of the calibration graph) which were used to calculate the 

conversions. 
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Figure 5.73: Calibration of cyclohexene against mesitylene. 

 

Figure 5.74: Calibration of cyclohexene epoxide against mesitylene. 

 

Conversions and selectivities were calculated using the following 

equations: 

 

Conversion (%) = [(moles of starting substrate – moles of product)/(moles of starting 

substrate)]x100 

 

Selectivity (%) = [(moles of individual product)/(moles of all products)]x100 

Calculating the response factors (RF) using the internal standard method used the 

following equations: 
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RF = (mol product/mol standard) x (area of product/area of standard) 

 

Mol % of product = RF x moles of standard x (area of product/area of standard)x100 

 

Recycle Testing 

 

Recycle tests were performed by carefully removing the organic layer, and dissolving 

fresh solid oxidant into the aqueous layer. Finally fresh organic components (including 

DCM, mesitylene and the cyclohexene substrate) were added and the reaction 

completed as outlined above. The slight decrease in conversions between each recycle 

can be attributed to the remaining borate salts blocking the catalysts pores and from 

very slight loss of catalyst during removal of the organic layer. 

 

AA spectroscopy used to assess for catalyst leaching was achieved by taking samples 

of both the aqueous and organic layers and centrifuging the sample to remove any 

solid catalyst that may have remained suspended. The resulting solutions were tested 

for trace quantities of the active metal centres.  
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5.6.4 Aerobic Oxidation of Benzyl Alcohol 

 

Oxidation of Benzyl Alcohol in a Parr Reactor 

 

The oxidation of benzyl alcohol to benzaldehyde was carried out in a pressurised Parr 

reactor using air. Tertiary butanol (60 mL) was charged to a PTFE reactor cup, followed 

by the organic components – benzyl alcohol (6 mL, 6.27 g, 0.058 moles) and diglyme 

(3 mL, 2.829 g, 0.021 moles). The catalyst (0.2 g) and tertiary butyl hydroperoxide 

(0.074 mL of 70 wt % aqueous solution, 0.0058 moles) were added to the reaction, 

before it was immediately sealed and pressurised with 20 bar of air. The reaction was 

heated at 100 °C (373 K) and stirred at 800 rpm for 5 hours. Small aliquots of the 

reaction were removed every hour, centrifuged (to settle any small particulates) and 

analysed by GC (Perkin Elmer, Clarus 480) using an Elite-5 column and Flame Ionisation 

Detector (FID). The same instrumentation and columns were used as described above 

for the epoxidation of cyclohexene. (See the previous section for the epoxidation of 

cyclohexene for the equations used to calculate conversions and selectivities). 

 

Gas Chromatograph Analysis of Reactants and Products 

 

The plot below shows the oven method used in the analysis of the products of this 

reaction. 

 

Figure 5.75: Graphical Representation of the oven method used for the GC analysis of 

the benzyl alcohol oxidation reaction components. 

 

The graphs below show the calibration plots from which the GC response factor (RF – 

taken as the gradient of the calibration graph) which were used to calculate the 

conversions. 
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Figure 5.76: Calibration of benzyl alcohol against diglyme. 

 

Figure 5.77: Calibration of benzaldehyde against diglyme. 

 

Figure 5.78: Calibration of benzoic acid against diglyme. 
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5.6.5 Spectroscopic Characterisation of Catalyst Active Sites 

 

Fourier Transform Infra-Red Spectroscopy 

 

FT-IR was run on a Bruker IFS88 with 4cm
-1

 resolution. The calcined sample was 

pelletized and weighed before re-calcination in oxygen for 2 hours in an in situ 

infrared sample holder.  The sample holder and sample were cooled and added to the 

vacuum/gas line of the FT-IR equipment. The samples were evacuated and data 

collected at regular intervals. 

Subsequent tests were carried out with dosing of probe molecules; CO and APB, and 

spectra taken at regular intervals. 

 

Diffuse Reflectance Ultra-Violet/Visible Spectroscopy 

 

1) For in-situ analysis 

DR UV/Visible was obtained using a Perkin-Elmer Lambda 900 DR UV-Vis-NIR 

spectrometer with WinLab900 software while.  0.25 g of the sample was put under 

vacuum (5x10
-4

mbar) in the sample holder before heating up slowly to 550C.  The 

vacuum was removed and oxygen (130mbar) was added overnight (or for at least 8 

hours). Upon cooling, the sample was stored under vacuum and transferred to the 

vacuum/gas line connected to the diffuse reflectance UV/Visible equipment.  Spectra 

were also recorded for samples which had been were reduced in
 

hydrogen.  

 

2) For ex-situ analysis 

Similar protocols were carried out in the ex-situ probing of the samples, but without 

the use of the sealed cell and vacuum techniques. Samples were freshly calcined and 

transferred to the DR UV/Vis cell, when the spectra were recorded immediately. 

Analogous spectra were taken for samples which had been freshly reduced under a 

steady flow of hydrogen gas, while being heated at 450 °C (723 K) for 6 hours. 

 

Electron Paramagnetic Spectroscopy 

 

Pulse EPR experiments were performed on an ELEXYS 580 Bruker spectrometer (at the 

microwave frequency of 9.76 GHz) equipped with a liquid-helium cryostat from Oxford 

Inc. All experiments were performed at -263 °C (10 K). The magnetic field was 

measured by means of a Bruker ER035M NMR gaussmeter. 

 

Electron-spin-echo (ESE) detected EPR experiments were carried out with the pulse 

sequence: echo, with microwave pulse lengths t = 16 ns and t = 32 ns 

and a value of 200 ns. 

 



Rebecca Leithall  Chapter 5 

 370  

Hyperfine Sublevel Correlation (HYSCORE) experiments
93  

were carried out with the 

pulse sequence ttecho with the microwave pulse length t 

= 16 ns and t = 16 ns. The time intervals t
1

 and t
2

 were varied in steps of 8 ns starting 

from 96 ns to 2704 ns. An eight-step phase cycle was used for eliminating unwanted 

echoes. The time traces of the HYSCORE spectra were baseline corrected with a third-

order polynomial, apodized with a Hamming window and zero filled. Spectra were 

recorded at the interpulse value  =104 ns, unless stated differently. 

 

Cyclic Voltammetry 

 

Aluminophosphate sample were pre-treated to improve the conductivity of the 

framework using methods described in the literature.
94

 The samples were baked in a 

solution of 0.1 M sucrose to give a final sample composition of 2 wt % carbon (relative 

to the framework). The samples were heated in a tube furnace with a steady flow of 

gas: argon with 5 % hydrogen. The resulting blackened sample was worked into a 

smooth homogeneous paste by combining it with acetylene black and PTFE binder (in a 

weight percent ratio of 75 % baked AlPO: 20 % acetylene black : 5 % PTFE binder). Thin 

pellets of the paste were formed by rolling them under a press and punching circular 

pellets with 10 mm diameter. Each pellet was individually weighed and wrapped in 

aluminium foil. The pellets were then dried under vacuum overnight at 150 °C (423 K).  

The battery cell was constructed with a lithium electrode in an electrolyte consisting of 

~8 drops of ED/Dm
c

 (1 M LiPF
6

). The cell was sealed by swage locks and parafilm 

before being removed from the glove box and assembled into the circuit set-up. CV 

data was collected relative to the lithium redox, [Li]/[Li
+

] using EC-LAB V10.02 software. 

 

X-ray Absorption Spectroscopy 

 

XAS was carried out at Diamond Light Source (Harwell Science and Innovation Park, 

Didcot, UK) using the B18 beamline. Samples were analysed ex-situ by mounting 

pressed pellets onto a holder and positioning in front of the beam. Data was collected 

in both transmission and fluorescence mode, but the fluorescence data proved more 

successful for processing the XANES pre-edge information. 

 

The spectra below are recorded at room temperature using an ex-situ cell, where the 

samples were palletised using cellulose as the binder. The pellets were dried for 48 

hours at 180°C (453 K) to minimise the adsorption of water molecules (which may 

alter the position of the pre-edge peak due to increased coordination number) prior to 

loading into the holder in the path of the beam. 
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The table below shows the composition of the pellets used in this study. It is important 

to note that not all of the samples listed here have been used in the analysis section of 

this report. 

 

Table 5.25: Reference samples for the titanium and vanadium edge, with associated 

mass of each required and the amount of diluent used to make the pellet. 

Name Edge 
Mass of 

Sample 

Mass of 

Cellulose 

Diluent 

Titanium Oxide (Anatase) Titanium Reference 5 mg 120 mg 

Titanium Oxide (Rutile) Titanium Reference 5 mg 120 mg 

Barium Titanate Titanium Reference 5 mg 120 mg 

Iron Titanate Titanium Reference 5 mg 120 mg 

Titanium (III) Oxide Titanium Reference 5 mg 120 mg 

TS-1 Titanium Reference 20 mg 100 mg 

Vanadium (V) Oxide Vanadium Reference 5 mg 120 mg 

Vanadium (IV) Oxide Vanadium Reference 5 mg 120 mg 

Vanadium Sulphate 

Hydrate 

Vanadium Reference 5 mg 120 mg 

Ammonium Metavanadate Vanadium Reference 5 mg 120 mg 

3% V 3% Ti AlPO-5 Both Edges Pure None 

1% V 9% Ti AlPO-5 Vanadium Edge Pure None 

9 % V 1% Ti AlPO-5 Vanadium Edge Pure None 

1% V 1% Ti AlPO-5 Both Edges Pure None 

9% V 9% Ti AlPO-5 Both Edges 25 mg 100 mg 

1% V 9% Ti AlPO-5 Titanium Edge 25 mg 100 mg 

9% V 1% Ti AlPO-5 Titanium Edge 25 mg 100 mg 
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Appendix Information: 

Additional physicochemical data for hierarchical CoTiAlPO-5 samples can be found in 

the appendix of this thesis.  

Scoping studies using hierarchical synthesis methods in silicon substituted 

aluminophosphates and associated acid-catalysed data are also presented in the 

appendix of this work. 

Results for the selective oxidation of benzyl alcohol, using different framework 

architectures, are also presented in the appendix section. 
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Chapter 6 

Future Perspectives: 

Introducing Secondary Porosity into 

Microporous Architectures 

 

In his ‘Nature Review’ article, Davis
1

 opens with the quote “Space – the final frontier” as 

a lead into discussing the importance of striking a desirable and uncompromising 

balance in the pore space in functional solids with their sustained active properties. On 

one side it is integral to allow the free movement of reactants and products in and out 

of the porous material, while on the other hand, still maintaining the advantageous 

active site confinement which can aid reaction selectivity.  

 

This section of this work explores the use of secondary porosity or “hierarchically 

porous” (HP) structures to improve mass transfer in microporous systems and to allow 

the processing of larger substrates to be achieved while maintaining the discrete active 

sites and structural integrity of the regular repeating crystollographically distinct 

characteristics of microporous systems. 

 

 

Figure 6.1: Schematic representation of the AFI structure with the introduction of 

mesoporosity. 
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6.1 Introduction to Secondary Porosity and Hierarchical 

Systems 

 

The following introduction aims to outline three classes of synthetic strategies in order 

to generate meso- (and macro-) porous features in a microporous solid. The three 

methods are assessed in their applicability to the aluminophosphate framework and 

methods for characterising the new properties are discussed. 

 

6.1.1 Post-synthetic Production of Mesopores in Microporous Zeolitic Structures 

 

Mesopority has been developed in siliceous and zeolitic structures using post-synthetic 

modification techniques. Authors have used methods such as steaming
2

 and acid
3

 or 

base
4

 treatments in order to remove either silicon or aluminium atoms
5

 from the 

framework of ordered structures, resulting in the successful formation of meso- and 

macroporous networks between the microporous regular repeating crystal structure. 

This method works exceptionally for acid catalysts, as removing the framework atoms 

exposes the pendant hydroxyl groups, which increases the catalytic activity of the 

structure.  

 

It has been reported that the alkali removal of silicon atoms in zeolitic structures can 

prove particularly efficient for the formation of mesopores and for the additional 

benefit of the removal of amorphous silica fragments which clears the outer surface of 

the pores to increase reagent accessibility. Increased accessibility to the active sites, 

coupled with additional functional groups lining the mesoporous walls presents a very 

attractive solution to increasing the credibility of microporous catalysts for industrial 

applications. 

 

Authors have used these examples of post-synthetically modified hierarchical catalysts 

in a number of useful industrial applications, including the methylation of naphthalene
5

 

over dealuminated H-ZSM-12, the methanol to gasoline (MTG) reaction
4

 and the 

cracking of cumene
6

 using alkali-treated ZSM-5. 

 

It is important to note however, that the generation of mesopores using harsh post-

synthetic treatment, not only relies on the strong structural integrity of the framework 

but also is less controlled than using a specifically designed or regular motif for the 

templating of the mesopores. Using this method, it is difficult to produce pores within 

a certain defined pore range and nature, size and number of sites may vary between 

samples. 
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Due to the nature of the strictly alternating AlO
4

 and PO
4

 tetrahedra which comprise the 

aluminophosphate framework, post-synthetic treatment of the structure in order to 

remove certain atoms is not suitable in order to achieve mesoporosity.
7

 Further, it has 

been shown using quantum mechanical modelling methods that the framework of the 

aluminophosphate family is markedly more ionic (consisting of discrete ionic Al
3+

 and 

PO
4

3-

 units and is described as molecular-ionic) than the continuous network of 

semicovalent atoms which make up the more siliceous based zeolite analogues.
8,9

 To 

this end, other methods of generating discrete mesopores are required for use with 

these structures. 

 

6.1.2 Examples of Hard-Templating Methods 

 

Producing mesopores with a defined pore size distribution can be achieved using hard-

templating methods. This method uses a secondary template (additional to the amine 

template used to direct the formation of the regular microporous framework) often, 

but not always, using a one pot synthesis. The definition of hard-templating methods 

encompasses the use of carbohydrate derived molecules (such as glucose)
10,11

, carbon-

based motifs and hard spheres, all around which the microporous framework 

crystallises. After crystallisation, these can be readily burned away in the standard (or 

slightly modified) calcination process which is used in the traditional synthesis of 

purely microporous architectures in order to remove the amine structure-directing 

agent.  

 

Authors have successfully used various (cheap) carbon sources as templates for 

synthesising hierarchical TS-1. Sucrose,
12

 cotton
13

 and carbon black
14

 have all been used 

in a one-pot synthesis approach to facilitate the formation of mesopores alongside the 

micropores of the TS-1 structure. These modifications of the TS-1 catalyst have been 

shown to produce enhanced catalytic activity in the hydroxylation of phenol,
14

 the 

ammoxidation of methyl ethyl ketone
14

 and in the oxidation of bulky benzothiophene
12

 

over the traditional microporous TS-1 system. 

 

Work carried out by the group of Sterte and Naydenov
15,16

 in Sweden took a slightly 

different approach to the synthesis of vanadium modified macro-microporous systems 

by using a resin exchange approach. Unlike the one-pot methods introduced above, 

this resin templated approach uses a multi-step method. The aluminium source firstly 

was introduced to the cation exchange resin beads to give a surface upon which the 

nucleation of the AlPO gel could be facilitated. Crystallisation of the AlPO-5 framework 

was carried out on the resin-aluminium composite, after which the samples were 

calcined to remove the resin beads, yielding a macro-sphere of AlPO-5. The procedure 
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could also be modified to introduce the vanadium metal centres to the AlPO-5 macro-

spheres. 

 

Preparation of macrospheres of SAPO-34 microspheres using a spray-drying method 

onto polystyrene hard-templates carried out by Liu et al
17

 exploited the properties of 

the polystyrene spheres in order to facilitate the growth of SAPO-34 onto the surface of 

the hard template. It was proposed that the temperature employed during 

crystallisation was optimal to ensure the polystyrene did not melt during synthesis but 

that it was above the glass transition temperature, enabling the glassy state of the 

surface to readily transfer phosphorus into the surface. Once ‘anchored’ into the bead, 

the SAPO-34 structure could nucleate from the phosphorus sites, yielding a catalyst 

system which was shown to be more active than the purely microporous SAPO-34 

catalyst in the MTO reaction owing to the increased ability of the reagents to diffuse in 

and out the catalyst. 

 

Studies by Chen et al
18

 have used a confined hard template approach in order to 

synthesise a range of mesostructured microporous zeolites. In this approach the 

zeolites were grown within three-dimensional ordered mesoporous carbon by steam 

assisted crystallisation. After the carbon template is burned away, the microporous 

zeolite structure possesses regular ordered mesopores throughout the structure. The 

specific size distribution of the mesopores can be tuned by selecting the type of the 

mesoporous carbon which is used as the template. The diagram below shows the steps 

used in this synthesis. 

 

Figure 6.2: Schematic representation of the process of zeolite growth within the 

confined mesopores of the three-dimensionally ordered mesoporous carbon (3Dom 

carbon), yielding hierarchical zeolites.
18

 

 

Of particular note is the range of catalysts synthesised in the work carried out by the 

group of Yang and Xu
10

 where the AFI framework was successfully formed in the 

presence of glucose as a mesopore template. In this study, they were able to make 

phase-pure hierarchically porous structures alongside the isomorphous substitution of 

cobalt, manganese, iron, magnesium or titanium. The samples showed good 

crystallinity, and a discrete pore size distribution (of 10 – 25 nm) as well as some 
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interesting particle morphologies. In addition, they also carried out stringent catalysis 

studies using various sized hydrocarbon substrates and comparing the activity and 

selectivity of both the new hierarchical sample and its microporous analogue. The table 

below outlines the results obtained for some of these substrates for the CoAlPO-5 pair. 

 

Reaction Temp 
/K 

Time 
/h 

Microporous 
CoAlPO-5 

Hierarchical 
CoAlPO-5 

Conv. 
(%) 

Select. 
(%) 

Conv. 
(%) 

Select. 
(%) 

 

393 1.5 68.2 60.9 81.9 56.2 

 

423 6 39.0 85.4 53.3 83.1 

 

393 3 86.0 64.1 90.1 47.8 

 

393 3 6.8 70.9 12.6 61.0 

 

433 5 0 N/A 3.0 100 

 

393 5 26.0 97.2 28.6 94.3 

Table 6.1: Comparison of catalytic activity between microporous and hierarchical 

CoAlPO-5 for six different substrates. Conv. = Conversion of substrate. Select. = 

selectivity towards the product shown. Oxidant = molecular oxygen. Solvent = 

acetonitrile.
10

  

 

While the conversions for the hierarchical CoAlPO-5 system are higher than for the 

microporous system, owing to the increased ability of the diffusion of the reagents and 

products into and out of the pores, it is also interesting to note than the selectivity is 

slightly lower in the HP samples compared with the microporous catalysts. It is likely 

that this is due to the decrease of reagent confinement within the active sites of the 

larger pore system. 
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6.1.3 Supramolecular Templating of Secondary Porosity 

 

Similar to the hard templating method, supramolecular templates are also often used 

in a one-pot synthesis approach in combination with the primary structure-directing 

amine and burned away after crystallisation. Literature reports many examples of using 

supramolecular arrays to template the growth of mesopores in aluminophosphate and 

aluminosilicate gels, but in the early examples, these are limited to purely producing 

mesoporosity.
19

 

 

It is noted in a number of examples
20

 that the use of neutral or anionic surfactant 

molecules is less effective than where cationic analogues are used. The specific size 

and shape of the surfactant assembled micelle is significantly dependent on the 

synthesis conditions as the self-assembly in the aqueous media is readily affected by 

the pH, water content, the Al/P ratio (which is more likely to deviate away from unity 

when producing mesopores) and viscosity of the gel.
20

  

 

Mann and co-workers
21,22

 liken the production of templated pores around a vesicle-like 

supramolecular array to the processes of transcription and replication observed in 

biological systems. The figure below shows an adaptation of a schematic of the 

inorganic ‘bricks’ forming around the soft supramolecular template.
21

 

 

Figure 6.3: Schematic of vesicle-like supramolecular arrays templating a hierarchical 

inorganic material such as an aluminphosphate.
21

 

 

In early examples of the synthesis of mesoporous aluminophosphates (and later 

hierarchical structures) the use of amine-based surfactants, such as CTAB 

(cetyltrimethylammonium bromide), were used in mirrored techniques to those which 

successfully produced ordered hexagonal mesoporous structures such as MCM-41. 

Authors have successfully synthesised various mesoporous aluminophosphate 

materials which have incorporated various transition metal ions, such as titanium
23

, 

cobalt
24

 and vanadium
25

, and have been shown to be catalytically active. 
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Transposing these techniques onto the synthesis procedure for hierarchical structures 

however, has proved difficult with a modest amount of success. It has been proposed 

that the weak interactions between the CTAB (and other related structures) and the 

nucleating microporous aluminophosphate gel are weak and therefore in some 

examples an amount of phase-segregation occurs.
26,27

 This means that regions of the 

sample show good crystallinity of the ‘parent’ mircoporous structure, while other 

regions show a purely amorphous mesoporous phase formed by the presence of the 

surfactant template.  

 

In order to increase the interactions between the formation of the microporous 

structure into the supramolecular template arrays, authors have used a number of 

different co-reagents or co-templates in the synthesis. Examples of these additives 

include tartrate
28

, citric acid
29

 and the use of an imidazole ionic liquid as the co-solvent 

media
30

. Similar additives are also used in examples to cause a swelling type effect of 

the supramolecular arrays in order to aid in tuning the size of mesopores.
31

  Zhou and 

co-workers
29

 used these co-templating techniques, employing the chelating citric anion 

in order to increase the interactions between the CTAB surfactant and the MOF (metal 

organic framework) in order to form a meso-MOF. The cooperative interplay between 

the two is shown the schematic below. 

 

Figure 6.4: Schematic of the cooperative template-assisted synthesis of a meso-MOF, 

highlighting the self assembly and increased interaction of the CTAB surfactant and 

the citrate anion.
29

  

 

Due to the issues associated with forming a uniform hierarchical product using amine-

base surfactants (such as CTAB) in conjunction with the synthesis procedure for 

microporous aluminophosphates, authors developed other methods in order to 

produce mesoporosity using other classes of surfactants.  

 

Designing tailor-made surfactant/SDA hybrid moieties have been shown in a number of 

successful examples to bridge the differences in the types of synthesis mechanisms 

which have been observed in long-range ordered microporous structures and low-

range ordered mesoporous examples.
32

 In a time dependent study of the synthesis of 
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hierarchical ZSM-5, Hensen and co-workers
33

 conclude that the formation of the final 

product occurs in a two step process. Firstly, an amorphous mesostructured 

aluminosilicate phase is formed quickly. This phase is proposed to then undergo a 

recrystallisation step yielding highly mesoporous zeolite crystals. The recrystallisation 

involves the dissolution if the original phase out of which the crystalline product is 

formed. Therefore, it is also suggested that the complete consumption of the initial 

aluminium rich phase is not possible under many of the synthesis conditions 

interrogated in this study and thus a certain degree of the aluminium rich pre-phase 

remains in a secondary amorphous domain.  

 

The group of Ryoo developed a bi-functional organosilane moiety (the original 

preparation outlined by Hüttinger and Jung
34

) which could be used in zeolite synthesis 

as both the amine structure-directing agent and the long-chain alkyl surfactant.
32,35-37

 In 

this synthesis procedure, the silane-based surfactant was proposed to overcome the 

phase segregation issues identified in previous examples, but forming the 

microporous structure-directing agent and the supramolecular mesopore arrangements 

in situ by the hydrolysis of the methyoxysilyl moiety and the hydrophobic alkyl chain, 

yielding two components.
32

 The molecule used in these studies is shown in the scheme 

below. 

 

Scheme 6.1: Bifunctional organosilane surfactant pioneered in the use of hierarchical 

synthesis by the group of Ryoo.
32

 

 

In their innovative study reported in nature materials, Ryoo and co-workers report that 

the size of the mesopores can be tuned by varying either the chain length of the 

hydrophobic alkyl chain or by altering the time of crystallisation. The catalytic potential 

of these materials was also demonstrated by comparing the activity towards a bulky 

molecule between a purely microporous sample and the hierarchically engineered 

analogue. The reaction chosen for this proof of concept was the synthesis of 

jasminaldehyde (shown in the scheme below) where the conversion from the raw 

materials was reported to be 98 % for the hierarchical MFI system, compared with a 

modest 3.9 % for microporous ZSM-5. 
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Scheme 6.2: Acid catalysed synthesis of Jasminaldehyde using hierarchical MFK 

structures, as reported by Ryoo and co-workers.
32

 

 

The group of Ryoo also used this bifunctional surfactant molecule in order to 

synthesise other hierarchical structures, such as CoAlPO-11, CoAlPO-5
37

 and CrAlPO-5.
38

 

In these studies, it was shown that hierarchical chromium and cobalt substituted 

aluminophosphate structures could also be synthesised using the surfactant-SDA 

moiety shown in Scheme 6.1. The proposed synthesis strategy for the in-situ formation 

of mesopores into the growing microporous framework is shown the scheme below. It 

is also interesting to note that in these studies, the amine-based microporous SDA was 

used in order to template the AFI and AEL structures. 

 

 

Figure 6.5: Synthesis strategy for the formation of mesopores alongside micropores in 

hierarchical aluminophosphate structures.
37

 

 

The pore size distribution of these hierarchical CrAlPO-5 materials was shown to have 

two discrete sizes at 2.8 nm and 17.3 nm. Catalytic testing also showed that the 
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chromium substituted AFI materials were also active in the oxidation of tetralin to 1-

tetralone (see scheme below) with a greater conversion than the microporous CrAlPO-5 

system (compare 57 % conversion with 47 % conversion).
38

 

 

Scheme 6.3: Oxidation of tetralin to 1-tetralone using hierarchically porous CrAlPO-5. 

Tertiary butyl hydroperoxide was used as the oxidant in chlorobenzene.
38

 

 

Further to the ‘bifunctional’ amphiphilic organosilane moiety discussed above, Kapoor 

and co-workers
39

 also developed an inorganic-organic hybrid hierarchical material using 

an ethane bridged organosilane with titanium active sites. This material proved active 

in the epoxidation of α-pinene using hydrogen peroxide. It was noted that the 

hydrophobicity of the internal surface could be readily tuned using the mesoporous-

directing organosilane which allowed subtle control over the structure-property 

correlations and the extent of mesoporosity.  

 

A further notable class of surfactant-based molecules used in order to template the 

mesopores in hierarchical structures, is functionalised phosphonic acids. Originally 

used in a one-pot synthesis approach in the work by Yan et al
40

 in order to add organic 

tethered functionality to the VPI-5 structure, this concept was also adopted by Bao and 

co-workers
41

 for engineering mesoporosity. In the latter of these two studies, 

tetradecylphosphonic acid (TDPA; see scheme below) was added to the synthesis of 

SAPO-11 in order to generate interpenetrating micropores and mesopores.  

 

Scheme 6.4: The functionalised phosphonic acid (TDPA) used by Bao and co-workers in 

order to add simultaneous mesoporosity to the framework of SAPO-11.
41

 

 

The proposed generation of mesopores was similar to that of the schematic outlined in 

the work by Ryoo and co-workers
37

 where part of the surfactant head-group becomes 

anchored into the surface of the pores in the mesopores. This is represented 

schematically in the figure below. 
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Figure 6.6: Schematic representation of mesopores templated by surfactant groups. a) 

Growth of the microporous domain occurs around the supramolecular mesopore 

assembly. b) The head group of the surfactant is anchored into the mesopore wall 

while the hydrophobic chain builds the mesopores.
20

 

 

Catalytic testing on the hierarchical SAPO-11 structures, synthesised using TDPA 

showed that the hierarchical catalyst favoured the di-branched isomerisation of long 

chain paraffins, while maintaining the medium and strong Brønsted acidity in the 

parent SAPO-11 structure.
41

 Increased diffusional advantages coupled with the efficient 

acid property of the silicoaluminophosphate rendered this a highly successful catalyst 

for the development of catalytic processes involving bulky molecules. 

 

Surfactant-driven formation of mesopores into the parent microporous structure 

potentially offers a flexible synthesis technique which is suitable for use in the 

formation of hierarchically porous aluminophosphate structures. In the following 

results and discussion section, the three classes of supramolecular surfactants will be 

used in order to synthesise transition metal substituted aluminophosphates, focussing 

initially on the AFI structure and comparing the active sites and their catalytic activity 

to that of the microporous analogues discussed in previous chapters. 



Rebecca Leithall  Chapter 6 

 390  

6.1.4 Characterising Secondary Porosity 

 

The properties of the hierarchically porous structures can be characterised using a 

number of complementary techniques. In the first instance, confirming the presence of 

the ‘parent’ microporous structure is integral. This is achieved using powder x-ray 

diffraction (PXRD). At low angles, the larger d-spaced mesopores can also be detected 

by PXRD. It is likely that the formation of the mesopores will be largely disordered so 

the low angle feature will appear as a ridge, rather than a discrete reflection in the 

pattern. 

 

Further, isotherm analysis, coupled with BJH pore-size distribution and BET surface 

area, also allows information about the porous nature of a solid to be deduced. The 

shape of the isotherm is particularly revealing about the information of the 

mesoporous nature. The calculated pore-size distribution allows the average relative 

number of pores to be assessed for a sample. The BJH pre distribution method used in 

this report is not suitable to estimate the size of pores below 10 Å so therefore not 

been used to detect the microporous component in the structure. 

 

Additionally, these direct methods of porous assessment, the presence of mesopores 

can also be determined indirectly using bulky molecules in catalysis. The conversion of 

a bulky molecule in a microporous system is likely to be very low as the substrate can 

only react at the surface site. However, in a hierarchical system, with the presence of 

mesopores, the reagent has freer access to the active sites so the conversion will be 

higher. PXRD, BET, BJH and isotherm characteristics are discussed in Chapter 2 of this 

work. 

 

In the following discussions, a combination of all of these methods will be used to 

assess the physical properties of the aluminophosphate samples which have been 

synthesised and the nature of the active sites will also be assessed using DR-UV/Vis 

and XANES analysis in order to draw preliminary correlations and conclusions about 

the samples and their performance. 
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6.2 Soft-Templating Methods in Redox Aluminophosphates 

 

The following discussions focuses on forming hierarchical aluminophosphates using 

one-pot surfactant synthesis methods, alongside isomorphously substituting the 

framework sites for transition metal ions. Initially, the synthetic methods were tested 

using monometallic substitution of cobalt or titanium and utilising the organosilane 

method developed by Ryoo and co-workers.
32,37

 Other surfactants were also 

investigated in order to establish how the surfactant could affect the local coordination 

and nature of the active sites. After these systems had been successfully advanced, the 

methods were extended to incorporate bimetallic substitution of both cobalt and 

titanium.  

 

6.2.1 Monometallic Hierarchical Aluminophosphates Synthesised Using 

Organosilane Template Methods. 

 

Characterisation of Physical Properties 

 

Powder x-ray diffraction of CoAlPO-5 with mesoporosity using the [3-

(trimethoxysilyl)propyl]hexadecyldimethylammonium chloride - denoted as HP-CoAlPO-

5 DMOD – was taken. The pattern clearly showed the presence of the AFI reflections, 

along with a broad, low angle feature, indicative of the presence of disordered 

mesopores.  

 

 

Figure 6.7: Powder x-ray diffraction pattern of calcined HP-CoAlPO-5 DMOD, showing 

the AFI reflections and low angle feature indicative of disordered mesopores. 
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Nitrogen adsorption and desorption isotherms were taken for the HP-CoAlPO-5 DMOD 

sample along with the associated BJH pore size distribution. The features of the 

isotherm indicate that there is mesopority in the sample, owing to the micropore filling 

and capillary condensation processed. The pore size distribution shows that the 

average pore size of the mesopores is between 25 and 30 Å. The micropores are not 

detected using the method which had been set-up on the instrument. 

 

 

Figure 6.8: Nitrogen adsorption isotherm of hierarchically porous CoAlPO-5 using 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride as the mesoporous 

surfactant. 

 

Figure 6.9: Nitrogen adsorption isotherm of hierarchically porous CoAlPO-5 using 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride as the mesoporous 

surfactant. 

 

The same analysis of the phase purity and the mesoporous properties was also carried 

out for the sample of hierarchically porous TiAlPO-5 which was synthesised using the 

same surfactant as the example above. The plots below show the powder x-ray 
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diffraction pattern, nitrogen adsorption and desorption isotherm and calculated BJH 

pore-size distribution for the sample. 

 

Figure 6.10: Powder x-ray diffraction pattern of calcined HP-TiAlPO-5 DMOD, showing 

the AFI reflections and the low angle feature indicative of disordered mesopores. 

 

It is evident on comparing the powder x-ray diffraction patterns for the HP-CoAlPO-5 

and HP-TiAlPO-5 that the sample synthesised with cobalt substituted into the 

framework is more crystalline than the sample where titanium is substituted. This is 

deduced from the less well defined reflection peaks in the HP-TiAlPO-5 sample and the 

increase in the background noise of the pattern. Further, there is a slight bump in the 

data for the HP-TiAlPO-5 catalyst which is not present in the former of the patterns, 

which may suggest that a degree of amorphous material could also be present in the 

sample. This amorphous material is consistent with the synthesis stages reported by 

Hensen and co-workers.
33

 

 

Figure 6.11: Nitrogen adsorption isotherm of hierarchically porous TiAlPO-5 using 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride as the mesoporous 

surfactant. 
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The nitrogen adsorption and desorption isotherm for the HP-TiAlPO-5 sample again 

shows characteristics of type-IV isotherms where the micropore filling and capillary 

condensation processes are evident, which again indicates the presence of 

mesoporosity in the sample. The pore size distribution plot also confirms this, but it 

can be noted that the size distribution is less narrow for the HP-TiAlPO-5 sample 

compared with that of the HP-CoAlPO-5 catalyst, which suggests there are definite 

differences between the two catalysts. This difference could also be attributed to the 

distinct difference in sample crystallinity. 

 

Figure 6.12: Pore size distribution of hierarchically porous TiAlPO-5 using 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride as the mesoporous 

surfactant. 

 

Catalysis Scoping Studies 

 

The monometallic hierarchically porous CoAlPO-5 catalyst was tested for its’ activity in 

the epoxidation of olefins and compared with the activity of a standard microporous 

system. In this study, both cyclohexene and cyclododecene were used in order to 

compare how the size of the pores in the catalyst and the size of the molecule 

accessing the active sites are different. The table below shows the results of this 

preliminary study. 
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5% HP-CoAlPO-5 DMOD 10.4 50.2 

5% CoAlPO-5 (Microporous) 19.6 4.5 

 

Table 6.2: % conversion of olefinic substrate to its epoxide. Reaction was carried out 

with aqueous APB (acetyl peroxyborate) as the oxidant, at 65 °C in DCM as the solvent. 

0.2 g of each respective catalyst was used in the reaction. Samples were taken at 2 

hours and analysed by GC using authenticated standards. Selectivity for the reaction 

was in excess of 98 % for the epoxide. 

 

The results for this preliminary study produced interesting trends which confirm that 

the microporous and mesoporous catalysts behave very differently. Firstly, it is notable 

that the conversion of cyclododecene to its epoxide using the microporous CoAlPO-5 

catalyst is very low to negligible and can be attributed to the reaction which is only 

likely to occur on the surface of the crystallite particles. 

 

Focussing on the difference between the conversions of cyclohexene for the two 

different catalyst systems, it is interesting to note that the hierarchical catalyst is 

actually lower than the microporous system. This may suggest that the greater spatial 

confinement of the microporous network is in fact more important in the conversion of 

the olefin group than the freedom of movement within the crystallite of the catalyst 

particle through the hierarchical channels. This is consistent with the biomimetic 

design principles of zeolitic catalysts in producing highly active and selective active 

site cavities analogous to those of an enzyme active site. 

 

The most promising result is the conversion of cyclododecene to its epoxide which is 

obtained using the hierarchical catalyst. This confirms that access to the active sites 

was achieved using the mesoporous network which would allow the bulkier molecule 

to make contact with the activated oxidant and the cobalt active centre.   
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6.2.2 Synthesis and Characterisation of Physical Properties in Hierarchical 

CoTiAlPO-5 using Different Template Surfactants 

 

The synthesis of hierarchical catalysts was extended in order to refine synthesis 

methods for CoTiAlPO-5. Three different surfactants were used from suitable similar 

literature methods in order to deduce how the surfactant altered the nature of the 

material and its active site. The figure below shows the three surfactant molecules 

used in this study. 

 

Scheme 6.5: Three surfactant molecules used in the synthesis of soft-templating of 

hierarchically porous CoTiAlPO-5. 

 

 

The three samples were confirmed for phase purity using powder x-ray diffraction and 

their unit cell properties compared with that of the ideal AFI quoted in the “Atlas of 

Zeolite Framework Types”
42

 and the undoped AlPO-5 sample synthesised by Paterson.
43

 

The figures and tables below show the patterns and refined values for the three 

CoTiAlPO-5 samples. 
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A)  B) 

C)  
D) 

Figure 6.13: As-synthesised and Calcined Powder X-ray diffraction patterns for the three CoTiAlPO-5 samples synthesised with different 

surfactants. A) 3-(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride, B) Tetradecylphosphonic acid, C) Cetyl trimethylammonium 

bromide, D) Comparison of Calcined Patterns. 
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Metals Template State a /Å c /Å 
Volume 

/Å 
Difference 

a /Å 
Difference 

c /Å 
Difference 
volume /Å 

CoTi 

DMOD 
As 

Synth 
13.71 8.40 1367.8 -0.0243 0.0325 0.4 

TDPA 
As 

Synth 
13.69 8.42 1366.5 -0.0033 0.015 1.7 

CTAB 
As 

Synth 
13.68 8.40 1362 0.0057 0.0315 6.2 

CoTi 

DMOD Cal. 13.69 8.41 1363.9 0.002 0.0246 4.3 

TDPA Cal. 13.69 8.43 1368.3 -0.0011 0.0009 -0.1 

CTAB Cal. 13.61 8.37 1343.5 0.0788 0.0566 24.7 

 

 
AlPO-5 

 
a /Å c /Å Volume /Å 

Blank AlPO-5 13.69 8.43 1368.2 

Handbook 13.8 8.6 1418.4 

Table 6.3: Top: CellRef refinement values for the as synthesised and calcined 

hierarchical CoTiAlPO-5 series made with different surfactants. As Synth = As 

synthesised. Cal. = Calcined. Bottom: Unit cell parameters for undoped AFI from the 

atlas of zeolite framework types
42

 and from the undoped sample synthesised by 

Paterson.
43

 The difference in unit cell parameters is quoted with reference to the 

blank/undoped AlPO-5 and not the idealised framework quoted in the Atlas. 

 

It is evident from the powder XRD patterns and the associated refinement values that 

the AFI framework is present in the sample without any secondary crystalline phase, 

and that the unit cell parameters remain remarkably similar to that of the microporous 

undoped AlPO-5 sample. However, it is notable that the calcined sample of CoTiAlPO-5 

synthesised with CTAB as the mesoporous surfactant has a smaller cell volume than 

the other two samples and than its as synthesised counterpart. This may suggest that 

the presence of the mesopores has generated a contraction in the unit cell relative to 

the microporous sample. 

 

 



Rebecca Leithall  Chapter 6 

 399  

A)  

B) 

C)  D) 

Figure 6.14: Nitrogen adsorption and desorption isotherms of hierarchically porous CoTiAlPO-5 using A) 3-(trimethoxysilyl)propylhexadecyl-

dimethyl ammonium chloride, B) Tetradecyclphosphonic acid, C) cetyl trimethyl ammonium bromide. D) All three isotherms presented in 

comparison with the CoTiAlPO-5 microporous sample (green trace), highlighting the increase in volume adsorbed at higher partial pressure. 
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Figure 6.15: BJH pore size distribution for the three hierarchically porous CoTiAlPO-5 

samples. Red trace: 3-(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride, 

Black trace: Tetradecyclphosphonic acid, Blue trace: Cetyl trimethyl ammonium  

bromide.  

The isotherms of the three samples all show higher surface areas and a greater volume 

of nitrogen adsorption than the microporous CoTiAlPO-5 sample (refer to Figure 6.14 

D). This confirms the additional mesoporous nature of the hierarchical samples in 

comparison to the purely microporous sample.  

 

The pore size distribution of the three samples, shown in Figure 6.15, suggests that 

using a different surfactant also alters the mean size of the pores which are generated. 

The sample synthesised using 3-(trimethoxysilyl)propylhexadecyl-dimethyl ammonium 

chloride (DMOD), shows the smallest pores of around 25 – 30 Å, followed by 

tetradecylphosphonic acid which has mesopores around 50 Å. The surfactant which 

gives the largest mesopores is cetyl trimethyl ammonium chloride (CTAB) with pores 

between 70 and 90 Å. This correlates with the unit cell refinement values in the section 

above where the sample made using CTAB has the largest shift in volume (relative to 

the microporous undoped AlPO-5) in the calcined sample. These data confirm that the 

mesopores can be easily tuned by the choice of surfactant used in the synthesis. 
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Transmission Electron Microscopy (TEM) Imaging of the Transition Metal Substituted 

Hierarchical Frameworks 

 

TEM images of the HP-AlPO-5 samples were taken in order to deduce information 

regarding the morphology of the particles and whether the larger mesopores could be 

observed on the edges of the samples. 

 

The two images below show the structures formed in the HP-CoAlPO-5 sample using 

the DMOD (3-(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride) 

surfactant. It is visible from these images that there may be two different 

morphologies present in the sample. The left hand image shows distinct spherical 

particles of around 25 nm. The textures on these small spheres may suggest that there 

are mesopores present as the dark and light contrast is similar to those described in 

the literature.
33

 

 

The right hand image shows a series of smaller spherical particles which make up long 

hair-like structures. These also show dark and light contrast which may indicate that 

mesopores are present in this morphology. 

  

Figure 6.16: TEM image of HP-CoAlPO-5 using the DMOD surfactant. The two regions 

of the sample clearly show that different crystal morphologies have been achieved. 

 

The image below shows the analogous hierarchical TiAlPO-5 structure which appears to 

be made up of a combination of spherical features which have combined to form 

similar hair-like structures, similar to those described above. 

 



Rebecca Leithall  Chapter 6 

 402  

It is expected that these two samples will show similar features and morphologies as 

they are synthesised using an analogous preparation procedure using the same 

surfactant. However, the image for the TiAlPO-5 sample suggests that the features are 

slightly smaller than those in the CoAlPO-5 sample. 

 

Figure 6.17: TEM image of HP-TiAlPO-5 using DMOD surfactant. 

 

The image for the analogous bimetallic CoTiAlPO-5 sample is shown in Figure 6.18 

below. The images obtained for this sample are quite markedly different to those 

discussed in the monometallic samples discussed above. In this sample, considerably 

more random shaped particulates were formed and produced more globular type 

features throughout the sample. This may suggest that the influence of the second 

metal in the synthesis and the slight modifications to the synthesis procedure (refer to 

the experimental section) has affected the overall morphology of the sample. 

 

Figure 6.18: TEM image of HP-CoTiAlPO-5 using the DMOD surfactant 
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The final set of TEM images obtained were those for the bimetallic CoTiAlPO-5 

hierarchical sample synthesised using tetradecylphosphonic acid as the surfactant, 

Figure 6.19 below. The four images show different areas of the sample and 

consistently display an interesting morphology which is unique to this sample (in 

comparison to the other images collected for this series of samples). 

 

The morphology shows that irregular rectangle blocks are staked together to form a 

longer secondary crystallite structure. The dark contrasting patches on the surface of 

the larger structures may indicate the formation of mesoporous features in these 

samples. There is an amount of associated debris-like matter surrounding the larger 

oblong structures which may suggest that a small secondary impurity phase has 

formed alongside the crystalline hierarchical AFI framework. 

 

 
 

 
 

Figure 6.19: TEM images of HP-CoTiAlPO-5 using TDPA as the surfactant. 
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6.2.3 Active Site Characterisation of Hierarchical CoTiAlPO-5 

 

The active sites of the three hierarchically porous CoTiAlPO-5 samples were probed 

using DR-UV/Vis and XANES techniques.  

 

DR-UV/Visible Spectroscopy 

 

The samples were freshly calcined before being immediately transferred to the ex-situ 

solid state cell. The reduced spectra were recorded by using a freshly reduced sample 

(by heating at 450 °C under a constant flow of hydrogen), in order to remove the 

contribution (in the O→Ti LMCT region) from the Co(III) species. Upon the reduction of 

the sample, the transition attributed to the titanium centre becomes visible as the 

strong charge transfer due to the oxygen to Co(III) ions is removed. The bands centred 

at 400 nm are also attributed to the presence of Co(III) species and are also removed 

from the trace upon treating the samples in a reducing environment. The following 

three figures show the results for the three different samples. 

 

The spectra all show the triplet bands in the region of 500 – 680 nm which are 

indicative of the presence of the tetrahedral Co(II) d-d transitions. As is already 

reported by many authors,
44

 this band is present in the reduced and oxidised forms, 

confirming that not all of the cobalt species present in the framework can partake in 

the redox cycle.  

 

The figure below shows the two spectra for the calcined (oxidised; in blue) and 

reduced (red trace) HP CoTiAlPO-5 using the ‘DMOD’ surfactant. The red trace shows a 

strong charge transfer band around 220 nm which is attributed to electron transfer 

between oxygen ligands and tetrahedral titanium centres. The shoulder present at 280 

nm suggests that some of the titanium species is present in a higher coordination 

(probably octahedral) environment. 
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Figure 6.20: Hierarchically porous CoTiAlPO-5 using 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride surfactant as the 

surfactant to produce secondary porosity. Blue trace: oxidised sample. Red trace: 

reduced sample. 

 

Figure 6.21 below, shows the oxidised and reduced spectral traces for the CoTiAlPO-5 

sample synthesised using a functionalised phosphonic acid (tetradecyl phosphonic 

acid). In the reduced trace (red) there is no shoulder present at higher wavenumbers 

(as in Figure 6.20) suggesting that there is little octahedral titanium present. However, 

the main charge transfer band (which is again attributed to the oxygen to tetrahedral 

titanium electron transfer) is seen below 230 nm, which is consistent with the presence 

of similar bands seen in purely tetrahedral titanium catalysts such as Ti-MCM-41.
45

 

 

 

Figure 6.21: Hierarchically porous CoTiAlPO-5 using tetradecyclphosphonic acid 

surfactant as the surfactant to produce secondary porosity. Blue trace: oxidised 

sample. Red trace: reduced sample. 
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Figure 6.22: Hierarchically porous CoTiAlPO-5 using cetyl trimethyl ammonium 

bromide surfactant as the surfactant to produce secondary porosity. Blue trace: 

oxidised sample. Red trace: reduced sample. 

 

Figure 6.22 above, shows the traces for the sample synthesised using the CTAB 

surfactant and clearly shows a significantly greater proportion of higher (than 

tetrahedral) coordinated titanium species in the reduced form (red trace). The main 

charge transfer region has a maximum, which is less defined with respect to the other 

two samples (above), at 230 nm and a distinct shoulder region extending past 280 nm.  

 

Figure 6.23 summarises the three samples (on a slightly magnified axis to highlight 

the titanium charge transfer region) alongside the microporous CoTiAlPO-5 sample. 

This plot clearly shows that greater tetrahedral character is seen in the microporous 

and functionalised phosphonic acid (tetradecyclphosphonic acid) samples, while the 

other two show shouldering in the region of 280 nm, indicative of a greater proportion 

of octahedral sites. 
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Figure 6.23: DR UV/Visible spectra of hierarchically porous CoTiAlPO-5 using three 

different surfactants to produce the secondary porosity. Blue trace: 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride surfactant. Red trace: 

Tetradecyl phosphonic acid. Green trace: Cetyl trimethyl ammonium bromide. Purple 

trace: microporous CoTiAlPO-5 for comparison. 
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X-ray Adsorption Near-edge Spectroscopy (XANES) of the titanium region 

 

Calcined samples were analysed for the titanium K-edge XANES transition at room 

temperature under a constant flow of helium. The figure below shows the whole 

spectra, while the following plot focuses on the titanium pre-edge region of the 

spectra. 

 

Figure 6.24: X-ray adsorption spectra for the three hierarchical CoTiAlPO-5 samples  

synthesised with different surfactants. Blue: ‘DMOD’ = 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride, Red: ‘TDPA’ = 

tetradecycl phosphonic acid, Green: ‘CTAB’ = cetyl trimethyl ammonium bromide. 

 

The spectra indicate that there are significant differences between the samples 

synthesised using different surfactants. The indigo circles highlight the regions were 

theses differences are most notable.  

 

The figure below shows the pre-edge region of the spectra and further exemplifies the 

differences in the titanium centres observed both in the full XAS plot above and the 

DR-UV/Vis discussed previously (indicated by the indigo arrow). It is again evident from 

the shape, energy and intensity of the pre-edge region that the sample synthesised 

using CTAB shows titanium centres in higher coordination geometry. Conversely, the 

HP-CoTiAlPO-5 synthesised with tetradecylphosphonic acid has a pre-edge peak with 

much greater tetrahedral character, indicated by the low energy and greater intensity 

of the pre-edge peak. The sample synthesised using the ‘DMOD’ surfactant, shows 

intermediate features between the other two CoTiAlPO-5 samples, suggesting it is 

likely to have a combination of four-, five- and six-coordinate titanium species. 
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Figure 6.25: Titanium pre-edge XANES for the three hierarchical CoTiAlPO-5 samples 

synthesised with different surfactants. Blue: ‘DMOD’ = 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride, Red: ‘TDPA’ = 

tetradecycl phosphonic acid, Green: ‘CTAB’ = cetyl trimethyl ammonium bromide. 

 

It is important to note that the XANES and DR-UV/Visible data trends are consistent in 

suggesting that the type of surfactant used in the synthesis of the hierarchically 

porous CoTiAlPO-5 affects the type of coordination at the titanium centre. 
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6.4 Summary and Conclusions 

 

The sections below outline the key findings from the work discussed above and aims 

to highlight how the work can be developed further. 

 

6.4.1 Hierarchically Porous Redox Structures 

 

The preliminary work using a one-pot synthesis in order to generate supramolecular 

surfactant template mesopores alongside amine templated micropores demonstrated 

the scope for producing crystalline phase-pure AFI structures with varying 

mesoporosity. It has been shown that the size of the mesopores can be tuned by the 

type (and size) of the surfactant used as the length of the hydrophobic alkyl tail will 

also determine the size of the self-assembled micelle around which the structure can 

grow.  

 

Further to this trend, it was also observed that the surfactant had a profound influence 

on the nature of the local coordination around the titanium centre. While using the 

functionalised phosphonic acid (tetradecylphosphonic acid) appeared to facilitate the 

generation of tetrahedral titanium centres, using the amine-based surfactant, CTAB, 

generated titanium centres of higher coordination. Therefore it is evident that the 

choice of surfactant not only changes the size of the mesopore, but also the nature of 

the active centres. 

 

Initial catalysis testing also showed that the hierarchical CoAlPO-5 was active in the 

epoxidation of olefinic groups. Interesting trends were observed in the epoxidation of 

two cyclic olefins with different sized carbon rings, cyclohexene and cyclododecene. 

The hierarchical sample was highly active in the oxidation of the olefinic bond in the 

larger alkyl ring, but interestingly less active in the smaller cyclohexene ring. 

Conversely, the purely microporous sample showed greater activity in the oxidation of 

the olefinic bond in cyclohexene and, as predicted, less active for the larger 

cyclododecene molecule. 

 

Further work should include deducing how the surfactant used in the synthesis affects 

the cobalt geometry and its capacity for redox cycling. It has been shown that using 

titanium chemically in the same framework as cobalt increases the redox proportion of 

cobalt centres, relative to the monometallic analogue.
44

 Visually, the hierarchical 

samples have remained notably more blue after calcination which may suggest that the 

presence of the surfactant (and thus the mesopores) in fact lowers the amount of Co(II) 

which can be oxidized to Co(III). This observation is in fact consistent with the work by 
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Ryoo and co-workers on their hierarchical CoAlPO-5, where they conclude that the 

distinct blue colour after calcination indicates that the cobalt is present in the AFI 

framework as tetrahedral Co(II).
37

 Further DR UV/Vis and XANES/EXAFS analysis similar 

to that carried out on the titanium site would deduce some of this information about 

the cobalt centres.  

 

It would also be interesting to study how the quantity of the surfactant used in 

synthesis affects the relative number of mesopores in the samples or whether in fact at 

higher concentrations of surfactant, a different size/type of micelle is formed which 

will subsequently alter the size of the mesopores produced. Further to the amount of 

surfactant, the hydrophobic chain length could also alter the physical properties of the 

final structure. It could be envisaged that there is an optimum for both the 

concentration and the chain length for the surfactant before the microporous scaffold 

is no longer stable and the structure begins to break down.  

 

6.4.1 Future Scope 

 

Work carried out by the group of Ryoo
54

 has also developed hierarchical zeolites (MFI, 

BEA and LTA) in order to post-synthetically functionalise the pendant silonyl groups on 

the inside of the mesoporous walls. The functionalised catalysts have shown to be 

thermally stable and recyclable in coupling of chlorobenzene with terminal alkynes. 

The activity was compared to that of functionalised mesoporous silicas (such as SBA-

15) and showed that the hierarchical catalyst exhibited enhanced conversions; 

compare 96 % with 67 %).  

 

Figure 6.35: Schematic of the organic functionalisation of mesopore walls in 

hierarchical zeolite structures.
54

 

 

It can be envisaged that similar design principles could also be used in the hierarchical 

aluminophosphate materials in order to functionalise the mesoporous walls of the 

structure. Using the transition metal substituted samples, could allow for a one-step 

conversion which would require both redox and acid catalysis. Similar bifunctionality 

has been displayed in the work by Raja and Thomas
55

 using microporous CoAlPO-5 and 

CoAlPO-36, but this work is limited by the small pore sizes of the microporous 
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structures. Further functionalisation of surfaces of hierarchical samples could also 

include the tethering of amine-bound transition metal catalysts
56,57

 (enzyme mimetics) 

and nanocluster supports.
58

 The presence of the oxophilic titanium centre may also 

play a crucial role in directing the position of nanoparticle clusters during the 

synthesis. 

 

Further to this example, the group of Ryoo
59

 also showed that impregnating their 

hierarchical samples with polyethylenimine created a sorbent capable of capturing 

carbon dioxide. The hierarchical sample showed greater capacity for the gas than 

silica-supported amine sorbents and was also reversible and durable. The applications 

of the hierarchical structures are therefore not limited to the catalytic processing of 

bulky molecules, but could also be used in gas separation, exchange materials and in 

sensing. 
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6.7 Experimental Procedures 

 

6.7.1 Synthesis of Transition-Metal Substituted Hierarchical Aluminophosphates 

 

Monometallic Substituted HP-AlPO-5 Structures 

 

The following gel compositions were used in order to synthesise the monometallic 

(CoAlPO-5 and TiAlPO-5) hierarchical structures. 

 

Reagent Gel Ratio 

Relative 

Molecular 

Mass 

Density 

/gmL-1 

Mass 

/g 

Volume 

/mL 

Aluminium 

Hydroxide 

0.95 78.004 N/A 4.117 N/A 

Phosphoric 

Acid 

1.0 97.994 1.685 6.405 3.8 

Cobalt 

Acetate 

0.05 249.080 N/A 0.692 N/A 

Titanium 

Isopropoxide 

0.05 284.22 0.960 0.790 0.823 

Surfactant 0.05 496.293 0.944 2.121 2.25 

SDA 0.8 195.340 0.912 8.682 9.52 

Water 50 18.001 1.00 50 50 

Table 6.8: Gel ratios for the synthesis of hierarchically porous CoAlPO-5 and TiAlPO-5 

(note that the quantities of cobalt acetate and titanium isopropoxide refer to the 

individual synthesis gels. Surfactant = dimethyl octadecyl ([3-trimethoxysilyl] propyl) 

ammonium chloride (“DMOD”). SDA = N-methyldicyclohexylamine. 

 

Experimental Method: 

Phosphoric acid was diluted in 10 mL of water and stirred for ~10 minutes. Aluminium 

hydroxide was added in small portions along with a further 10 mL of water and stirred 

for ~ 30 minutes.  
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For the CoAlPO-5 catalyst, cobalt acetate was dissolved in 10 mL water (giving a clear 

pink solution), before being added dropwise to the aluminium and phosphorus gel. A 

further 10 mL of water was added and the gel stirred for ~30 minutes. 

For the TiAlPO-5 catalyst, titanium isopropoxide was directly added dropwise via an 

autopipette, before the additional 20 mL of water was added. 

 

The structure directing agent was added dropwise along with the final 20 mL of water. 

The thickened pale opaque purple gel was stirred for ~ 30 minutes.  Finally the 

surfactant was slowly administered through a needle syringe and the final mixture 

stirred for 1.5 hours. The resulting purple gel (for cobalt) or white gel (for titanium) 

was divided between three Teflon lined autoclaves and heated under autogeneous 

pressure for 2.5 hours at 190 °C. 

 

The autoclaves were quenched and cooled under water, before the contents were 

removed and filtered. The resulting pale blue solid (for cobalt) or white solid (for 

titanium) was washed with distilled water and oven dried at 60 °C overnight. The 

samples were shown to be phase pure for the AFI structure by powder X-ray diffraction, 

before being calcined under a constant flow of air at 575 °C for 16 hours. The HP- 

 

CoAlPO-5 sample did not show the distinctly intense colour change from blue to green 

as for the microporous samples, but instead changed to an aqua green colour. No 

colour change was observed for the titanium analogue.  

 

Bimetallic Substituted HP-AlPO-5 Structures 

 

The bimetallic samples were synthesised using a modified synthesis preparation. 

- The quantities were scaled down as the functionalised phosphonic acid 

(tetradecyl phosphonic acid) is relatively expensive. 

- Pseudo-boehmite was used as the aluminium source as the aluminium hydroxide 

source had been shown to contain considerable amounts of calcium impurity 

(see Chapter 4 for these discussions). 

- Titanium butoxide was used instead of titanium isoproxide as it was observed in 

the monometallic synthesis that the reactivity of the titanium isoproxide with 

water generated pale cream flecks of titanium oxide in the gel.  

- The crystallisation time was increased as it had been noted in a number of 

preparations in the literature that the simultaneous generation of micropores 

and mesopores requires longer times at lower temperature. 
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1)  Hierarchically porous aluminophosphates synthesised using dimethyl 

octadecyl ([3-trimethoxysilyl] propyl) ammonium chloride (“DMOD”). 

 

 

Scheme 6.7: Dimethyl octadecyl ([3-trimethoxysilyl] propyl) ammonium chloride 

(“DMOD”), also referred to as 3-(trimethoxysilyl)propylhexadecyl-dimethylammonium 

chloride. 

 

Reagent Ratio 
Relative Molecular 

Mass 
Mass /g Volume /mL 

Boehmite 0.95 101.94 1.076 N/A 

Phosphoric 

Acid 

1.00 97.994 1.089 0.646 

Titanium 

Butoxide 

0.01 340.32 0.038 0.0378 

Cobalt 

Acetate 

0.01 249.08 0.028 N/A 

Surfactant 0.05 496.29 0.0276 0.292 

SDA 0.8 195.34 1.736 1.9039 

Water 20 18.00 11 11 

Table 6.9: Gel ratios for the synthesis of CoTiAlPO-5 using the “DMOD” surfactant. 
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Reagent Ratio 
Relative Molecular 

Mass 
Mass /g Volume /mL 

Boehmite 0.95 101.94 1.076 N/A 

Phosphoric 

Acid 

1.00 97.994 1.089 0.646 

Titanium 

Butoxide 

0.02 340.32 0.076 0.076 

Surfactant 0.05 496.29 0.0276 0.292 

SDA 0.8 195.34 1.736 1.9039 

Water 20 18.00 11 11 

Table 6.10: Gel ratios for the synthesis of TiAlPO-5 using the “DMOD” surfactant. 

 

Boehmite was blended with 4 mL of water and stirred to yield a white paste. 

Phosphoric acid was added along with 2 mL of water and stirred for a further hour to 

give a smooth homogeneous gel. 

 

For the CoTiAlPO-5 catalyst, cobalt acetate was dissolved in 2 mL water (giving a clear 

pink solution), before being added dropwise to the aluminium and phosphorus gel, 

simultaneously with titanium butoxide. A further 1 mL of water was added and the gel 

stirred for ~30 minutes, giving a milky-pink opaque gel. 

For the TiAlPO-5 catalyst, titanium butoxide was directly added dropwise via an 

autopipette, before the additional 3 mL of water was added. 

 

The surfatant was administered dropwise using a needle and stirred for ~ 30 minutes.  

Finally the structure directing agent was slowly added dropwise along with the final 2 

mL of water. The final mixture was stirred for 1.5 hours. The resulting purple gel (for 

cobalt) or white gel (for titanium) was heated under autogeneous pressure for 16 hours 

at 175 °C. 

 

The autoclave was quenched and cooled under water, before the contents were 

removed and filtered. The resulting pale blue solid (for cobalt) or white solid (for 

titanium) was washed with distilled water and oven dried at 60 °C overnight. The 

samples were shown to be phase pure for the AFI structure by powder X-ray diffraction, 

before being calcined under a constant flow of air at 575 °C for 16 hours.  
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2)  Hierarchically porous aluminophosphates synthesised using 

tetradecylphosphonic acid (TDPA). 

 

 

Scheme 6.8: Tetradecyl phosphonic acid (TDPA). 

 

Reagent Ratio 
Relative Molecular 

Mass 
Mass /g Volume /mL 

Boehmite 0.95 101.94 1.076 N/A 

Phosphoric 

Acid 

1.00 97.994 1.089 0.646 

Titanium 

Butoxide 

0.01 340.32 0.038 0.0378 

Cobalt 

Acetate 

0.01 249.08 0.028 N/A 

Surfactant 0.05 278.37 0.309 N/A 

SDA 0.8 195.34 1.736 1.9039 

Water 20 18.00 11 11 

Table 6.11: Gel ratios for the synthesis of CoTiAlPO-5 using the TDPA surfactant. 
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Reagent Ratio 
Relative Molecular 

Mass 
Mass /g Volume /mL 

Boehmite 0.95 101.94 1.076 N/A 

Phosphoric 

Acid 

1.00 97.994 1.089 0.646 

Titanium 

Butoxide 

0.02 340.32 0.076 0.076 

Surfactant 0.05 278.37 0.309 N/A 

SDA 0.8 195.34 1.736 1.9039 

Water 20 18.00 11 11 

Table 6.12: Gel ratios for the synthesis of TiAlPO-5 using the TDPA surfactant. 

 

Boehmite was blended with 4 mL of water and stirred to yield a white paste. 

Phosphoric acid and phosphonic acid (surfactant) were added along with 2 mL of water 

and stirred for a further hour to give a smooth homogeneous gel. 

 

For the CoTiAlPO-5 catalyst, cobalt acetate was dissolved in 2 mL water (giving a clear 

pink solution), before being added dropwise to the aluminium and phosphorus gel, 

simultaneously with titanium butoxide. A further 1 mL of water was added and the gel 

stirred for ~30 minutes, giving a milky-pink opaque gel. 

For the TiAlPO-5 catalyst, titanium butoxide was directly added dropwise via an 

autopipette, before the additional 3 mL of water was added. 

 

Finally the structure directing agent was slowly added dropwise along with the final 2 

mL of water. The final mixture was stirred for 1.5 hours. The resulting purple gel (for 

cobalt) or white gel (for titanium) was heated under autogeneous pressure for 16 hours 

at 175 °C. 

 

The autoclave was quenched and cooled under water, before the contents were 

removed and filtered. The resulting pale blue solid (for cobalt) or white solid (for 

titanium) was washed with distilled water and oven dried at 60 °C overnight. The 

samples were shown to be phase pure for the AFI structure by powder X-ray diffraction, 

before being calcined under a constant flow of air at 575 °C for 16 hours.  
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3)  Hierarchically porous aluminophosphates synthesised using hexadecyl 

trimethyl ammonium bromide. 

 

 

Scheme 6.9: Hexadecyl trimethyl ammonium bromide, also referred to as cetyl 

trimethylammonium bromide, (CTAB). 

 

Reagent Ratio 
Relative Molecular 

Mass 
Mass /g Volume /mL 

Boehmite 0.95 101.94 1.076 N/A 

Phosphoric 

Acid 

1.00 97.994 1.089 0.646 

Titanium 

Butoxide 

0.01 340.32 0.038 0.0378 

Cobalt 

Acetate 

0.01 249.08 0.028 N/A 

Surfactant 0.05 364.45 0.202 N/A 

SDA 0.8 195.34 1.736 1.9039 

Water 20 18.00 11 11 

Table 6.13: Gel ratios for the synthesis of CoTiAlPO-5 using the CTAB surfactant. 
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Reagent Ratio 
Relative Molecular 

Mass 
Mass /g Volume /mL 

Boehmite 0.95 101.94 1.076 N/A 

Phosphoric 

Acid 

1.00 97.994 1.089 0.646 

Titanium 

Butoxide 

0.02 340.32 0.076 0.076 

Surfactant 0.05 364.45 0.202 N/A 

SDA 0.8 195.34 1.736 1.9039 

Water 20 18.00 11 11 

Table 6.14: Gel ratios for the synthesis of TiAlPO-5 using the CTAB surfactant. 

 

Boehmite was blended with 4 mL of water and stirred to yield a white paste. 

Phosphoric acid and was added along with 2 mL of water and stirred for a further hour 

to give a smooth homogeneous gel. 

 

For the CoTiAlPO-5 catalyst, cobalt acetate was dissolved in 2 mL water (giving a clear 

pink solution), before being added dropwise to the aluminium and phosphorus gel, 

simultaneously with titanium butoxide. A further 1 mL of water was added and the gel 

stirred for ~30 minutes, giving a milky-pink opaque gel. 

For the TiAlPO-5 catalyst, titanium butoxide was directly added dropwise via an 

autopipette, before the additional 3 mL of water was added. 

 

The structure directing agent was slowly added dropwise and the final mixture stirred 

for 1.5 hours. A suspension of CTAB in 2 mL of water was prepared using a sonicator 

to ensure that the larger pieces of the fine white solid had been broken down, giving a 

thick white opaque solution. The surfactant solution was added dropwise to the gel 

immediately after the SDA. The resulting purple gel (for cobalt) or white gel (for 

titanium) was heated under autogeneous pressure for 16 hours at 175 °C. 

 

The autoclave was quenched and cooled under water, before the contents were 

removed and filtered. The resulting pale blue solid (for cobalt) or white solid (for 

titanium) was washed with distilled water and oven dried at 60 °C overnight. The 

samples were shown to be phase pure for the AFI structure by powder X-ray diffraction, 

before being calcined under a constant flow of air at 575 °C for 16 hours.  
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6.7.3 Epoxidation of Olefins 

 

Synthesis of Acetyl Peroxyborate (Oxidant) 

 

Sodium tetraborate (2 g) was dissolved in peraceitic acid (4 mL) and stirred at 40°C 

overnight (or until a white sticky solid has formed in the flask). The solid was oven 

dried and titrated to assess the peracetic acid content (these range between 9 and 20 

%). 

 

Percentage peracetic acid in the samples is calculated as follows: APB (0.1 g) was 

weighed and the mass recorded exactly. The sample was dissolved in 0.6 M KI solution 

(10 mL) to give a dark red solution. This was titrated against sodium thiosulfate 

solution until pale enough for starch indicator to be added. The resulting dark blue 

solution was titrated further until totally colourless.  

 

The PAA content was calculated using the following equation: 

 

% Peracetic Acid = (0.38 x titre) / mass of APB 

 

Atmospheric Pressure Epoxidation of Cyclohexene 

The oxidation of cyclohexene to its epoxide was carried out at atmospheric pressure in 

a glass reactor at 65 °C. An aqueous solution of acetyl peroxyborate – APB (1.1 molar 

equivalents with respect to the cyclohexene substrate in 20 mL of distilled water) was 

added to the vessel which already contained the organic components – DCM (20 mL), 

mesitylene (internal standard, 9 mmol, 1.25 mL) and cyclohexene (3 mmol, 0.304 mL). 

The reactor was lowered into a pre-heated oil bath at 65°C and refluxed for 3 hours.  

An analogous procedure was used for the epoxidation of cyclododecene (3 mmol, 

0.4989 g, 0.5781 mL), where the same molar quantities of each reagent were used. 

 

 

Scheme 6.10: Epoxidation of cyclohexene and cyclododecene using cobalt 

aluminophosphates and APB as the oxidant. 
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Small samples were analysed by GC (Perkin Elmer, Clarus 480) using an Elite-5 column 

(30 m, 0.25 mm ID column coated with 0.25 µm of a 5 % diphenyl-95 % dimethyl 

polysiloxane) and Flame Ionisation Detector (FID). The products were identified and 

quantified by using mesitylene as an internal standard and employing the calibration 

method. In a standard GC analysis, a small aliquot of sample was removed from the 

reaction and centrifuged to remove suspended particulates. The supernatant solution 

was decanted and analysed.  

 

The calibration graphs for the epoxidation of cyclohexene can be found in the 

experimental section of Chapter 5. The analogous calibration relationship for the 

epoxidation of cyclododecene is shown in the graphs below. 

 

Figure 6.43: Calibration of cyclododecene against mesitylene. 

 

 

Figure 6.44: Calibration of cyclododecene epoxide against mesitylene. 
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6.7.5 Characterisation of Physical Properties 

 

Isotherm and Surface Area Determination 

Surface area measurements were taken on a Gemini 2375 instrument using nitrogen to 

produce the adsorption and desorption isotherms.  

 

Samples were prepared by thoroughly cleaning and drying a sample tube and 

measuring its mass using a four-figure balance. Sample was added to the weighed tube 

and dried at ~180 °C under reduced pressure overnight (for approximately 18 hours). 

The tube containing the sample was accurately weighed a second time and the mass of 

the dry sample deduced by substituting the mass of the tube.  

 

The instrument was set-up using the following parameters: 

Evacuation Rate: 50 mmHg min
-1

 

Evacuation Time: 1.0 minutes 

Saturation Pressure: 760 mmHg 

Equilibrium Time: 5 seconds 

 

The sample tube and a counter reference tube were connected to the experimental 

station and the tubes lowered into liquid nitrogen (ie: measurements were taken at 77 

K). The method set-up generated a both a single point BET value and a 6-point value 

which correlated well in all samples. The isotherm was generated from 40 points of 

relative pressure and volume adsorbed.  

 

The pore size distribution was calculated using the relationship between the 

differential of volume adsorbed and the pore size range (dV/dD) as a function of the 

average pore size. 

 

Transmission Electron Microscopy (TEM) Imaging 

 

A JEM-2100 electron microscope at the Research Complex at Harwell (RCaH) was used 

in order to produce the TEM images. Small amounts of the fresh calcined samples were 

mixed with a few drops of ethanol in order to form a suspension of the crystallite 

particles. The suspension was carefully dropped onto a gold-mesh TEM slide and the 

solvent evaporated leaving a very fine covering of the sample for analysis under the 

TEM. Standard protocols as outlined from the staff at RCaH were used in order to 

image the samples. 
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6.7.6 Characterisation of Metal Centres 

 

DR UV/Visible Spectroscopy 

 

The DR UV/Vis spectra were recorded on a Perkin Elmer VV/Vis/NIR Lambda 19 

Spectrometer using a solid state diffuse reflectance cell. 

 

Samples were freshly calcined and transferred to the DR UV/Vis cell, when the spectra 

were recorded immediately. Analogous spectra were taken for samples which had been 

freshly reduced under a steady flow of hydrogen gas, while being heated at 450 °C for 

6 hours. 

 

XANES Analysis 

The XANES data on the titanium pre-edge peak was collected with the assistance of: 

Simon R. Bare, Shelly D. Kelly, Meghan Charochak, and Nate Blackwell from UOP on the 

X19A beamline at NSLS. The data was collected from calcined samples which were 

pressed into the sample holders for the beamline. The spectra were recorded at room 

temperature under a constant and steady flow of helium. 
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Chapter 7 – Summary and Conclusions 

 

The aims outlined in the introduction to this work highlighted how developing an in-

depth understanding of structure-property correlations can unravel the origins of 

catalytic synergy in the transition metal substituted aluminophosphate catalysts 

presented in the four results chapters. The nine concepts in Chapter 1 are addressed in 

the discussions and summarised in the conclusions below. 

 

1. Examine the ammoximation of ketones (using air and ammonia) using the 

CoTiAlPO-5 catalyst, to hypothesis how the simultaneous substitution of cobalt 

and titanium ions into the framework of AlPO-5 acts to enhance the catalytic 

activity towards the desired oxime product. 

In the detailed study of the ammoximation reaction using the CoTiAlPO-5 with air and 

ammonia as the reagents, it was confirmed that the two main competing by-products 

are cyclohexylimine and cyclohexanone 2-cyclohexylidene. These two by-products, 

although produced non-catalytically, can be accelerated by the presence of the catalyst 

by interaction with the intrinsically acidic sites on the aluminophosphate framework 

  

Review of the literature concerning the mechanism of ammoximation suggests that in 

the liquid phase process, facilitated by the presence of redox active (cobalt) and 

oxophilic centres (titanium), that the reaction likely precedes (dominantly) via the 

hydroxylamine intermediate. The PDCA by-product was not observed in the gas 

chromatograph analysis of the reaction and presence of cyclohexylimine was seen in 

both catalytic and non-catalytic reactions, suggesting that the imine intermediate is not 

the prevailing mechanism (although this pathway cannot be totally dismissed). The 

lower temperatures of the liquid phase reaction (not reaching higher than 80 °C) are 

favourable for the formation of the hydroxylamine intermediate (which is not stable at 

high temperatures, as are required in the gas phase reaction).  

 

Reaction parameter investigations where the molar excess of ammonia (relative to the 

cyclohexanone substrate) was varied confirmed that there is an optimal value in order 

to maintain good selectivity of the reaction and ensure effective atom economy. At 

lower molar excess of ammonia the selectivity of the reaction decreases at longer 

times, suggesting that competing reactions prevail. Equally at high molar excess of 

ammonia, the increase in pH of the reaction favours the formation of aldol self-

condensation products over the formation and hydroxylamine (and thus the 

subsequent oximation reaction with the cyclohexanone substrate). In this study, it was 

shown that the selectivity optimum lies between 1.5 and 2.5 molar excess of ammonia. 
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This optimal excess of ammonia is also reflected in the ammonia efficiency values, 

where it was shown that the middle range of substrate to ammonia values yielded a 

more efficient consumption of the ammonia reagent. 

 

Further, the study showed that there was a direct correlation between the amount of 

ammonia available in the catalysis reaction and the conversion of cyclohexanone to 

oxime. This trend mirrored the non-catalytic oximation of cyclohexanone to oxime 

which was carried out in parallel. Although not totally conclusive, this similar trend 

could also be used as evidence for the hydroxylamine mechanism being the dominant 

pathway in the catalytic reaction. Studying other reaction parameters will also help to 

deduce further intricacies of the ammoximation process, which will provide further 

indirect mechanistic information and confirm the eligibility of the reaction for 

industrial scale-up. 

 

Stringent recycle and leaching tests showed that after longer reaction times a small 

amount of cobalt and phosphorus had leached, whereas the titanium and aluminium 

were not present in appreciable quantities. This result may suggest that the catalysis 

reaction should be run for shorter times, which is favoured both economically and in 

order to maintain higher selectivities. Kinetic profiles of the reaction also indicate that 

the reaction has reached the extent of reaction by two hours, further augmenting that 

the reaction is most effective at shorter reaction times. Analysis of the framework post-

catalysis shows that the framework maintains most of its’ structural integrity (with a 

slight loss of crystallinity and appearance of powder XRD reflections which could be 

attributed to the dense phase). The presence of redox cobalt species was maintained 

and the continued presence of the tetrahedral titanium maxima shows that the active 

centres are largely intact after catalysis.  

 

From this work, it cannot be ruled out that, since authors in the early studies of the 

ammoximation reaction using titanium substituted silicates inferred the imine 

mechanism and work using the CoAlPO-36 catalyst suggests that the hydroxylamine 

method prevails, that the synergy seen in the CoTiAlPO-5 catalyst is due to both the 

inherent structural synergy (as seen in the spectroscopy results obtained in this work) 

and the mechanistic synergy of the two metal sites. 
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2. Evaluate the synthesis parameters used in producing the CoTiAlPO-5 catalysts 

in order to link the conditions of synthesis to both the spectroscopic 

interrogation of the active site and the trends in catalytic activity in a model 

oxidation reaction. 

The parameters in the synthesis of CoTiAlPO-5 were altered one at a time in order to 

deduce what effect it had on the local structural geometry of the titanium centre and 

its performance of the catalyst in the activation of molecular oxygen for the use in a 

model oxidation reaction. Physicochemical properties of the catalysts were also studied 

in order to detect differences in the metal composition and the structural 

morphologies and minor impurity phases of the samples.  

 

a) Post-synthesis washing 

It was evident from this part of the study that the CoTiAlPO-5 catalyst should be 

treated with more rigorous washing after the blue crystallised sample has been 

collected from the mother liquor. Both treating with an aqueous soxlet extraction and 

centrifuging the sample showed that impurities could be physically removed using 

these techniques. It was particularly noteworthy that even visually, a fine white 

impurity phase which was rich in the detected impurities, could be removed from the 

top of the sample after it had been collected. 

 

b) Aluminium source 

Three different sources of aluminium gave three different local titanium structural 

features and reactivity profiles in the oxidation reaction. It was shown that using 

pseudo-boemite gave titanium centres which were present in higher coordination 

geometry typified by the appearance of the anatase-like peak in the pre-edge XANES. 

This may suggest that the aluminium-phosphorus gel (prior to metal and SDA addition) 

may require a longer stir-time.  

 

The CoTiAlPO-5 catalyst synthesised using aluminium isopropoxide showed a 

potentially favourable titanium pre-edge peak in the XANES analysis, but also displayed 

lower activity and selectivity in the model oxidation reaction than the original 

CoTiAlPO-5 sample synthesised using aluminium hydroxide. This may suggest that 

although there are considerable impurities associated with the source of aluminium 

hydroxide, this remains a favourable choice for precursor. 

 

It is also suggested that matching the aluminium source with spectator ligands in the 

metal precursors may aid the interactions of the atoms and facilitate the framework 

substitution of the metal centres. Therefore, it may be suggested that this is why the 

aluminium isopropoxide precursor showed favourable titanium geometry as the 
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titanium is added as titanium isopropoxide. Similarly, using aluminium acetate may be 

favourable for the isomorphous substitution of the cobalt species as it is added as 

aqueous cobalt acetate. 

 

c) Structure-directing agent 

The study of using three different structure directing agents showed that producing 

the AFI structure using the specific SDA, methyldicyclohexylamine, gave local titanium 

geometry which had the lowest coordination The two non-specific structure directing 

agents gave titanium centres with higher coordination and correspondingly less overall 

activity for the model oxidation reaction of benzyl alcohol to benzaldehyde.  

 

Further, the microscopy analysis on the CoTiAlPO-5 sample formed using TEA showed 

little titanium was detected in the AlPO crystallites, while some of the crystallites 

showed what appeared to be a core of amorphous gel-like material surrounded by a 

shell of crystallised AlPO. This indicates that the rate of crystallisation is likely different 

for the three SDA’s and that forming a uniform crystallised particulate of AFI using TEA 

may require longer crystallisation time. 

 

d) Crystallisation time 

Upon increasing the crystallisation time above six hours, the coordination geometry 

about the titanium centre also increased, suggesting that the isomorphous framework 

substitution of the titanium is the kinetic product while the formation of extra-

framework titanium dioxide (anatase) species is the thermodynamic product. 

Increasing the crystallisation time between 2.5 to 6 hours shows a favourable increase 

in the titanium pre-edge features. Therefore, it would be an interesting further study to 

deduce the optimal time for crystallisation in order to tune the activity of the catalyst 

and the titanium local geometry. 

 

e) Crystallisation temperature 

Similar trends in the pre-edge peak were also observed for increasing the temperature 

of the crystallisation. It was observed that between 170 – 200 °C that lower coordinate 

titanium centres were produced. Increasing the temperature above 210 °C gave 

titanium centres with greater coordination geometry, where the features of the pre-

edge peak resembled that of the anatase structure. Tuning the temperature of 

crystallisation in-line with the time of crystallisation should allow optimal conditions to 

be deduced.  

 

f) Titanium source 
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The three titanium sources all showed similar features in the XANES pre-edge analysis, 

and did not show characteristics of higher coordination titanium. Titanium butoxide 

showed a slightly higher intensity and lower energy peak which suggested that 

studying other synthesis parameters using this precursor may show enhancements in 

the titanium coordination and framework substitution. 

 

g) Titanium method of delivery 

Studying the effect of adding the titanium precursor as a solubilised peroxy-aqueous 

solution against using the original method of direct addition showed that subtle 

differences in the pre-edge peak features were achieved. Microscopy analysis of the 

CoTiAlPO-5 catalyst synthesised using titanium butoxide delivered in pre-treated 

hydrogen peroxide solution showed that titanium was present in the crystallites of 

AlPO in considerable quantities. The comparison of the ‘with’ and ‘without’ hydrogen 

peroxide pre-treatment suggested that pre-treatment lowered the activity of the 

catalyst slightly. However, this may be indicative that the peroxy species also evokes 

other differences in the CoTiAlPO-5 catalyst. This aspect of the study discussed in the 

section would benefit considerable further work to deduce additional structure-

property correlations. Assessing the cobalt site and the inherent acidity of the AlPO 

crystallites would show other insightful information about these systems. 

 

Having assessed these parameters separately, it is important to note that links 

between the spectroscopic data and the catalytic activity, are likely to be far more 

complex than this initial study may suggest and a number of other parameters will 

have an effect on other features on the final sample. For example, differences in the 

inherent surface acidity of the sample, the changes in the nature of the cobalt centres 

and the size of the crystallite particles (therefore rate of diffusion or reactants in the 

pores of the catalyst), and the rate of crystallisation are all factors which are likely to 

vary considerably upon changes in reaction parameters, which may be difficult to 

capture in the properties which have been studied in this work. Therefore, further work 

to analyse these differences would be appropriate in order to draw firmer structure-

property correlations and confirm or provide alternative explanations for the 

speculation proposed in the discussions.  
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3. Draw comparisons about the redox catalyst system, by studying other effective 

redox active transition metals in place of the cobalt centre in the CoTiAlPO-5 

system, allowing different combinations of redox metal plus titanium pairing to 

be ranked by effective catalytic activity. 

 

New catalysts were synthesized using different combinations of transition metals - 

VTiAlPO-5 and MnTiAlPO-5 – which were spectroscopically probed alongside catalysis 

screening in two model oxidation reactions (oxidation of benzyl alcohol and 

epoxidation of cyclohexene). 

 

Firstly it is noteworthy that the MnTiAlPO-5 system showed, using DR-UV/Visible 

spectroscopy, that the titanium isomorphously substituted into the framework 

positions of the AFI structure had a greater proportion of higher coordination centres 

than both the previously discussed CoTiAlPO-5 sample and the new VTiAlPO-5 catalyst. 

This trend (and unfavorable type of titanium centre for effective oxidation catalysis) 

was mirrored in the profile for the conversion (and selectivity) of the two model 

oxidation reactions. This suggests that the electronic interaction between the 

manganese redox centre and the oxophilic titanium centre show little or no synergy as 

has been shown in the previous CoTiAlPO-5 catalyst. The increased activity of the 

VTiAlPO-5 catalyst system compared to the CoTiAlPO-5 combination and the shoulder 

in the DR-UV/Vis spectrum corresponding to tetrahedral titanium can infer that the 

vanadium and titanium centres act in greater synergy than the original CoTiAlPO-5 

catalyst. 

 

Further to this trend in the type of titanium centre present in the bimetallic catalyst, 

the interaction of the metal centres with the peroxy probe molecule is also of note. 

While the cobalt and manganese centres showed little interaction with the probe 

molecule, both vanadium and titanium metal centres showed a distinct chemisorption 

with the oxophilic probe. This further augments the observations of increased catalytic 

activity of the VTiAlPO-5 sample compared to the CoTiAlPO-5 (and MnTiAlPO-5) 

samples. 
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4. Develop further bimetallic combinations by altering both the primary redox 

metal centre and the ratio of redox metal to titanium loading in the bimetallic 

AlPO-5 catalyst system.  

 

Both the CoTiAlPO-5 and VTiAlPO-5 catalyst systems were synthesized using a number 

of different metal loadings, ranging from high titanium and low redox metal (vanadium 

or cobalt), to higher redox metal and low titanium. This aspect of the study was aimed 

at attempting to infer further information about the role of the two metals in the model 

oxidation reactions. In both cases, it was seen that the samples with low loading of 

titanium were more active than higher loadings, which suggested that the titanium 

plays a distinct role in the activation of the oxidant (and when present in the catalyst in 

higher loadings, acts in an unfavorable manner as it decomposes the oxidant). 

Spectroscopic probing also indicated that in higher loading titanium samples, the 

metal began to form clusters of titanium oxide (octahedral in nature) and therefore 

highlights the need for site isolation for an effective heterogeneous catalysis system. 

 

Specifically for the VTIAlPO-5 samples, studies on the two centres in different loading 

ratios has shown that the most active of the catalysts was a combination where a low 

loading of titanium was used in combination with slightly higher loading vanadium. 

The most effective of the series studied was 1% Ti 6% VAlPO-5. Linking this to the DR 

UV/Vis and XANES studies, it can be inferred that this catalyst has the greatest and 

most defined tetrahedral titanium active sites (while higher loadings show more 

characteristics of titanium in higher coordination). Further, these probe techniques 

(and contributions from literature) have also suggested that at higher vanadium 

loadings there are both isolated tetrahedral (or distorted square pyramidal) centres and 

regions of dimeric (or greater) V
2

O
5

 species. However, unlike in the case of oligomeric 

titanium which is octahedral, vanadium oxide type species do not have a saturated 

coordination sphere and are likely to still be catalytically active as they can 

accommodate an oxidant or substrate molecule. These clear spectroscopic 

observations and links to the catalysis trends augments that the most effective of the 

catalysts is 1% Ti 6% VAlPO-5. 
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5. Link sophisticated spectroscopic techniques such as DR UV/Visible 

spectroscopy, EPR and XAS, with the trends in catalytic data of a model oxidation 

reaction in order to draw firmer evidence-based conclusions about the structure-

property correlations of the bimetallic system. 

On assessing the literature associated with the substitution of vanadium and titanium 

and linking this with the data obtained for these samples, a number of conclusions can 

be made as follows. 

 

a) At low loading, the vanadium substitutes as a vanadyl molecular ion in the 

aluminium site and cycles between (V=O)
3+

 and (V=O)
2+

. 

Isolated vanadium sites are observed by DR UV/Vis and the vanadyl ion was 

shown to be in a phosphorus environment (ie: substituting at the framework 

aluminium site) using HYSCORE techniques. The redox capability of the 

vanadium centre was shown by the carbon monoxide probe molecules in FT IR 

methods. 

 

b)  At higher loading, the vanadium ion can form oligomeric patches of V
2

O
5

 

associated with the framework which is also redox active but is likely to hinder 

the amount of metal which is able to undergo substitution due to strain and 

framework distortion. 

DR UV/Vis studies on the higher loading samples showed the presence of 

clusters of vanadium, while the trends shown in the ICP metal analysis clearly 

showed that there is a maximum of vanadium incorporation. The shape of the 

XANES pre-edge peak was also qualitatively more similar to the vanadium oxide 

standard than the sample of lower loading. (See appendix for qualitative XANES 

data). 

 

c)  At low titanium loading, isolated tetrahedral titanium(IV) sites are formed which 

are likely to be active in oxidant activation. 

The presence of peak maximum in the DR UV/Vis studies at ~220 nm suggests 

the presence of isolated tetrahedral titanium sites. FT IR studies using the APB 

peroxy species showed that the titanium (and vanadium) sites are able to bind 

the oxidant species.  

 

d)  At high titanium loading, there is a greater proportion of higher coordination 

speciation and islanding of the metal oxide. 

DR UV/Vis showed that the peak maximum was shifted to closer to 300 nm 

when a greater loading of titanium was used in the VTiAlPO-5 catalyst, 

indicative of octahedral oligomeric species. The position of the XANES pre-edge 
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peak was also shifted to an environment which more resembles the perfect 

octahedron standard, suggesting TiO
2

 

type species were formed at higher 

loading. 

 

e)  Titanium is present in both phosphorus and aluminium sites (as Ti(IV)) but the 

titanium in the aluminium site is susceptible to reduction to Ti(III) under 

reducing atmosphere. 

HYSCORE techniques on the reduced titanium catalyst showed the presence of 

Ti(III) present in an environment of phosphorus nearest neighbours. CV analysis 

of two titanium samples showed that there was a redox flux associated with the 

monometallic titanium sample, which was profoundly different to the VTiAlPO-5 

redox peaks.  

 

f) The proportion of Ti in phosphorus sites to Ti in aluminium sites is 

approximately 7:3, where the proportion is likely affected by the amount of 

vanadium in the structure which competes for the aluminium sites. 

Analysis of the ICP data also suggests that the titanium is present in a variable 

framework position in a proportional divide similar to that predicted by EPR 

studies. 
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6. Hypothesise the modes of interaction and the mechanism of reaction for a 

number of model catalytic processes, enabling a defined role for each of the 

metal centres in the bitmetallic AlPO-5 catalyst. 

In this study, the epoxidation of cyclohexene using APB as the oxidant was utilised as 

the initial proof of concept reaction in order to deduce trends in reactivity in the 

catalyst series discussed in previous sections. Synthetically, the use of aqueous 

peroxide species is a key aspect of epoxidation reactions of this variety and thus the 

APB oxidant and the reactive species created in situ of the reaction sphere is an 

important choice for effective catalysis in combination with the aluminophosphate 

catalysts. 

 

The preferential interaction between the oxidant species and the titanium centre (over 

the cobalt and manganese) redox centres show that the titanium active site is an 

integral component of the catalyst system. The interactions shown between the 

oxidant and vanadium centre further substantiates the cooperativity shown in the 

catalytic reaction for the production of cyclohexene epoxide. The vanadium site has 

also been shown by a number of methods to also be active in the redox cycle between 

V(V) and V(IV), making it not only an effective oxophilic centre (for activation of the 

oxidant species), but also in the facilitation of catalytic turnover of the substrate to 

product.  
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7. Develop an aluminophosphate system which is able to activate molecular 

oxygen as the oxidant at low temperatures and pressures. 

 

In one mechanistic model discussed in Chapter 5, the vanadium species acts in order 

to activate the oxidant so therefore facilitates the nucleophilic attack of the olefinic 

bond. In this mechanism, the vanadium centre is considered as a ‘naked’ vanadium 

ion, without the pendant double bonded oxygen (ie: a vanadyl ion). This mechanism 

can be hypothesised to occur in both isolated vanadium sites and in the areas of 

dimeric vanadium substitution in higher loading samples. 

 

It is also important to consider the mechanism of epoxidation with the presence of the 

vanadyl ion (with the pendant oxygen double bond). The vanadyl ion substituting at 

the aluminium site has been observed by EPR correlation analysis, so should also be 

considered as an active species in its molecular state. The role of the double bonded 

oxygen atom is likely to be of paramount importance in distinguishing the superior 

activity of the VTiAlPO-5 system over other bimetallic systems studies in this report 

(MnTiAlPO-5 and CoTiAlPO-5).  

 

In the second of the proposed mechanisms in Chapter 5, the V=O unit (vanadyl 

molecular ion) is involved in the reaction in a similar way to the peracid species in the 

classic organic synthesis methods of producing an epoxide group across an olefinic 

bond. The double bonded oxygen in the vanadyl species (analogous to the carbonyl 

group in peracids) interacts with the hydrogen in the activated oxidant species by 

hydrogen bonding. This arranges the oxidant in a favourable orientation for the cyclic 

flow of electrons across the olefin moiety and thus produces the epoxide group. The 

position of the oxygen double bond has shifted location about the vanadium centre 

from an axial position to the equatorial position, as it is regenerated from part of the 

oxidant species. The active catalyst-oxidant species is regenerated in the oxidising 

atmosphere of the reaction and is thus ready to complete further cycles of the catalytic 

epoxidation.  

 

Both of the mechanisms discussed here highlight how the vanadium species is a 

favourable choice for the catalytic epoxidation of cyclohexene. In both cases, the 

oxidation state of the vanadium species cycles between 4+ and 5+ (or 3+ and 2+, if 

considered in reference to the vanadyl molecular ion) but also readily interacts with the 

incoming oxidant species. Coupled with the previously discussed distinctly favourable 

interaction of tetrahedral titanium species with peroxy group, this catalyst proves 

highly effective for the epoxidation reaction discussed in this report.  
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The oxidation mechanism of primary alcohols is also discussed in Chapter 5, where the 

oxidising species is treated as [O]. For this work, it is also important to consider the 

vanadium centre in greater detail, showing the coordination of the reactant species to 

the low lying vacant d-orbitals of the vanadium species, via the lone pair on the oxygen 

in the alcohol group. The role of the metal in alcohol oxidation is quite different from 

that of the oxidation of olefins. In this second model reaction, the active metal centre 

acts to coordinate to the oxygen in the reactant species, which in turn weakens the 

hydroxyl bond of the alcohol so that the framework oxygen bridge can abstract the 

proton from the alcohol. In this type of reaction, the oxidant plays a key role in 

regenerating the active metal centre, by returning it to its higher oxidation state (as 

opposed to directly facilitating the functional group change). 

 

In the case of the VTiAlPO-5 catalyst, it can be envisaged that the titanium centre 

activates the oxidant into a suitable species that is able to regenerate the vanadium 

active centre, while the vanadium itself facilitates the functional group change. From 

this hypothesis, it can be concluded that the monometallic vanadium species has a 

longer induction period as it does not have the enhanced oxidant activation from the 

presence of the titanium species in the same framework. Further, it is thus also evident 

that the monometallic titanium species will not be as effective at facilitating the 

conversion between alcohol and aldehyde as it is the vanadium species that is primarily 

involved in this step.  

 

The studies showing the enhanced conversion and greater selectivity towards aldehyde 

(and not the over oxidation product, benzoic acid) in the presence of the initiator is 

also linked to the activation and production of the oxidant species from molecular 

oxygen. It is well documented from synthetic literature methods that reactions with a 

free radical initiator proceeds with both greater selectivity and with a shorter induction 

period. This is also evident from this reaction, as the production of the specific (and 

selective) oxidant species is positively enhanced by the presence of the tertiary butyl 

hydroperoxide species. 

 

Further to the mechanistic implications of these metals working in a cooperative 

manner, it is also shown spectroscopically that the presence of the vanadium species 

in the same framework as the titanium species also enhances the tetrahedral character 

of the oxophilic titanium centres and thus makes them more favourable for their role 

in oxidant activation. The efficient redox cycling observed in the vanadium species by 

FTIR probe techniques is vital for the conversion between alcohol and aldehyde.  
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8. Expand the scope of the concepts of bimetallic substitution of microporous 

aluminophosphates into hierarchical samples, adding simultaneous 

mesoporosity to the AlPO-5 structure. 

 

The preliminary work using a one-pot synthesis in order to generate supramolecular 

surfactant template mesopores alongside amine templated micropores demonstrated 

the scope for producing crystalline phase-pure AFI structures with varying 

mesoporosity. It has been shown that the size of the mesopores can be tuned by the 

type (and size) of the surfactant used as the length of the hydrophobic alkyl tail will 

also determine the size of the self-assembled micelle around which the structure can 

grow.  

 

Initial catalysis testing also showed that the hierarchical CoAlPO-5 was active in the 

epoxidation of olefinic groups. Interesting trends were observed in the epoxidation of 

two cyclic olefins with different sized carbon rings, cyclohexene and cyclododecene. 

The hierarchical sample was highly active in the oxidation of the olefinic bond in the 

larger alkyl ring, but interestingly less active in the smaller cyclohexene ring. 

Conversely, the purely microporous sample showed greater activity in the oxidation of 

the olefinic bond in cyclohexene and, as may be predicted, less active for the larger 

cyclododecene molecule. 

 

9. Draw further conclusions about structure-property correlations in hierarchical 

samples by assessing the spectroscopic analysis and catalytic probe reactions. 

 

Further to the trends in mesopore size achieved with different surfactants, it was also 

observed that the surfactant had a profound influence on the nature of the local 

coordination around the titanium centre. While using the functionalised phosphonic 

acid (tetradecylphosphonic acid) appeared to facilitate the generation of tetrahedral 

titanium centres, using the amine-based surfactant, CTAB, generated titanium centres 

of higher coordination. Therefore it is evident that the choice of surfactant not only 

changes the size of the mesopore, but also the nature of the active centres. 
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Appendix 1: 

Chapter 3 – Background Information and Additional 

Qualitative Work for the Ammoximation of Cyclohexanone 

 

A1.1Instrumentation and reactor set-up 

 

There are two different reactors which are used in the results presented in this report. 

The results discussed by Paterson were all carried out in one reactor (described below) 

while the results presented in this thesis were carried out in both of the reactors 

described below. 

 

1)  Parr 4843 reactor (denoted “small”) 

Paterson used a “Parr 4843” reactor with an overhead stirrer and internal 

thermocouple. The reactor was fitted with an external heating jacket which was 

controlled by an instrumentation box where the temperature required was set 

and the heating jacket reached temperature via feedback from the internal 

thermocouple. The inside of the reactor base was coated in a thin layer of PFA 

(perfluoroalkoxy resin) to prevent the contents of the reactor from being in 

direct contact with the stainless steel base. The thermocouple and stirrer shaft 

were also covered in this same material (PFA) to ensure the reaction was free 

from any exposed metal parts. An external reservoir of pressurised air was 

fitted to the reactor to ensure that the reaction did not run lean on oxygen. A 

pressure gauge and rupture disk assembly were also fitted in the main reactor 

head. 

2)  Reactor denoted “large” (adapted Parr reactor) 

The second of the two reactors was also a Parr reactor which had been modified 

at Cambridge reactor design. The overhead stirring mechanism had been 

replaced with a stirrer plate and the heating jacket replaced with an insulted 

metal jacket designed to fit over the base of the heater/stirrer plate. The 

temperature was maintained by a thermocouple external to the reaction 

mixture which provided feedback to the stirrer plate from the temperature of 

the metal heating block. Two removable reaction cups had been machined (one 

made from PTFE – polytetrafluoroethylene and the other from PEEK – 

polyetherether ketone) which prevented the reaction mixture from being in 

direct contact with the stainless steel reactor base. The larger size of the 

reaction vessel should ensure that the reaction does not run lean on oxygen. 
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The reactor was also fitted with a pressure gauge and rupture disk assembly on 

the main reactor head.  

 

During the course of this research, a few modifications had been made to the two set-

ups described above. These are bullet pointed below: 

 

- PFA coating on the small reactor was very fragile and was easily damaged upon 

routine washing and general use of the reactor. The lining was replaced with 

removable reactor cups similar to those described for the large reactor. 

 

- The PFA coating on the other parts of the small reactor also began to damage, 

exposing metal parts. The thermocouple was replaced and calibrated with another PFA 

coated thermocouple. The stirrer assembly was replaced with PEEK propeller and the 

shaft coated with PTFE tape.  

 

- The thermocouple on the large reactor was used internally for a few experiments by 

covering the metal thermocouple in PTFE shrink tape and inserting it through the main 

reactor head via one of the blank ports. The shrink tape was not durable enough for 

the catalytic reaction conditions and the thermocouple was returned to the outer jacket 

of the heating set-up. 

 

It well known and extensively documented that hydroxylamine is sensitive to the 

presence of trace quantities of metal. It is thus vital in the reactor set-up that all of the 

metallic parts of the reactor, and in particular the stainless steel base, are covered in a 

chemically inert material to form a barrier between them and the reagents. The results 

in the preceding table (Table A1.1) follow the progress in developing an appropriate 

set-up for the reactor. The results also reflect the use of the thermocouple, either 

coated and present inside the reactor cup or not coated and used to feedback the 

temperature inside the mantle jacket, to the heating controller.  

 

The UOP catalyst (all taken from one large batch) is used as a reference against the in-

house catalyst, which is made on a smaller scale (thus experiments may come from 

difference batches).  

 

In general, the small catalyst batches synthesised at the University of Southampton 

(denoted ‘Soton’ in the table) are more active for the ammoximation reaction than the 

UOP catalyst synthesised in bulk.  

 

Further, it can also be summarised that the PFA covering and PEEK reactor cups 

provide a more effective catalysis environment than the PTFE reactor cup.
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Date of 

Catalysis 
Reactor

1 
Experimenter Liner

2 

Thermocouple Catalyst
3 

Conversion TON
4 

TOF
5 

Selectivity 

Oxime Imine 

Dec-09 
Large = 

250mL 

BL PEEK half size External UOP 65 532 266 87 nd 

Dec-09 
Large = 

250mL 

BL PEEK half size External Soton 81 663 331 88 10 

Sep-10 
Large = 

250mL 

BL PTFE Internal UOP 17 139 70 43 43 

Sep-10 
Large = 

250mL 

BL PTFE Internal Soton 26 212 106 40 20 

Aug-09 
Small = 

75mL 

AJP PFA Coating Internal UOP 65 266 67 100 nd 

Mar-09 
Small = 

75mL 

AJP PFA Coating Internal Soton 88 360 90 98 nd 

Oct-10 
Large = 

250mL 

BL PEEK half size Internal UOP 20 172 86 78 7 

Oct-10 
Large = 

250mL 

BL PEEK half size Internal Soton 30 246 123 71 12 

Dec-10 
Small = 

75mL 

BL PEEK Full Size Internal UOP 72 nd nd 43 44 

Dec-10 
Small = 

75mL 

BL PEEK Full Size Internal Soton 47 nd nd 62 24 

Table A1.1: Comparison of Conversions, Selectivity, TON and TOF for a range of reactor variables in the ammoximation process. 
1

Two reactors used were the 250 mL (‘large’) vessel which was adapted by Cambridge Reactor Design and the 75 mL (‘small’) overhead stirrer Parr reactor. 

 
2

Liner refers to the material forming the barrier between the stainless steel vessel and the liquid reagents. Four different variations were compared; a full size PEEK liner and a PFA-based 

coating on the ‘small’ reactor, and a half-sized (ie: stainless showing on the headspace) PEEK liner and a full sized PTFE line in the large reactor. 

 
3

Catalysts used in these experiments were the large batch sample prepared by UOP and the small batches synthesised in-house at Southampton University. 

 
4

TON’s were calculated to normalise the larger amount of substrate used in the ‘large’ reactor, relative to the small reactor. In both large and small reactors, the same amount of catalyst was 

used.  

5

TOF’s were calculated as the experiments carried out by AJP were run for 4 hours and those by BL only carried out for 2 hours. 
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A1.2 Intrinsic Acidity of Transition Metal Substituted Aluminophosphates 

 

It is proposed that many of the by-products in the ammoximation reaction can be 

formed non-catalytically, but in some cases production is enhanced by the presence of 

the catalyst.  It is thus important to deduce to what extent the decrease in selectivity is 

due to the background reactions and which of those are aided by the presence of the 

catalyst. The production of by-products – cyclohexylimine and cyclohexyl 

cyclohexanone in particular - are believed to be aided by the presence of both Lewis 

acid and Brønsted acid sites.  

 

The catalyst itself, although designed as a redox centre with some Brønsted character 

(due to the charge compensating proton associated with transition metal centres which 

have an oxidation state higher than that of the framework site it is replacing), also 

possesses Lewis acidic  sites so will aid the formation of the by-products to some 

extent. Further, intrinsic acidity will be associated with the catalyst due to terminal P-

OH and Al-OH bonds and framework defect sites. 

 

To assess the extent of the acid sites, temperature programmed desorption of an 

ammonia probe molecule was carried out. The analysis was completed on bimetallic 

CoTiAlPO-5 and monometallic TiAlPO-5 and CoAlPO-5 in order to build a greater 

understanding of the contributions from the two metals.  

 

The graph in Figure A1.1 shows the desorption trace over a range of 150 – 550 °C for 

the three catalysts and the area integration summary is shown in Table A1.2. Acidity is 

sub-divided in the summary table and can be categorised: as weak acidity between 150 

- 300°C, medium acidity from 150 – 400 °C and strong acidity above 400 °C.
1

 It is 

obvious from the position of the maxima that the catalyst with the strongest acidity is 

the monometallic CoAlPO-5 with a maximum at 375 °C while the other two catalysts 

are much less acidic with maxima in the region of 285 °C. Further, the integration 

from under the peak areas also confirms that the total number of acidic sites is highest 

for the monometallic CoAlPO-5 catalyst.  

 

The mode of acidity is categorised as the weak Lewis acidity, which originates from the 

coordination of the ammionia lone pair into the vacant d-orbitals of the metal centre. 

Strong Brønsted acidity however is generated from a stronger hydrogen bond 

interaction between the charge compensating proton associated with the 

aluminophosphate framework and a nitrogen atom on the ammonia probe molecule.  
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Figure A1.1: Aluminophosphate acidity measurements using temperature programmed 

desorption of ammonia. CoTiAlPO-5 (red trace), CoAlPO-5 (green trace) and TiAlPO-5 

(blue trace). Pre-treated in O
2

/He at 10 °C/min to 550 °C for 120 minutes. Desorption 

at 10 °C /min to 600 °C/min for 40 minutes. 

 

The increased acidity of the monometallic CoAlPO-5 can be used to account for the 

lower selectivity of the ammoximation reaction to the oxime product.
2

 This greater 

Brønsted acidity is likely to facilitate the formation of the dimer condensation products 

by activation of the carbonyl bond. 

 

The difference in the position of the peak maxima between the CoTiAlPO-5 and 

CoAlPO-5 catalyst also augments the theory of intrinsic synergy observed in the 

bimetallic catalyst where it is suggested that the presence of the titanium centre 

increases the number of cobalt sites that cycle from the 2+ to 3+ oxidation states.
3

 In 

the Co(II) oxidation state, a charge compensating proton is required in order to 

maintain the charge neutrality of the aluminophosphate framework, thus generating a 

Brønsted acid site. However, upon generating a Co(III) centre, the charge neutrality is 

already sufficient and the ammonia probe can only form a weak Lewis acidic 

interaction by dative coordination to the cobalt centre. Thus the different shape and 

position of the maximum acidity for the monometallic and bimetallic sample provides 

further evidence for the increased redox proportion of the bimetallic CoTiAlPO-5 

catalyst.   
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Table A1.2: Summary of Ammonia TPD for CoTiAlPO-5, CoAlPO-5 and TiAlPO-5 

Catalyst CoAlPO-5 TiAlPO-5 
CoTiAlPO-

5 

Temperature Maxima (°C) 375 283 285 

Acidity 

(mmol 

NH
3

 /gs) 

150°C - 200°C 0.001 0.001 0.001 

200°C - 300°C 0.047 0.041 0.064 

300°C - 400°C 0.096 0.047 0.085 

400°C - 500°C 0.060 0.020 0.040 

500°C - 600°C 0.031 0.018 0.019 

Total Acidity 0.234 0.126 0.209 
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A1.3 Non-Catalytic By-Product Formation (Control Reactions) 

 

A series of experiments were designed in order to quantify the background reactions 

when the catalyst is NOT present in the reaction, summarised in Table A1.3. The first 

set were carried out qualitatively to note any colour changes or the appearance of new 

peaks in the GC trace when only cyclohexanone was subject to heat and pressure. It 

has been reported in the literature that heat and pressure can facilitate the self-

condensation of cyclohexanone.
4

 A further set were completed with the presence of 

internal standard (row 3c) in order to quantify the background production of by-

products. 

 

Focusing on the entries for experiment three, it is evident that the presence of 

ammonia with cyclohexanone produces both the imine and the dimer by-products.  

The formation of the imine is facilitated by the nucleophilic attack of the ketone 

carbonyl by the ammonia, in turn substituting the C=O with a C=NH group. This 

process is reversible by the nucleophilc attack of the nitrogen-carbon double bond by 

the water present in the system.  

 

The production of the dimer is facilitated by the ammonia, as the cyclohexanone is 

likely to produce enolate groups by the elimination of the α-hydrogen by the ammonia. 

While the ammonia in the control (no catalyst present) facilitates the base-catalysed by-

product formation, the presence of acid sites in the catalyst itself will also promote the 

formation of enol moieties from the cyclohexanone and thus enable the acid-catalysed 

aldol self-condensation reaction to occur concurrently. The mechanism of formation of 

these two intermediates is discussed in the following sections and shown in Schemes 

A1.3 and A1.4. 

  

Although the control reactions produce a number of unwanted by-products, it is useful 

to note that under the conditions listed, oxime is not produced, indicating that its 

production is a purely catalytic process and requires the presence of the CoTiAlPO-5 

catalyst. 
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Reactants Pressure Catalyst Heat Observations Cyclohexanone Imine

a 

Oxime
a 

Cyclohexanone 2-

cyclohexylidene
b 

Others
b 

Conversion /% 

 imine total 

1 Cyclohexanone None None 80°C 
Slight 

decolouration 
YES NO NO NO NO N/A 

2 Cyclohexanone 30 Bar None 70°C 
Decolouration 

yellow/orange 
YES NO NO NO NO N/A 

3a) 
Cyclohexanone, 

Ammonia 
30 Bar None 65°C 

Decolouration - 

orange/red 
YES YES NO YES YES N/A 

3b) 
Cyclohexanone, 

Ammonia 
30 Bar None 65°C 

Decolouration - 

orange/red 
YES YES NO YES YES N/A 

3c) 

Cyclohexanone, 

Ammonia, 

Monoglyme 

(internal 

standard) 

30 Bar None 65°C 
Decolouration - 

orange/red 
YES YES NO YES YES 1.0 3.6 

Table A1.3: Summary of background reactions and the non-catalytic production of certain side products (after 3 hours). 

a

 Retention factor for Imine was treated to be that same as for oxime. 

 
b

 Retention time for the side products labelled as “others” was taken as the same as for the dimer. 
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A1.4 Identifying Cyclohexylimine 

 

Cyclohexylimine was synthesised using methanolic ammonia and cyclohexanone to 

non-catalytically produce small quantities of the intermediate.
5

 (See Scheme A1.1 a) 

and b)) 

 

 

 

a) 

 

b) 

Scheme A1.1: Non-catalytic synthesis of cyclohexylimine from methanolic ammonia; a) 

General schematic b) Mechanism of nucleophilic attack of the ketone group by the 

ammonia molecule. 
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A colour change in the reaction solution was seen - from clear and colourless to clear 

with a light yellow discolouration. The solvent was removed under reduced pressure 

and a GC trace compared to that of the ammoximation reaction mixture. The GC trace 

of the imine reaction product in Figure A1.2 (b) is shown below, along with a typical 

trace for the products of the ammoximation reaction in Figure A1.2 (a). The peak in 

the ammoximation reaction which was believed to be the presence of cyclohexylimine 

was also present in the reaction mixture of cyclohexanone and methanolic ammonia. 

Both of these peaks have the same retention time in the method used on the GC, 

correlating that the presence of the imine in the reaction mixture is indeed likely.  

 

 

Figure A1.2: Relevant sections of the GC trace showing formation of cyclohexylimine 

both after a catalytic reaction and synthetically (non-catalytically). 

 

Further, the same reaction mixture was also analysed by NMR and compared to the 

signals seen for a sample of pure cyclohexanone. The relevant sections of the 
13

C NMR 

shown below, further confirm the presence of cyclohexylimine in the ammoximation 

reaction. 
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Figure A1.3: 
13

Carbon NMR of non-catalytically synthesised cyclohexyl imine. Inset 

shows the correlation between the chemical shifts predicted by NMR analysis software 

and the reaction mixture. 
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A1.5 Condensation by-products formed in the Catalytic Process 

 

During catalysis, the clear colourless cyclohexanone/ammonia solution becomes 

progressively more red in colour and a number of small peeks appear at higher 

retention times in the GC trace.  A thorough analysis of the other components of the 

reaction mixture (ie: not the cyclohexanone starting material or oxime product) was 

carried out by isolating some higher molecular weight molecules. This was achieved by 

driving the catalysis past the oxime product by allowing the reaction to continue in 

excess of 8 hours and at higher temperature (80 °C from 65 °C).   

 

The resulting red viscous product was first loaded onto a preparative TLC plate to 

ensure that using the correct solvent system the products could be separated. The 

combined products were treated before analysis by purification on a silica gel column. 

This yielded a number of different coloured fractions which were analysed by GC-MS. 

 

The dominant peak in a number of the lighter coloured fractions was found to be 

cyclohexanone 2-cyclohexylidene – a dimer of the starting substrate - which is 

produced by an aldol self condensation reaction between two cyclohexanone 

molecules. This structure is shown in Scheme A1.2.  

 

Scheme A1.2: The major by-product of the ammoximation reaction is the 

cyclohexanone dimer from the aldol self-condensation reaction, cyclohexanone 2-

cyclohexylidene. 

 

The aldol reaction between two ketones can be catalysed either by acids or bases. In 

the ammoximation reaction, it is probable that there are contributions from both 

pathways. The presence of the ammonia in the system is likely to drive the base 

catalysed process (mechanism a, in Scheme A1.3), while the acid sites (which are an 

intrinsic feature of the aluminophosphate frameworks) are likely to promote the acid 

catalysed route (mechanism b, in Scheme A1.4). 
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a) Base-catalysed aldol self-condensation facilitated by ammonia 

 

 

a) 

 

b) 

Scheme A1.3: Mechanism of aldol self-condensation. 

Showing the formation of an enolate by removal of the α-hydrogen, followed by the 

nucleophilic attack at the carbonyl centre 

Showing the base catalysed dehydration giving the α-β unsaturated ketone, 

cyclohexanone 2-cyclohexylidene. 
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b) Acid-catalysed aldol self-condensation facilitated by catalyst acidic sites 

 

 

a) 

 

b) 

Scheme A1.4: Mechanism of acid-catalysed aldol self-condensation. 

Showing the formation of an enol by protonation of the carbonyl oxygen and removal of the 

α-hydrogen, followed by the nucleophilic attack at another carbonyl centre 

Showing the acid catalysed dehydration giving the α-β unsaturated ketone, cyclohexanone 2-

cyclohexylidene. 

 

Cyclohexanone 2-cyclohexylidene (and its isomer) was also identified by Reddy et al
6

 as 

a by-product in their ammoximation process using the TS-2 catalyst. This by-product is 

commercially available and has been matched (by peak shape and by the retention 

time) with two of the four main higher molecular weight peaks observed in the GC 

trace for the ammoximation. This product was also calibrated against the reaction 

internal standard to ensure an accurate mass balance can be achieved. The other peaks 

in the GC trace were not matched with a high enough accuracy to other components 
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but are proposed to be the related oximes or imines of cyclohexanone 2-

cyclohexylidene. Other reaction intermediates in the literature are proposed by other 

authors to be some of those shown in Scheme A1.5.
7-10

 Standards of these molecules 

were analysed by GC and their peak shapes and retention times compared with the 

ammoximation GC trace but did not correlate 

 

Scheme A1.5: Other side products proposed in the literature, which are formed during 

the ammoximation reaction. 
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A1.6 Headspace Analysis of Gas-Phase Products 

 

Headspace analysis of the reaction was also carried out to ensure that a mass balance 

of the reaction accounted for the formation of species which may be present in the gas 

phase. This analysis is also of particular interest if the process is to be industrially 

viable, as the production of NO
x

 

gases is under tight regulation and must be stringently 

avoided. Further, the production of carbon monoxide and dioxide is also monitored 

and is vastly unfavourable for a large scale industrial process.   

 

The gas phase analysis for the ammoximation reaction was carried out using GC-MS; a 

sample from the ammoximation reactor was taken in a gas syringe and analysed. The 

results showed unequivocally that the only small molecule present in the gas phase 

was ammonia. Therefore, it can be confirmed that no other species had been formed in 

the reaction. The transfer of ammonia from the aqueous phase to the gas phase 

however, accounts for some of the pressure increase which is observed during 

catalysis. 
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A1.7 Carbon Mass Balance 

 

An important part of the catalytic process is to complete an accurate mass balance 

between the reagents added to the reaction with those that are left at the end, 

ensuring that unexpected species are not lost in the gas phase, or that larger 

condensation products are not formed and deposited on the internal pores of the 

catalyst.  

 

For the ammoximation reaction, the loss of species in the gas phase has been studied 

and can be regarded as negligible. Further, the identity of the peaks appearing in the 

GC trace have been deduced and assigned appropriately in Table A1.4 and Scheme 

A1.6. To this end, the mass balance calculation would confirm if everything had been 

accounted for correctly and assure that the process behaves as is predicted. 

Components into the reaction Components out of reaction 

 

 

Unreacted Cyclohexanone 

 

Cyclohexanone Oxime 

 

Cyclohexylimine 

 

Condensation products (predominantly 

cyclohexanone 2-cyclohexylidene) 

 

Scheme A1.6: Schematic of products in the ammoximation of cyclohexanone which were used to 

account for all of the carbon in the mass balance 

Moles of carbon added to 

catalytic reaction 

Moles of carbon accounted 

for at the end of the reaction 

Discrepancy in values 

 

1.224 

 

1.245 

 

0.021 

 

Table A1.4: Moles of carbon difference between the start of the reaction and the end 

of the reaction. 
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Appendix 2: 

Chapter 5 – Additional Qualitative Work in Charactering 

the VTiAlPO-5 Catalyst 

 

A2.1 Ammonia TPD – Comparison of Acidity in VAlPO-5, TiAlPO-5 and VTiAlPO-5 

 

Ammonia temperature programmed desorption (NH
3

-TPD) was carried out on the VTi-, 

V- and TiAlPO-5 catalysts, in order to compare the acidity of the three catalysts. The 

desorption graph and table summary are shown below. 

 

Figure A2.1: Ammonia temperature programmed desorption for VTiAlPO-5 (red trace), 

VAlPO-5 (green trace) and TiAlPO-5 (blue trace). Pretreated in O
2

/He at 10 ºC/min to 

550 ºC for 120 min. Desorption at 10 ºC/min to 600 ºC for 40 min. 

 

It is widely accepted that the higher the temperature of the peak maxima for 

desorption, then the stronger the interaction between the surface and the absorbate. 

However in all three of these traces, the maximum peak is relatively low and can be 

attributed to the intrinsic acidity of the aluminophodphate (AFI) framework. The 

aluminium sites in the aluminophosphate framework are Lewis acidic due to their 

electron acceptor capability; therefore the blank AFI framework will show a baseline 

amount of Lewis acidity. Equally, the substitution of some the framework sites by 

transition metal ions will also increase the Lewis acidity as low-lying associated d-

orbitals are effective electron pair acceptors. Further, defect sites in the framework will 
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also cause the generation of acid sites, and it is suggested that the substitution of 

transition metals into the aluminophosphate framework will increase the proportion of 

defect sites. Finally, intrinsic acidity is also generated by terminal -OH groups in the 

edge of the crystallite structures; see Scheme A2.1 for schematic representations of 

these. 

 

Scheme A2.1: Modes of acidity in the VTi-, V- and TiAlPO-5 catalysts. 

 

A study carried out by the group of Zahedi-Niaki
11

 looking at the acid properties of 

titanium containing aluminophosphates (using NMR techniques) confirmed the distinct 

presence of a Brønsted acid site, which was observed to be only slightly weaker than 

the analogous site in silico-aluminophosphates. Note that this study also supports the 

argument that all (or at least some) of the titanium species substitute at the 

phosphorus site. Similar charge compensating protons will also be present, forming 

Brønsted acid sites, in the VAlPO-5 catalyst especially in its reduced form. 

The number of acid sites present in the VTiAlPO-5 sample is higher than for the two 

monometallic samples, largely due to the presence of more transition metal sites in the 

structure (compare VTi = 1.83 wt%, V = 0.96, Ti = 1.34). It is however interesting to 

note that the monometallic vanadium catalyst has a greater total acidity than the 

monometallic titanium catalyst, despite having a lesser amount of metal (vanadium) 

present in the structure. This may suggest that, as observed in the EPR studies, some 

of the titanium species are present in aluminium sites and thus do not have an 

associated charge compensating proton, whereas the vanadyl site readily redox cycles 

and requires the presence of a charge compensating proton.  
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The greater acidity observed in the vanadium-containing catalysts suggests that the 

interaction between the ammonia probe molecule and the vanadium transition metal 

ion is greater than for the titanium ion. Precisely, it has also been shown that in 

aluminophosphate catalysts the interaction between ammonia and the framework 

substituted titanium centre is negligible in relation to studying the mechanism of 

ammoximation; refer to discussions in Chapter 3. The greater interaction between 

ammonia and the vanadium centres may suggest that they would be effective for the 

ammoximation of ketones. Indeed, authors have used vanadium in catalyst systems for 

this reaction and observed some promising results.
12

  

 

Catalyst VAlPO-5 TiAlPO-5 VTiAlPO-5 

Temperature Maxima (°C) 270 283 270 

Acidity  

(mmol NH
3

.gs
-1

) 

150°C - 200°C 0.001 0.001 0.002 

200°C - 300°C 0.060 0.041 0.098 

300°C - 400°C 0.057 0.047 0.089 

400°C - 500°C 0.029 0.020 0.045 

500°C - 600°C 0.031 0.018 0.032 

Total Acidity 0.178 0.126 0.266 

 

Table A2.1: Summary of acid properties in VTi-, V- and TiAlPO-5. 

 

The intrinsic acidity of the aluminophosphate framework, coupled with the additional 

interaction between the transition metal framework sites, means that the VTiAlPO-5 

series of catalysts possess a certain amount of acid characteristic (as well as the 

intentional redox character). Thus they will also facilitate some acid catalysed 

processes, either as deliberate bifunctional catalysts or in the production of by-

products, which will decrease the selectivity of the systems. This is demonstrated in 

Chapter 5, where the oxidised vanadium-containing catalysts show greater selectivity 

to the redox product than their reduced counterparts. 
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A2.2 X-ray Adsorption Near-Edge Spectroscopy (XANES) of the Vanadium and 

Titanium Sites in VTiAlPO-5 

 

a) Titanium Edge 

 

In this section of the analysis, the coordination geometry and oxidation state of the 

titanium centres in the VTiAlPO-5 samples will be assessed by comparing the pre-edge 

peak in the XANES region (using Ti-K-edge XAS) with a number of reference compounds 

of known structures. The samples studied in this section were 9% V 9% Ti AlPO-5 and 

1% V 1% Ti AlPO-5. It has been proposed (and suggested in the trends observed in the 

catalysis and other active site probing spectroscopy techniques) that upon increasing 

the number of titanium centres, the site isolation and thus amount of tetrahedral 

character of the active centre is lost, generating less active oligomeric species with 

more octahedral character. Slight shifts in the position of the pre-edge peak may be 

indicative of this occurring. 

 

The spectra below are recorded at room temperature using an ex-situ cell, where the 

samples were palletised using cellulose as the binder. The pellets were dried for 48 

hours at 180°C to minimise the adsorption of water molecules (which may alter the 

position of the pre-edge peak due to increased coordination number) prior to loading 

into the holder in the path of the beam. 

 

The reference standards were chosen in line with a similar study carried out by Behrens 

et al
13

 on the structural features of titanium silicate. Table A2.2 summarises the 

standards and the structural features that can be compared with reference to the 

titanium site in the VTiAlPO-5 catalyst: 

Compound Titanium site Comments Reference 

Barium 

Titanate 

Octahedral 

Titanium 

Perovskite Structure ABO
3 

Tetragonal 
Stemmer et al.

14

  

Iron Titanate 

Distorted 

Octahedral 

Titanium 

Rhombic, distorted octahedron Liu et al.
2,15

  

TS-1 
Tetrahedral 

Titanium 
‘Bench-mark’ tetrahedral site Bordiga et al.

16

 

Anatase Octahedral TiO
2

 

Oligomeric species formed 

during hydrothermal synthesis 

Tetragonal 

Kriventsov et 

al.
17

  

Rutile 
Octahedral TiO

2 

(different phase) 

Similar composition to anatase, 

Tetragonal 
Chen et al.

18

  

Titanium (III) 

oxide 
Ti(III) sites Hexagonal Corundum Structure Bastow et al.

19

  

Table A2.2: Summary of titanium reference samples used in the XANES analysis of the 

VTiAlPO-5 Catalysts. 
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Figure A2.2 below shows the two catalysts (9% Ti 9% V AlPO-5; bottom blue trace and 

1% Ti 1% V AlPO-5; bottom red trace) and the six reference samples in the full 

XANES/EXAFS region. It is evident from this plot that the pre-edge peak in the two 

catalysts is not similar in either shape or position to the anatase and rutile references. 

Anatase and rutile both show the fingerprint triple peaks of low intensity and higher 

energy, indicative of the titanium centre present in octahedral geometry. The trace for 

the titanium(III) oxide (top pink trace) is also disregarded from having significant 

contributions to the overall shape and position of the pre-edge peak seen in the 

catalyst samples.  

 

The reference samples which may have the greatest likeness to the catalysts are the 

barium titanate (green trace) iron titanate (indigo trace) and TS-1 (yellow trace). These 

three reference traces along with the two catalyst samples have been presented in 

Figure A2.3, focusing on the pre-edge region. 

 

Figure A2.2: Titanium XANES region for high and low loading VTiAlPO-5 samples with 

six reference samples containing various site geometries. 
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Assessing the position of the pre-edge peak in the figure below, and using the study 

by Farges et al
20

 to correlate this value, the following information can drawn. The TS-1 

sample is, as expected in tetrahedral geometry (4968.5 eV), while the two titanate 

structures display peak positions indicative of octahedral geometry (most likely 

distorted as the characteristic three-peak feature is not resolved) or 5-fold coordination 

(at 4996.45 eV for barium titanate and at 4969.25 eV for iron titanate). The two 

catalyst samples show pre-edge peaks at 4969.50 eV (9% Ti 9% V) and 4969.15 eV (1% 

Ti 1% V).  

 

Figure A2.3: Titanium pre-edge region highlighting the coordination geometry about 

the titanium centre in VTiAlPO-5. 

 

From these findings it evident that the pre-edge peak in the catalyst samples is not 

arbitrary and likely has contributions from 4-, 5- and 6- coordinate titanium centres. 

(Note that is was not possible using these data to resolve a linear combination fit due 

to the noise associated with the data which was collected in fluorescence mode). 

It is interesting to note that the higher loading sample shows a peak position of 

slightly higher energy, which may suggest that there are a greater number titanium 

sites with higher coordination number in oligomeric titanium patches. 
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The following discussions provide further structural information about the two titanate 

samples used in this study to gain a fuller understanding of the types of titanium 

centre that may be present in the VTiAlPO-5 species. 

 

The two crystal structures shown in Figure A2.3, show the connectivity of the titanium 

centre (blue) with the bridging oxygen atoms (red) in barium titanate. The barium 

atoms are omitted from these representations for clarity around the titanium centre.  

 

 

Figure A2.3: Left hand image; b-axis off-set of titanium coordination geometry in 

barium titanate showing the octahedral centres in the blue polyhedral. Right hand 

image; b-axis orientation of barium titanate showing the symmetry about the blue 

titanium centred octahedra. 

Crystallographic data for the titanium-based octahedron in barium titante suggest that 

the titanium is in a perfect (non-distorted) environment. The table below summarises 

this data. 
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Figure A2.4: Octahedral titanium sites in barium titanate. The central blue titanium 

atom is surrounded by six bridging oxygen atoms. 

Bond Distance Å 

Ti-O 2.006 

Bond Angle ° 

O-Ti-O 90 

Table A2.3: Bond angle and bond distance data for the octahedral titanium centre in 

barium titante 

 

The figures below show the coordination geometry about the titanium centre in iron 

titanate. The blue polyhedral represent the titanium centres which are in a distorted 

octahedral geometry. These distorted octahedron representations are postulated to be 

more probable for 6-fold coordination about the titanium centre in TiAlPO-5 based 

systems. Similar distorted octahedral sites have also been reported in the reversible 

coordination of adsorbates to the titanium centres in catalysts such as TS-1 and Ti-

MCM-41.
21

 However, it is important to note that these sites may have been observed in 

this ex-situ analysis due to the slow uptake of water molecules during the course of the 

experiment, so firm conclusions cannot be made without comparison to in-situ results 

carried out in a dry atmosphere. 
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Figure A2.5: Left hand image; Iron titanate structure viewed along the a-axis, Right 

hand image; Iron titanate structure viewed along the b-axis. Both representations 

demonstrate the distorted octahedral titanium centres (blue polyhedra). 
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Figure A2.6: Four representations of the distorted octahedral site in iron titanate. The 

central blue atom is the titanium centre surrounded by four bridging oxygens. 

 

The representations above show the distorted octahedral centre in iron titante, 

highlighting the off-set bond along the z-axis and the out of plan equatorial ligands. 

Table A2.4 below lists the crystallographic data for these distorted octahedron. 

From the qualitative assessment of the two samples (of high and low titanium loading), 

while considering the coordination geometry of the two titante samples discussed 

above, it is clear that the titanium centres are similar. However, it must also be 

remembered that the XANES data was taken ex-situ which may slightly alter the 

environment of the titanium centre to higher coordination number due to adsorbed 

species.  
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Table A2.4: Bond length and bond angle data for the distorted octahedral titanium 

centre in iron titante. 

 

The two samples vary slightly between the exact positions of the pre-edge peak and 

can be divided such that the higher loading sample is more characteristic of the 

symmetrical barium titanate octahedral sample, while the lower loading catalyst is 

more similar to the distorted octahedral centre seen on iron titanate. This is logical as 

the distorted octahedral sites are more indicative of single titanium centres in the AFI 

framework, while the symmetrical titanium centres are likely attributed to non-isolated 

titanyl oligomeric patches (TiO
2

).  
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b) Vanadium Edge 

 

As outlined in the previous sections of this discussion, the pre-edge region of a XANES 

spectrum can be used to deduce structural information, such as coordination geometry 

and oxidation state, around a metal centre. Similarly for the titanium centre, the 

position and intensity of the pre-edge peak in vanadium XANES can be used to 

distinguish between the tetrahedral, octahedral (and 5-coordinate) centres. Micro-

XANES analysis has been used by a number of authors
22-24

 to assess the valence and 

coordination geometry of the vanadium in naturally occurring mineral formations.  

Generally, the coordination of V(II) and V(III) sites in oxides and silicates is likely to be 

octahedral, while V(IV) and V(V) sites have a variable range of coordination geometries. 

The V(IV) site in V
2

O
4

 is of distorted octahedral geometry and the analogous V(V) site in 

V
2

O
5

 is square pyramidal, but is often found in tetrahedral sites in many oxide based 

minerals. Sutton et al
24

 have used a series of Schreiber glasses to map the relationship 

between vanadium valence and the intensity of the pre-edge peak as a reference for 

their studies on naturally occurring vanadium based minerals. 

 

Figure A2.7: XAS spectra of three difference valence vanadium compounds, highlighting 

the differences in the pre-edge region. (Adapted from the work by Sutton et al
24

). 
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Figure A2.8: The intensity of the vanadium pre-edge peak displayed as a function of 

the valence about the vanadium centre for Schreiber glass references. (Image taken 

from the work by Sutton et al
24

) 

 

The following vanadium XANES data was collected using the same methods as the 

titanium data described previously. The spectra below are recorded at room 

temperature using an ex-situ cell, where the samples were palletised using cellulose as 

the binder. The pellets were dried for 48 hours at 180°C to minimise the adsorption of 

water molecules prior to loading into the holder in the path of the beam. 

Vanadium (V) oxide was used as the reference sample in these studies as this is the 

oxidation state and coordination geometry which has been shown in our previous work 

to be the most likely for the vanadium centre in the VTiAlPO-5 catalyst. Further, the 

chains of repeating distorted square pyramidal units in vanadium (V) oxide should 

enable the extent of oligermeric V
2

O
5

 regions in higher loading VTiAlPO-5 to be 

qualitatively assessed. The four catalysts studied in this section were the vanadium 

sites in 9% Ti9 %V, 9% Ti1% V, 1% Ti1% V and 1% Ti9% V. Figure A2.9 show the XANES 

region of the XAS data collected along with the vanadium (V) oxide reference sample. 
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Figure A2.9: Vanadium XANES region for high and low loading VTiAlPO-5 samples with 

vanadium (V) oxide reference sample. 

 

All four samples show similar shaped traces and have a pre-edge peak comparable to 

that of the vanadium (V) oxide reference. Comparing the green and yellow traces with 

the red and indigo traces, it is evident that samples with lower vanadium loading have 

much nosier data sets than those with higher loading. Therefore, as for the titanium 
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XANES data, it was not possible to perform linear combination fitting calculations to 

the data and the following discussions are qualitative.  

 

Figure A2.10: Vanadium pre-edge region highlighting the coordination geometry and 

oxidation state about the vanadium centre in VTiAlPO-5. 

 

Figure A2.10 above shows only the pre-edge region of the same spectra on an 

expanded axis. On inspection of the exact position of the pre-edge peak, it is evident 

that the four catalysts can be divided into two groups with slightly different peak 

positions. The green and yellow traces (corresponding to the two lower loading 

samples, have peaks centred just above 5469 eV, while the red and indigo traces 

(those with higher loadings), along with the vanadium (V) oxide reference sample, have 

pre-edge peaks centred at almost 5470 eV. These slight differences could be attributed 

to the beginnings of clustering of vanadium centres when the metal is present in the 

aluminophosphate framework at higher loading.
25

 As has been discussed in previous 

sections, the increase in vanadium species in the aluminophosphate structure has been 

linked to a corresponding increase in oligomeric clusters and speciation of V
2

O
5

 (also 
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alluded to in the DR UV/Vis studies). However, unlike in the case of the higher loading 

titanium species, clustering of vanadium species does not appear to be detrimental in 

the catalytic performance of the higher loading catalysts. These differences may help 

to further unravel the role of each of these metals and their influence on the 

synergistic enhancements in the catalytic processing of alcohols and olefins. 

 

The following figures and discussions looks at the crystal structure of the vanadium (V) 

oxide standard used as a reference in the vanadium XANES study with a view to 

understanding (using indirect inference) more about the active site of the catalysts. 

Figure A2.11 shows the view along the a, b, and c axis of the vanadium (V) oxide 

crystals, highlighting the distorted square pyramidal polyhedron which represent the 

coordination about the vanadium centre. 

 

The vanadium centred square-based pyramids are arranged in alternating sheets where 

the bottom of one of the pyramids faces the bottom of another in an off-set alignment. 

The square-based pyramids are not symmetrical as shown in the three orientations of 

the crystal structure shown below.  
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Figure A2.11: Vanadium (V) oxide – top image, a axis view; Bottom left image, b axis 

view; Bottom right image, c axis view. Blue polyhedral show the distorted square 

pyramidal coordination of oxygen atoms around the central vanadium site. 

 

The representations below and the following tables emphasises the distorted square 

pyramidal geometry in the vanadium (V) structure and summarises the bond lengths 

and bond angles associated with the vanadium centre. 
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Bond Length Å 

V-O1 1.780 

V-O2 1.585 

V-O3 1.878 

Bond Angle ° 

O1-V-O2, O1-V-O3 104.479 

O2-V-O3 105.036 

O3-V-O3 75.469 

Table A2.5: Bond length and bond angle data for the distorted square pyramidal 

moiety in vanadium (V) oxide 

 

Similarly as with the vanadium centre in the AlPO-5 framework, the V-O2 bond distance 

on the apex of the distorted square based pyramid the shortest. However, in the AlPO-

5 framework, this bond is likely to be shorter still as it is a double bonded oxygen 

atom occupying this crystallographic site.  

 

Using the vanadium (V) oxide as a model for the vanadium centre in VAlPO-5, it is 

evident that these XANES studies are consistent with the conclusions drawn in the DR 

UV/Vis and EPR studies discussed previously.  
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Appendix 3  

Chapter 6 - Hierarchically Porous Transition Metal 

Substituted AFI Synthesised with Different Surfactants 

 

Hierarchically porous TiAlPO-5 was synthesised using analogous techniques to those 

discussed in Section 6.2 of Chapter 6. 

 

A3.1 Powder X-ray Diffraction and Unit Cell Parameters 

 

 

Figure A3.1: Powder X-ray diffraction patterns of calcined HP-TiAlPO-5 synthesised 

using three different surfactants. Blue: 3-(trimethoxysilyl)propylhexadecyl-dimethyl 

ammonium chloride [DMOD], Red: Tetradecyl phosphonic acid [TDPA], Green: cetyl 

trimethyl ammonium bromide [CTAB]. 

 

It is evident from the powder x-ray diffraction patterns that the AFI framework has 

been successfully synthesised alongside a mesoporous phase without a secondary 

crystalline phase. 

 

The unit cell parameters in the table below compares the hierarchical AFI structure with 

that of undoped/blank AFI. The unit cell volume deviated further from the undoped AFI 

structure than for those refined for the CoTiAlPO-5 structure in Chapter 6. 
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Surfactant State a /Å c /Å 

Volume 

/Å
3

 

Difference 

a /Å 

Difference 

c /Å 

Difference 

volume /Å
3 

Ti 

DMOD 
As 

Synth. 
13.71 8.40 1367.8 -0.0207 0.0282 0.4 

TDPA 
As 

Synth. 
13.66 8.41 1358.0 0.035 0.0205 10.2 

CTAB 
As 

Synth. 
13.61 8.40 1346.3 0.0837 0.0329 21.9 

Ti 

DMOD Calc. 13.65 8.39 1353.7 0.0383 0.0427 14.5 

TDPA Calc. 13.66 8.36 1350.9 0.0291 0.0712 17.3 

CTAB Calc. 13.66 8.40 1339.8 0.0285 0.0339 28.4 

 

 

AlPO-5 

 

a /Å c /Å 

Volume 

/Å
3 

Blank AlPO-5 13.69 8.43 1368.2 

Handbook 13.8 8.6 1418.4 

Table A3.1: Summary of unit cell parameters for hierarchical TiAlPO-5 using different 

surfactants. 
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A3.2 Isotherms and Pore Size Distribution 

 
 

  

Figure A3.2: Isotherms and pore size distribution for hierarchically porous TiAlPO-5 synthesised with three surfactants. 
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The isotherms and pore-size distribution is also remarkably different from those of the 

CoTiAlPO-5. The sample synthesised using the DMOD surfactant does not show 

notable mesoporosity whereas the TDPA and CTAB samples both show significant 

mesoporosity. The CTAB sample does not show a discrete distribution, rather a large 

range between 50 – 150 Å. 

 

A3.3 DR-UV/Vis Spectroscopy 

 

Figure A3.3: DR UV/Visible spectra of hierarchically porous TiAlPO-5 using three 

different surfactants to produce the secondary porosity. Blue trace: 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride surfactant. Red trace: 

Tetradecyl phosphonic acid. Green trace: Cetyl trimethyl ammonium bromide. Purple 

trace: microporous TiAlPO-5 for comparison 

 

Correspondingly, the nature of the local titanium geometry is also different for the 

monometallic titanium species compared with the bimetallic hierarchical CoTiAlPO-5 

series in Chapter 6. This is also analogous to the results for the microporous 

CoTiAlPO-5 compared with TiAlPO-5 as observed by Paterson et al.
3

 The sample 

synthesised with the CTAB surfactant shows considerable octahedral character, while 

the TDPA (FPAcid) sample also shows notable higher coordination titanium centres. 

The sample using the DMOD surfactant does not show significant octahedral character, 

but as noted above, also does not possess compelling mesoporosity. 
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A3.4 ICP Metal Analysis of Hierarchically Porous TiAlPO-5 and CoTiAlPO-5 

 

CoTiAlPO-5 DMOD TDPA CTAB 

Al 22.1 22.8 24.4 

P 13.6 10 14.9 

Co 0.383 0.447 0.473 

Ti 0.64 0.39 1.2 

Table A3.2: ICP metal analysis of hierarchically porous CoTiAlPO-5 synthesised with the 

three different surfactants. 

 

TiAlPO-5 DMOD TDPA CTAB 

Al 21.9 16.8 19.3 

P 7.7 9.38 10.2 

Ti 3.62 2.39 3.93 

Table A3.3: ICP metal analysis of hierarchically porous TiAlPO-5 synthesised with the 

three different surfactants. 

 

The aluminium to phosphorus ratio in all of the six samples has deviated away from 

the expected unity (or almost unity, after accounting for the transition metal 

framework substitution). The amount of aluminium present is much higher than would 

be expected and therefore it is likely that there is a considerable amount of amorphous 

aluminium phase due to the unreacted precursor. Therefore in future work it will be 

essential to develop an amended synthesis preparation in order to decrease the 

amount of excess aluminium. Examples in the literature include the work by Koekkoek 

et al who noted that the two step process of hierarchical pore formation resulted in the 

incomplete consumption of the amorphous aluminium-rich phase.
26
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Appendix 4 –  

Chapter 6 - Secondary Porosity in Acid Catalysts 

 

A4.1 Defining the Synthetic Window of the Soft Templating Method 

 

The principles of soft surfactant driven synthesis using the one-pot method discussed 

in Chapter 6 was used in order to introduce secondary porosity into two different SAPO 

(silicon aluminophosphates) structures – SAPO-34 and SAPO-5. The cage network 

inside SAPO-34 is even more constrained by the pore aperture than SAPO-5; compare 

7.3 Å with 3.8 Å (see Figure A4.1 for comparison of the structures). Introducing 

secondary porosity into the SAPO-34 structure will allow freer movement of the 

molecules to and from the active sites of the framework. 

 

Figure A4.1: Comparison of framework and pore apertures of SAPO-5 and SAPO-34.
27

 

 

As has been discussed in previous aspects of this work where cobalt, titanium and 

vanadium ions can be isomorphously substituted into the framework positions (at 

either aluminium or phosphorus sites) of the aluminophosphate architecture, silicon 

can also be approached in this way.
28

 In the case of silicon, the Si(IV) ion is believed to 

substitute for the phosphorus atom (in the P(V) state), yielding a net negative charge 

on the framework. Consequently, in order to maintain the overall charge neutrality of 

the framework, a charge compensating proton is associated with the silicon atom. 

Therefore, isomorphous silicon substitution yields a Brønsted acid site which can be 

exploited in acid catalysed reactions.
28-30

 Specifically, the silicon ion cannot undergo 
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redox cycles, unlike the cobalt and vanadium (and in the certain conditions, titanium) 

in the examples discussed in the previous sections of this work. 

 

 

Figure A4.2: Simplified schematic representation of: 1) single silicon substitution at a 

phosphorus framework position producing a Brønsted acid site, and 2) the production 

of siliceous islands by multiple silicon substitutions at both aluminium and 

phosphorus sites. 

 

It is important to note that generating single-site silicon atoms is not trivial and that 

the synthesis parameters of the process must be carefully tuned in order to develop 

this defined active site. It is also outlined in many literature examples that silicon is 

also susceptible to producing siliceous islands, where more than one Si(IV) ion 

substitutes for both aluminium and phosphorus sites.
29,30

 In this case, the island of 

Si(IV) liked together will intrinsically balance the substitution at the Al(III) and P(V) 

framework sites and produce significantly different strengths of acid site (as exactly 

one proton per silicon is no longer required to maintain the framework neutrality.) 

 

Work by Danilina et al
31

 investigated the production of mesopores in the AFI structure 

using different template strategies. It was shown that the sample synthesised using an 

organosilane moiety displayed enhanced catalytic efficiency due to the remarkable acid 

properties over other hierarchical samples synthesised using other types of soft 

(supramolecular) templates and hard templating with carbon pearls. Probe reactions, 

including the alkylation of benzene, and cracking of propane showed superior activity 
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over the purely microporous samples, owing to the favourable diffusion of molecules 

and freer movement within the porous structure.  

 

The work of Ryoo and co-workers
32

 also utilised silicon based mesoporous nanosheet 

(forming MFI layers of 2 nm) to facilitate an acid catalysed reaction. In this case the 

Beckmann rearrangement was shown to proceed with high efficiencies (over bulk 

silicon and microporous analogous), owing in this example, to the favourable silanol 

groups pendant to the surface of the catalyst formed in the presence of the templating 

surfactant.  

 

Phase-pure hierarchical SAPO-5 and hierarchical SAPO-34 were produced using slightly 

modified synthesis procedures developed by Cholerton.
33

 The organosilane, 3-

(trimethoxysilyl)propylhexadecyl-dimethyl ammonium chloride was used as the soft 

supramolecular template in order to introduce mesoporosity into the microporous 

architectures.  

 

In the scoping examples discussed below, the acid site strength and quantity has not 

been deduced as the work was carried out in order to show preliminary proof of 

concept in the hierarchical system. Interesting further work on these systems should 

encompass the determination of the type of silicon site and the number of associated 

protons, in order to build a fuller picture of the subtly different catalysts produced 

upon adding a supramolecular template to build mesopores and deduce the structure-

property relationships of these novel materials.   
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A4.2 Isotherm Analysis of Hybrid Micro- and Mesoporosity in 

Silicoaluminophosphate Structures 

 

Nitrogen isotherms were obtained for the hierarchically porous 

silicoaluminophosphates, and the BJH pore size distribution calculated from these 

data. The figures below show the comparison of the isotherms for the hierarchical 

sample with the microporous sample, followed by the desorption pore distribution for 

both HP-SAPO-5 and HP-SAPO-34. 

 

 

Figure A4.3: Nitrogen adsorption and desorption isotherm for hierarchically porous 

SAPO-5, synthesised using the 3-(trimethoxysilyl)propylhexadecyl-dimethyl ammonium 

chloride surfactant. Blue: Microporous SAPO-5. Red: HP-SAPO-5. 

 

It is evident from the differences in the two isotherms that the addition of the 

surfactant during the one-pot synthesis of hierarchical SAPO-5 has generated 

mesoporosity in the sample. This is observed from the clear differences between the 

microporous and hierarchical isotherm, where the shape and maximum volume 

adsorbed is significantly different. 

 

The BJH pore size distribution also shows that mesoporosity is evidently present in the 

hierarchical sample, with mesopores in the region of 40 Å (between 35 – 45 Å). It is 

interesting to note that the pore-size distribution for the silicoaluminophosphate 
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sample synthesised using the DMOD surfactant is around 10 Å larger than the 

observed distribution for the transition metal substituted hierarchical samples 

synthesised and discussed in Chapter 6. This would suggest that the interaction of the 

surfactant with the crystallising gel is different between the two classes of 

aluminophosphate. Further, it is important to distinguish that the transition metal 

substituted hierarchical samples were synthesised using the specific structure-directing 

agent (SDA) methyl dicyclohexylamine
34

 (MDCHA), while the silicoaluminophosphates 

were synthesised using the non-specific structure-directing agent triethylamine (TEA). 

This suggests that the interaction between the SDA and the surfactant is notably 

different and the change in the local characteristics of the gel plays a key role in 

deducing the final mesoporous properties of the sample. 

 

Figure A4.4: BJH size distribution of mesopores for hierarchical SAPO-5 synthesised 

using ‘DMOD’ surfactant. 

The following figures show the isotherms of hierarchically porous SAPO-34 in 

comparison with mircoporous SAPO-34. For clarity, the isotherms are displayed on full 

scale and on magnified scale in order to observe the considerable differences (Figure 

A4.5 and A4.6). 

 

Similarly with the SAPO-5 example discussed above, the deviation in the two isotherms 

strongly suggests that there is a distinct difference in the two samples and that the 

addition of the supramolecular surfactant in the one-pot synthesis gel has generated 

mesopores. 
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Figure A4.5: Nitrogen adsorption and desorption isotherm for hierarchically porous 

SAPO-34, synthesised using the 3-(trimethoxysilyl)propylhexadecyl-dimethyl 

ammonium chloride surfactant. Blue: Microporous SAPO-34. Red: HP-SAPO-34. Top: 

Full scale isotherm. Bottom: Scaled isotherm, highlighting the differences in the 

shapes and maximum adsorption. 

 

The pore-size distribution for the HP SAPO-34 is similar to that of the HP SAPO-5 

sample, suggesting that the surfactant behaves in a similar manner in both of the 

syntheses.  
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Figure A4.6: BJH size distribution of mesopores for hierarchical SAPO-34 synthesised 

using ‘DMOD’ surfactant. 

 

The structure-directing agent in the SAPO-34 synthesis was TEAOH (tetraethyl 

ammonium hydroxide), which again indicates that the difference in the SDA likely 

interacts with the surfactant in the synthesis to generate larger mesopores than in the 

transition metal substituted examples discussed above where MDCHA was used as the 

SDA. Table A4.1 below summarises the difference between the microporous and 

hierarchically porous SAPO-5 and SAPO-34 samples. 

 

 

BET Surface 

Area /m2g-1 
Vm 

Microporous SAPO-5 251.0 57.7 

Hierarchical SAPO-5 261.9 60.2 

Microporous SAPO-34 479.4 110.1 

Hierarchical SAPO-34 454.9 104.5 

Table A4.1: Summary of BET surface area values for microporous and hierarchically 

porous SAPO-5 and SAPO-34 
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A4.3 Transmission Electron Microscopy (TEM) Imaging of Silicoaluminophosphate 

Catalysts 

 

The hierarchically porous SAPO-34 samples was studied under a transmission electron 

microscope in order to deduce details about the morphologies of the particles, 

especially in comparison to the transition metal substituted samples discussed in 

Chapter 6. 

 

It is evident that the particles of the HP SAPO-34 are considerably more regular and 

angular in appearance than the transition metal substituted structures. This is also 

seen in the work by Ye et al
35

 studying the effect of different structure-directing agents 

and the use of co-directors in the formation of SAPO-34 crystallites. The TEM images 

show that the samples are square (or in some images even diamond in shape) and are 

between 1 – 0.5 µm in size.  

 

The six images in Figure A4.7 are taken at various points in the sample, suggesting 

that the regular angular morphology is consistent throughout the sample. This gives 

(indirect) evidence for the production of one phase in the SAPO-34 sample, which is 

indicated by powder x-ray diffraction to be the desired framework type. 

 



Rebecca Leithall  Appendix 

 497  

  

 

 

 

 

Figure A4.7: TEM images of HP-SAPO-34 synthesised using the DMOD surfactant. 
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A4.4 Acid Catalysed Reactions – Proof of Concept 

 

The hierarchically porous catalysts were tested for their efficiency in dehydrating 

phenyl ethanol in comparison to their purely microporous counterparts. This reaction 

was chosen as the phenyl ethanol molecule is too large to diffuse into the cages of the 

microporous SAPO-34 framework (with a pore aperture of 3.8 Å) while it is the 

optimum size to fit in the channel network of the SAPO-5 structure (with pore 

apertures of 7.3 Å). Additional mesoporous channels will allow the molecules to move 

more readily within the crystallites of the silicoaluminophosphate structures and freely 

allow access to the active acid sites.  

 

Scheme A4.1: Dehydration of 1-phenyl ethanol using a silicon substituted 

aluminophosphate. 

 

The figures below show the conversion over a 2 hour period for the two microporous 

and two hierarchically porous silicoaluminophosphates. 
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Figure A4.8: Conversion of phenylethanol to styrene over a 2 hour reaction period, 

comparing the activity of the microporous SAPO-5 (blue diamonds) with the 

hierarchically porous SAPO-5 (red squares). Reactions were carried out at 100 °C under 

atmospheric pressure in a round bottom flask, using 0.1 g of catalyst, 2 g of 1 phenyl 

ethanol, 2 g of decane (internal standard) and 25 mL of dodecane as the solvent.  

 

The performance of the SAPO-5 catalyst, between 30 minutes and 60 minutes, in fact 

appears better than the hierarchical SAPO-5 catalyst until 90 minutes when the HP-

SAPO-5 catalyst shows an additional 10 % conversion. This suggests that the active 

sites in the two systems are comparable, but as predicted the diffusion advantage in 

the hierarchical SAPO-5 sample owes to a slightly greater conversion. 

 

However, the difference in conversion between the microporous SAPO-34 and the 

hierarchical counterpart is much more pronounced as the diffusional advantage in the 

smaller micropores is greater. During the course of the whole two hour reaction, the 

conversion for the hierarchical sample is distinctly higher than in the microporous 

system, with conversion at two hours reaching a maximum of almost 50 % compared 

with 15 % for the microporous system.  
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Figure A4.9: Conversion of phenylethanol to styrene over a 2 hour reaction period, 

comparing the activity of the microporous SAPO-34 (blue diamonds) with the 

hierarchically porous SAPO-34 (red squares). Reactions were carried out at 100 °C 

under atmospheric pressure in a round bottom flask, using 0.1 g of catalyst, 2 g of 1 

phenyl ethanol, 2 g of decane (internal standard) and 25 mL of dodecane as the 

solvent. 

 

The increased access to the active sites via the mesopores and faster diffusion to and 

from the active sites is demonstrated in both systems with the greatest advantage 

observed in the SAPO-34 catalysts, where the pores are smaller than in the SAPO-5 

system. These findings demonstrate how hierarchical catalysts can be developed in 

order to accommodate larger molecules and accelerate the diffusion of reactants and 

products. 
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A4.5 Silicoaluminophosphates Synthesised using Different Surfactants 

 

Additional samples of silicoaluminophosphates were synthesised using the same 

surfactants as discussed in text of Chapter 6. The plots below show the comparative 

isotherms and pore size distribution for these samples, highlighting the difference 

between the samples and use of different surfantants. 

 

Figure A4.10: Comparison of isotherms for microporous and hierarchically porous 

SAPO-5. Blue: Microporous, Red: HP-SAPO-5 DMOD, Green: HP-SAPO-5 TDPA, Purple: 

HP-SAPO-5 CTAB. 

 

The SAPO-5 sample synthesised using TDPA shows an isotherm which is similar to that 

of the microporous sample, while the other two surfactants show that they both have a 

greater adsorption capacity. However, the pore size distribution suggests that in fact 

mesoporosity is present in all three of the hierarchical SAPO-5 samples. It is interesting 

to note that the sample synthesised using the DMOD surfactant and having the 

isotherm with greatest deviation from the microporous sample, also shows the 

greatest relative number of pores. 
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Figure A4.11: Comparison of pore size distribution for hierarchically porous SAPO-5. 

Blue: HP-SAPO-5 DMOD, Red: HP-SAPO-5 TDPA, Green: HP-SAPO-5 CTAB. 

 

 

Figure A4.12: Comparison of isotherms for microporous and hierarchically porous 

SAPO-34. Blue: Microporous, Red: HP-SAPO-34 DMOD, Green: HP-SAPO-34 TDPA, 

Purple: HP-SAPO-34 CTAB. 

 

The isotherms of the SAPO-34 samples suggest that the sample synthesised using the 

CTAB surfactant has the smaller adsorption capacity and thus is likely the least 

mesporous of the four samples (including the microporous sample). This is confirmed 

on comparing the pore size distribution of the three samples synthesised in the 

presence of surfactant as the CTAB sample shows little evidence of mesoporsity while 
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the other two samples have distinct and discrete pore size ranges of between 35 – 40 

Å. 

 

Figure A4.13: Comparison of pore size distribution for hierarchically porous SAPO-34. 

Blue: HP-SAPO-34 DMOD, Red: HP-SAPO-34 TDPA, Green: HP-SAPO-34 CTAB. 

 

The table below summarises the BET surface area values for the eight 

silicoaluminophosphates. 

 

BET Surface 

Area /m2g-1 
Vm 

Microporous SAPO-5 251.0 57.7 

HP SAPO-5 DMOD 261.9 60.2 

HP SAPO-5 TDPA 152.4 35.0 

HP SAPO-5 CTAB 171.5 39.4 

Microporous SAPO-34 479.4 110.1 

HP SAPO-34 DMOD 454.9 104.5 

HP SAPO-34 TDPA 438.0 100.6 

HP SAPO-34 CTAB 443.7 101.9 

Table A4.2: Summary of BET surface area values for the Hierarchically Porous SAPO 

series synthesised using three surfactants. 
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A4.6 Synthesis of Silicon Substituted Hierarchical Aluminophosphates 

 

The following procedures were adapted from synthesis preparations developed by 

Cholerton for the microporous analogues of SAPO-5 and SAPO-34.
33

 

 

Hierarchically Porous SAPO-5 

Reagent 
Relative 

Molecular Mass 
Ratio Mass /g 

Volume 

/mL 

Aluminium 

Isopropoxide 

204.24 1 2.269 N/A 

Phosphoric Acid 

(85 %) 

97.994 1 1.28 0.76 

Silica Sol (40 %) 60.086 0.2 0.334 0.257 

Surfactant (72 

%) 

496.293 0.05 0.384 0.406 

Triethyl amine 101.04 0.8 0.898 1.24 

Water 18.001 50 10 10 

Table A4.3: Gel ratio for the synthesis of hierarchically porous SAPO-5 using the DMOD 

surfactant. 

 

Aluminium isopropoxide was added to the Teflon cup (which fits into to the steal 

autoclave), and phosphoric acid was added. 5 mL of the water was added, giving a 

chunky white suspension. The mixture was manually worked in order to make the gel 

smoother. The remaining 5 mL of water was added and the white gel stirred vigorously 

for 1.5 hours.The surfactant was administered using a needle syringe, followed by the 

structure directing agent. The thick white gel was stirred for a further hour. Finally, the 

aqueous silica sol was added and the gel stirred to homogenise for 1.5 hours.  

 

The resulting gel was crystallised at 180 °C for 24 hours. The white solid was collected 

by vacuum filtration and washed with distilled water. The solid was oven dried at 60 °C 

overnight, before being checked for phase purity using powder X-ray diffraction. The 

phase-pure sample was calcined at 575 °C for 16 hours under a constant flow of air. 
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Hierarchically Porous SAPO-34 

Reagent 
Relative 

Molecular Mass 
Ratio Mass /g 

Volume 

/mL 

Aluminium 

Isopropoxide 

204.24 1 2.269 N/A 

Phosphoric Acid 

(85 %) 

97.994 1 1.28 0.76 

Fumed Silica 60.08 0.15 0.1 N/A 

Surfactant (72 

%) 

496.293 0.05 0.384 0.406 

TEAOH (35 %) 147.26 0.8 4.67 4.57 

Water 18.001 50 10 10 

Table A4.4: Gel ratio for the synthesis of hierarchically porous SAPO-34 using the 

DMOD surfactant. (note that 10 mL of water is required overall, but only 7 mL are 

added in the synthesis as the additional 3 mL are present in the aqueous TEAOH 

solution.) 

 

Aluminium isopropoxide and TEAOH were combined in the Teflon liner and stirred for 

an hour. The fumed silica was added and stirred for a further 10 minutes. The water 

was added directly followed by the phosphoric acid. The white gel was stirred 

vigorously for an hour to allow the gel to homogenise. Finally the surfactant was added 

to the white gel and stirred for a further hour.  

 

The resulting gel was crystallised at 170 °C for 72 hours. The white solid was collected 

by vacuum filtration and washed with distilled water. The solid was oven dried at 60 °C 

overnight, before being checked for phase purity using powder X-ray diffraction. The 

phase-pure sample was calcined at 575 °C for 16 hours under a constant flow of air. 
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A4.7 Dehydration of Alcohols 

 

The following procedure and the associated calibration of reagent and products 

against the internal standard, where used with thanks to Cholerton.
33

 

 

The catalyst (silicoaluminophosphate, ≡ 0.1 g), internal standard (decane, 2 g) and the 

substrate (1-phenyl ethanol, 2 g) were accurately weighed into a three neck round 

bottom flask. The solvent (dodecan, 25 mL) was added to the reaction vessel, and 

lowered into a pre-heated oil bath (at 100 °C). Immediately a sample was taken to 

represent the t=0 data point. The reaction was stirred and monitored over a two hour 

period using GC analysis. 

 

 

Scheme A4.2: Dehydration of 1 phenyl ethanol yielding styrene. 

 

Small samples were analysed by GC (Perkin Elmer, Clarus 480) using an Elite-5 column 

(30 m, 0.25 mm ID column coated with 0.25 µm of a 5 % diphenyl-95 % dimethyl 

polysiloxane) and Flame Ionisation Detector (FID). The products were identified and 

quantified by using mesitylene as an internal standard and employing the calibration 

method. In a standard GC analysis, a small aliquot of sample was removed from the 

reaction and centrifuged to remove suspended particulates. The supernatant solution 

was decanted and analysed.  
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A4.8 Summary of Study on Hierarchically Porous Acid Catalysts 

 

Studying two different silicoaluminophosphate structures showed that the addition of 

surfactant into the one-pot synthesis of aluminophophate frameworks is relatively 

flexible and can be extended beyond transition metal substituted AFI and into silicon 

substituted AFI and CHA structures. 

 

Isotherm and pore-size analysis confirms the presence of mesopores in the two 

hierarchical structures, which are intriguingly different in size to those formed in the 

transition metal substituted samples. Further study concerning the concentration of 

surfactant used in the synthesis, the chain length and the type of surfactant would also 

apply to these structures and are likely to show remarkably different trends. (See 

conclusions in Chapter 6). 

 

Preliminary catalytic testing of the two hierarchical catalysts in comparison to the 

microporus counterparts highlighted the differences in conversion between the two 

systems and emphasises the scope for these catalysts to be used in other acid 

catalysed reactions such as the Beckmann rearrangement of oximes.
32

 Altering the ring 

size of the oxime and testing it in different hierarchical systems would allow further 

structure-property correlations to be deduced.  

 

In the scoping studies with the silicon substituted frameworks, the type, strength and 

nature of the acid site has not been accounted for. Therefore further interesting 

studies would allow for spectroscopic work to be undertaken using methods such as 

FT-IR with probe molecules, solid state silicon NMR and ammonia TPD to link these 

properties with the activity of the hierarchical catalysts. Fluctuations in the activity of 

the catalyst may be attributed to the nature of the acid site as well as the accessibility 

to the active sites via the mesoporous channels. 
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Appendix 5 – 

Aerobic Oxidation of Alcohols Using Hybrid 

Porous-Extruded Gold Catalysts 

 

This section of work discusses preliminary catalysis studies carried out on a hybrid 

system of a microporous support framework with particulates of gold “decorated” on 

the surfaces (achieved by thermal decomposition of the tetrachloroaurate anion). The 

framework studied is based on a copper chloropyrophosphate motif with added 

functionality by the addition of complex anions through the pores of the architecture. 

The model reaction used to compare the series of catalysts was the oxidation of benzyl 

alcohol using molecular oxygen – a reaction which is frequently documented to be 

catalysed by gold-based systems.  

 

 

Scheme A5.1: Representation of the oxidation of benzyl alcohol to benzaldehyde using 

gold extruded copper chloropyrophosphate structure as the catalyst and molecular 

oxygen as the oxidant. 
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A5.1 Strategies for the Oxidation of Benzyl Alcohol 

 

A5.1.1 Greener and Cleaner Oxidation Routes to Forming Benzaldehyde 

 

The selective oxidation of primary alcohols to their corresponding carbonyl 

compounds (aldehydes or acids) is a fundamentally-important reaction in organic 

synthesis
36,37 

and is of considerable industrial significance in the fine-chemicals industry 

for the production of perfumes and flavouring agents.  In particular, the selective 

oxidation of benzyl alcohol to benzaldehyde is of paramount importance in the 

synthesis of a range of pharmaceutical intermediates (e.g. mandelic acid), plastic 

additives, photographic chemicals and certain aniline dyes.
38

  Conventional, industrial 

methods of alcohol transformation involve the use of stoichiometric amounts of 

chromate, permanganate or TPAP/NMO (tetra-N-propylammonium perruthenate/ N-

methyl-morpholine-N-oxide) as oxygen donors.
39

 A majority of these reagents, 

however, are not very selective for the formation of the desired product, as the 

aldehyde formed is further oxidised to the corresponding acid, via the hydrate.  

Moreover, these reagents are expensive, environmentally-unfavourable, generate 

stoichiometric amounts of metal-waste and have serious toxicity issues associated with 

them.
40

 Developing environmentally-benign, atom-efficient, sustainable, single-site 

heterogeneous catalysts that, ideally utilise molecular oxygen as the oxidant for the 

selective oxidation of primary alcohols, is therefore of vital importance from an 

economic and environmental viewpoint.  

 

Yu et al
41

 have recently described an aqueous soluble catalyst system, based on metal 

dodecanesulfonate salts and using hydrogen peroxide as the oxidant. In this process, 

although not strictly an heterogeneous system, the catalyst showed excellent potential 

in the conversion and selectivity of benzyl alcohol to benzaldehyde by exploiting the 

bi-phasic nature of their catalyst system in relation to the organic reagent phase. The 

in-solubility of the benzaldehyde product at the bi-phase solvent front is believed to 

aid in the selectivity of the reaction towards the aldehyde product. The most effective 

of their dodecanesulfonate catalysts was the ferric based catalyst, aided by the Lewis 

acidic nature of the active centre in coordinating to the oxidant and reagent species. 

Scheme A5.2 below hypothesises the mechanism by which this reaction proceeds, 

including the activation of the peroxide species, followed by the coordination and 

reaction of the benzyl alcohol product, yielding benzaldehyde. Due to the bi-phasic 

nature of this system, the catalyst can also be easily recovered and maintains high 

conversion and selectivity for over three cycles. 
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Scheme A5.2: Catalytic reaction mechanism for the iron-dodecanesulfonate complex 

facilitated oxidation of benzyl alcohol. 

 

Other examples of exploiting the so-called “phase-transfer catalysts” are shown in work 

by Sato et al
42

, where the use of a sodium tungstanate catalyst and quarternary 

ammonium hydrogensulphate co-catalyst allows the processing of many ring 

substituted benzyl alcohol derivatives using hydrogen peroxide at 90 °C. 

 

Building on the studies by Sato et al
42

 using biphasic tungsten and molybdenum based 

catalysts, simple tetra-alkylpyridinium octamolybdate catalysts developed by Ming-Lin 

et al
37

 were also shown to exhibit excellent conversions and selectivties towards 

benzaldehyde under mild conditions and in short reaction times. Conversions and 

selectivities in excess of 90 % were observed after less than 2 hours of reaction. The 

biphasic nature of the system was used in order to recycle the catalyst.    

 

The above examples are also based on the biphasic nature of the aqueous hydrogen 

peroxide oxidant and the organic reagent phase and separation of the catalyst, and 

although feasible and effective, requires work-up stages to ensure the catalyst has not 

mixed with the organic product phase. With this in mind, other research efforts have 

focussed upon the ease of separation by the simple filtration of a solid phase catalyst 

from the heterogeneous organic reaction phase. One such example is seen in the work 

by Pillai et al,
43

 using an ion exchanged Fe
3+

/montmorillonite catalyst and hydrogen 

peroxide oxidant. High catalytic activity of this system requires longer reaction times 

(unlike the examples above) but readily proceeds with modest conversions (of around 

40 %) but with 100 % selectivity towards the aldehyde product. The slower reaction 



Rebecca Leithall  Appendix 

 512  

time is believed to originate from the prevailing reaction mechanism which requires 

the activation of a binuclear bridged iron-peroxide species; believed to be the rate 

determining step of the reaction. 

 

Further to this example, recent work by Dzierzak et al
44

 have shown that encapsulation 

of amino acids coordinated to transition metal centres, provides a bio-mimetic 

approach to the oxidation of benzyl alcohol. In this example, molecular oxygen was 

harnessed as the active oxidant species in the iron-proline based heterogeneous 

catalyst. Conversions above 60 % and selectivities at almost 100 % were observed for 

this system, highlighting the design of enzyme-mimetic haeme-based oxidation 

catalysts. 

 

Figure A5.1: Diagrammatic representation of an amino acid-iron complex encapsulated 

inside the supercages of zeolite X.
44

 

 

Other examples of active ligand-based catalysts - in an heterogeneous, supported 

arrangement - includes perruthenate structures and palladium-ligand systems hosted 

by MCM-41 mesoporous silicates.
45

 

 

In a combined experimental kinetic and computational study
37

, alcohol oxidation using 

palladium-ligand systems was studied by Schultz et al. in order to fine tune the 

complementary ligand system. Catalyst-ligand accelerated oxidations using TEA and 

pyridine coordinated to a palladium centre has revealed a greater understanding of the 

kinetics of the two stage oxidation; involving the binding of the alcohol substrate to 

the palladium centre, followed by deprotonation of the alcohol group (yielding a Pd-

alkoxide) which then undergoes ß-hydride elimination (leaving a Pd-hydride site). 

Regeneration of the catalyst is achieved by the ligands and the oxidant, as shown in 

the mechanistic representation in Scheme A5.3. 
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Scheme A5.3: General mechanism for the palladium-ligand catalysed aerobic oxidation 

of benzyl alcohol 

 

Further palladium-ligand examples include the water soluble system described in 

reports by Sheldon and co-workers
36,46

. In this example a biphasic (water and alcohol) 

solvent system was used while oxygen was harnessed as the oxidant, yielding 

reactions with 100 % conversion (and although selectivities were also in excess of 95 %, 

the recovered yield was consistently around 90 %). In this example, a bridged dinucelar 

palladium species breaks into two components, exposing the reactive “face” of the 

palladium centre, which is able to coordinate with the alcohol substrate. A similar 

deprotonation and ß-hydride elimination mechanism is proposed, where the role of the 

oxidant is to regenerate the active site. This catalyst system proved to be active for a 

number of substrates, including linear, cyclic, allylic and aromatic alcohols. 
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A5.1.2 Oxidation Strategies Using Nanoparticles on Solid Supports 

 

Facilitating the selective oxidation of a primary alcohol to an aldehyde and preventing 

further oxidations is a challenging transformation. The over oxidation of the aldehyde 

to form a carboxylic acid is crucially avoided in ligand based systems due to the 

chelating nature of the carboxylic acid, which can coordinate to the active metal centre 

and remove it from the catalyst.
47

 Forming a system with a hydride pendent ligand can 

facilitate the further oxidation of the aldehyde, yielding the carboxylic acid. With this in 

mind, stable and uncoordinated nanoparticulate systems have been explored. 

Achieving precise control over the particle distribution is an important challenge in this 

area of research and a lot of work has been done into ensuring that the unique 

electronic, optic and magnetic properties of nanoscale particles with high catalytic 

potential is capitalised in these systems.
48

  

 

Alcohol and polyol oxidation using supported noble metal catalysts have been a 

thorough area of research in recent years. Of particular interest are the platinum group 

metals
49

 which are very effective in the activation of alcohols and oxidant (both 

peroxide based and molecular oxygen). The high activity of these sites also makes 

them susceptible to poisoning by other small molecules which renders the catalyst 

centre inactive. Using bimetallic alloys (by carefully engineered deposition methods) 

can act as both promoters (by altering the electronic characteristics of the core metal) 

and as sacrificial sites which aid in the prevention of adsorption by poisoning 

components.  

 

Recent work by Chen et al
50

 have exploited the MIL-101 structure as a support for 

colloidal deposition of palladium nanoparticles. Using this system, a range of alcohol 

substrates were effectively (conversions above 95 %) and selectively (above 98 %) 

oxidised to the corresponding aldehyde at ambient temperature using air. MIL-101 is a 

metal organic framework with chromium ions at the apex of the polyhedral, and 

possesses high stability in aqueous media (a desirable characteristic of a 

heterogeneous catalyst system, that is often not achieved in MOF-based structures). It 

is believed that the intrinsic Lewis acidity of the framework, coupled by the synergistic 

enhancement of the open chromium sites in the MIL-101 structure, facilitate the 

palladium nanoparticles in the effective catalytic oxidation of alcohols. The remarkable 

feature of this catalytic system is the high conversions observed for diol substrates (for 

example trans-2-hexen-1-ol and alcohols with a heterocyclic motif (such as 2-

pyridinemethanol and furfuryl alcohol).   
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Further promising examples of palladium nanoparticles are presented from the group 

of Kaneda
48,51,52

, where hydroxyapatite-supported clusters were used to oxidise alcohols 

using molecular oxygen at atmospheric pressure. In this example, the nanoclusters 

where generated during the reaction in-situ by the presence of the alcohol reagent. 

Monomeric PdCl
2

 species were chemisorbed onto the surface of the hydroxyapatite 

support, which under the reaction conditions in the presence of the alcohol were 

converted to Pd(0) nanoclusters with a narrow particle size distribution. This method of 

generating active centres in-situ, negates the need for a pre-treatment activation step 

before the catalyst can be used in the reaction. In-depth studies on the particle size 

and individual sites on the particles has allowed for a greater understanding of the 

mechanistic control in this catalytic system. It was discovered that the different faces 

of the nanoscale crystals behaved very differently and those atoms placed on the edge 

terrace sites of the nanocrystals were responsible for the activation of the alcohol 

substrate, owing to the lower coordination number.
48

 This study demonstrates that 

controlling nanoparticle growth is of paramount importance in the development of 

these types of catalyst system. 

 

Drawbacks of the systems described above is their high dependence on palladium 

metal; a precious and expensive precursor. To this end, much work has focussed on 

alloying two metals into catalytically active particulates so that the electronic 

properties of the individual metals can be tuned for the required reactions. Many 

examples of this in the literature encompass the formation of gold-palladium and gold-

platinum nanoparticles on various supports
49,53-56

. In these examples, both the metal-

alloy interaction and the support interactions can play a role in the catalytic cycle and 

show enhanced conversions due to the synergistic influence of all the components. 

 

Work by Hutchings and co-workers
41,53,56

 have used a (Au-Pd) nanoparticle alloy 

supported on a number of different oxides to facilitate the oxidation of benzyl alcohol. 

In a report in ‘Science’, it was shown that the introduction of gold metal to the 

palladium-TiO
2

 system increased the reaction selectivity towards the aldehyde. 

Combined XPS and TEM analysis showed that the two metals were not evenly 

distributed throughout the nanoparticle and that under calcination (or annealing) 

conditions the surface of the particle became palladium-rich. From this core-shell 

arrangement it was suggested that the presence of the core of gold, promoted the 

electronic interactions of the palladium metal with an approaching substrate in a 

synergistic and favourable manner. However,  it had been observed in their original 

system of (Au-Pd)/TiO
2

41

 a significant amount of toluene was formed from a 

disproportion reaction between two benzyl alcohol reagents (giving benzaldhyde and 

toluene). Testing analogous monometallic supported nanoparticles showed that the 
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metals alone were considerably less active. Gold-nanoparticles alone showed much 

lower conversion but no toluene was produced. Monometallic palladium nanoparticles 

however, showed a considerable induction period and continued to produce a 

significant quantity of toluene. The synergy between the two metals in the mixed alloy 

was evident,
56

 but the selectivity of the reaction continued to prove challenging. In a 

further study, it was also shown that the support plays an important role in the 

interaction of the substrate and thus the selectivity profile of the catalysis reaction.
56

 It 

was found that while the original TiO
2

 support and other variants such as Nb
2

O
5 

 and 

activated carbon, facilitated the disproportionation mechanisms, switching to MgO or 

ZnO, sufficiently suppressed this pathway. These variations are attributed to the 

difference in acidity between the supports and highlights how the catalyst can be 

tuned to effectively increase the desired selectivity profile. 

 

Other examples of the support playing a key role in the catalytic turnover of the 

alcohol substrate is described by Corma and co-workers
55

 in a gold-based system 

supported on a range of oxides. In this example, gold supported on nanocrystalline 

ceria was compared with gold supported on ‘conventional’ ceria. It was concluded in 

these studies that the nanocrystalline ceria surface was more efficient at stabilising the 

positive oxidation states of gold (Au
3+ 

and Au
+

; also detected in surface XPS studies), 

than the conventional ceria surface. This generates oxygen-deficient regions in the 

support surface which are active in the catalytic cycle in a Mars van Krevelen-type 

mechanism.
57

 

 

Work by Choudhary et al
58

 suggests that both the support and the method of 

nanoparticle preparation shows a profound influence on the activity of the catalyst, by 

altering the ratio of Au
3+

/Au
0

 in the nanoparticle. It is proposed that the electronic 

influence of the support can help to stabilise the higher oxidation states, which are 

also more active in alcohol oxidation. This is expressed diagrammatically in Figure 

A5.2. This is also the trend discussed in the previous example comparing ceria 

supports
55

.  

 

Figure A5.2: Schematic of gold-nanoparticle interaction with the support material. 

 

The table below summarises a few examples of the current leading strategies in the 

oxidation of benzyl alcohol: 
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*DNS = Does not say – ie: information is not explicitly given in the literature 

Table A5.1: Comparison of different catalytic systems for the oxidation of benzyl alcohol using O
2

 and H
2

O
2 

 

Catalyst System 
Time 

/hours 
Temp 

/K 
Oxidant Pressure Conversion Selectivity 

Additional 
Information 

Reference 

[Rb9Cu6(P2O7)4Cl].[Au(0,III)0.55Cl3.18]Cl2 

Calcined at 500°C 
Uncalcined 

5 425 O2 2MPa of Air 
 

51.3 
98.6 

 
95.0 
23.3 

Tertiary Butanol 
Solvent 

The following 
discussions 

1%Au-Cu/SiO2 
Flow 

Process 
586 O2 

Flow Rate 2 
mL min

-1
 

98 99 Vapour Phase Pina et al.
59

 

2.5%Au-2.5%Pd/TiO2 8 373 
Hydrogen 
peroxide 

and oxygen 
0.2 MPa pO2 74.5 91.6 -  Enache et al.

60
 

Pumice-Supported bimetallic and 
monometallic Pd/Ag 

DNS
* 

333 O2 
2 atm of pure 

O2 

K[molbenzaldehyd

e] = 95 
95 

Acetonitrile 
Solvent 

Liotta et al.
61

 

Hydrotalcite-like M(II) and M(III) ions 
structures 

5 483 O2 

Bubbled O2 

through glass 
batch system 

“Cu-Cr-HT” = 
50.9 

“Co-Fe-HT” = 
12.5 

70.1 
94.3 

Solvent-free  Choudhary, et al. 
54

 

Palladium(II) ethanoate 28 353 O2 1 atm of O2 12.8 DNS
* 

Ionic Liquids 
such as 

[C6mim]Cl and 
[C6mim][BF3] 

 Seddon et al.
62
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A5.2 Copper Chloropyrophosphate Frameworks as 

Nanocrystal Hosts. 

 

A5.2.1 The Copper Chloropyrophosphate Structure 

 

Framework compounds that integrate neutral and cationic species into pores and 

cavities are well known, but more recent interest has centred on systems that 

incorporate anions. These materials are of interest in applications ranging from anion 

trapping for waste treatment (including radionuclides),
63

 anion recognition and 

separations
64

 and anion transport membranes in biological and fuel cell systems.
43,65

  

 

Recently the hydrothermal synthesis of a copper chloropyrophosphate framework with 

a highly flexible structure that incorporates a range of complex inorganic anions, 

including uniquely, those of the late transition and platinum group metals into its one-

dimensional channels, has been reported. A “breathing mode” of this framework 

facilitates its expansion and contraction to incorporate (selectively) different sized ions 

within the channels. Colour changes associated with this anion exchange impart an 

anion recognition function to this behaviour. Partial thermal decomposition of the 

complex tetrachloroaurate anion, [AuCl
4

]
–

 (contained within the pore of the parent 

framework) produces a porous copper chloropyrophosphate, with gold particles 

extruded on its surface.  

 

 

Figure A5.3:. [Rb
9

Cu
6

(P
2

O
7

)
4

Cl][AuCl
4

]Cl
3

; [AuCl
4

]
-

 structure (left, viewed along the c-axis) – 

when heated forms porous framework and gold nanocrystals (right). Au-yellow, Cu-blue, 

P-green polyhedra, O-red, Cl-green, K-purple. 
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The series of framework materials of the general formula A
x

Cu
6

(P
2

O
7

)
4

Cl
(x-6)

(TX
4

),
66

 were 

synthesised under hydrothermal conditions forming a highly crystalline product. 

Individual crystals were of cuboid morphology with dimensions typically greater than 

100 μm, allowing structure determination using single crystal X-ray diffraction 

methods. The parent framework structure type is that of the previously reported CU-2
67

 

framework consisting of a μ4

 chloride ion at the apex of 4 x CuO
4

Cl square-based 

pyramids. These quartets are linked by pyrophosphate, P
2

O
7

, groups, to form one 

dimensional chains, within the cavities between [CuO
4

]
4

Cl[P
2

O
7

]
4

 blocks along the c-

direction occupied by A
+

 cations. The [CuO
4

]
4

Cl[P
2

O
7

]
4

 units are cross-linked, via a 

shared oxygen atom on a P
2

O
7

 unit, in the ab plane by square-planar CuO
4

 groups, 

producing a square grid of one-dimensional channels with dimensions ~12×12 Å.  
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A5.2.2 Rb
9

Cu
6

(P
2

O
7

)
4

Cl.[AuCl
4

]Cl
2

 

 

The following discussion focuses on the framework where the “A” cation is rubidium, 

while the complex anion (denoted above as TX
4

) is the tetrachloroaurate anion, [AuCl
4

]
-

. 

 

Thermal gravimetric analysis (TGA) of this phase, in combination with variable 

temperature powder X-ray diffraction (PXD) studies, showed the formation of elemental 

gold, first detected as a crystalline form at 400°C, prior to the decomposition of the 

parent copper phosphate framework, which only occurs above 550 °C.  

 

 

Figure A5.4: Thermogravimetric analysis of Rb
9

Cu
6

(P
2

O
7

)
4

Cl.[AuCl
4

]Cl
2

 

 

Thermolysis thus proceeds initially with the decomposition of the extra-framework 

[AuCl
4

]
-

 species to form gold metal (and evolving chlorine gas). Remarkably single 

crystals of Rb
x

Cu
6

(P
2

O
7

)
4

Cl
(x-6)

(AuCl
4

),
68

 heated to 500 °C were sufficiently intact to allow 

single crystal X-ray diffraction analysis, and the results demonstrated loss of the gold 

containing species from the channel and formation of a highly porous channel system.  
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Figure A5.5: Variable temperature X-ray diffraction data for Rb
9

Cu
6

(P
2

O
7

)
4

Cl.[AuCl
4

]Cl
2

. 

Top pattern displays predicted pattern, subsequent patterns were collected at 50 °C 

intervals between 100 and 800 °C. 

 

The gold metal produced is extruded onto the surface of the porous Rb
x

Cu
6

(P
2

O
7

)
4

Cl
(x-6) 

crystals and at the higher decomposition temperatures  (400-500 °C) forms as 

nanometre sized crystals, identified by SEM.
69

 While microcrystalline gold metal was 

only observed by PXRD and SEM on samples heated above ~400 °C it is likely that 

smaller particle size material will be extruded at lower temperatures, especially given 

that salts containing the [AuCl
4

]
- 

anion generally decompose near 200 °C. It is clear that 

the [AuCl
4

]
 – 

anion is stabilised to a considerable degree by trapping it inside the copper 

chloropyrophosphate framework. 

 

EDX (energy dispersive X-ray) analysis of the gold particles, in comparison to the bulk 

metal framework, for the same thermally treated system at 500 °C, showed that gold 

was no longer in the framework, but had migrated onto the surface, providing a 

number of discrete gold particles. The two EDX experiments in Figure A5.6 

demonstrate this phenomenon.   
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Figure A5.6: EDX of Rb
9

Cu
6

(P
2

O
7

)
4

Cl.[AuCl
4

]Cl
2 

after calcination at 500 °C. Spectrum 1 (left) 

is taken of a particle of gold on the surface of the framework structure. Spectrum 2 

(right) is taken of the bulk structure. 

 

SEM (scanning electron microscopy) also clearly showed the appearance of the gold 

particles on the surface of the copper chloropyrophosphate structure, allowing the 

particle sizes to be estimated at being as big as 2 μm (2000 nm). 
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Figure A5.7: SEM image of Rb
9

Cu
6

Cl(P
2

O
7

)
4

Cl
2

 after heating to 500°C showing gold 

crystals extruded on to the surface of the porous copper chloropyrophosphate crystal. 
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A5.3 Oxidation of Benzyl Alcohol using  

Rb
9

Cu
6

(P
2

O
7

)Cl[AuCl
4

]Cl
2

 

 

A5.3.1 Oxidation Studies Using Catalysts Prepared at Different Calcination 

Temperatures 

 

The tetrachloroaurate entrapped copper chloropyrophosphate structure was calcined at 

three different temperatures (500 °C, 400 °C and 300 °C) for two hours, prior to use in 

catalysis. The reaction was carried out in a high-pressure, PTFE-lined, stainless-steel 

stirred batch reactor to catalyse the oxidation of benzyl alcohol with molecular oxygen. 

The catalytic reactions were also carried out with the uncalcined (as synthesised) 

sample for comparison.  

 

 

Figure A5.8: Conversion and selectivity data for the four different catalyst systems 

after 5 hours of reaction. Blue bars = Conversion, Red bars = Selectivity towards 

benzaldehyde and Yellow bars = Selectivity towards benzoic acid. The labels on the x-

axis refer to the pre-treatment of the framework prior to use in catalysis.  

Conditions: (Rb
9

Cu
6

(P
2

O
7

)
4

Cl
3

[AuCl
4

]) calcined at 500 °C ≡ 0.02g (8.9 x 10
-6

 mol); T = 

425 K; Oxidant (air) 2.0 MPa; Benzyl Alcohol ≡ 0.058 mol; Solvent (t-butanol) = 60 mL, 

Internal standard method (diglyme). 

  

The sample calcined at 500 °C afforded modest conversions but impressive catalytic 

turnovers (TON = 3095); it was also noteworthy that the selectivity for benzaldehyde 

was consistently ≥ 95 % (mole) over the entire path of the reaction. However, it was 

interesting to note that the uncalcined sample and sample calcined at only 300 °C 

yielded almost 100 % conversion; but with selectivities favouring the benzoic acid, 

which results from the further oxidation of benzaldehyde. 
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Figure A5.9: Conversion (top) and Selectivity (bottom) for the four catalyst systems. 

Triangles = Calcined at 500 °C, Diamonds = Calcined at 400 °C, Circles = Calcined at 

300 °C, Squares = Uncalcined/As synthesised sample.  

Conditions: (Rb
9

Cu
6

(P
2

O
7

)
4

Cl
3

[AuCl
4

]) calcined at 500 °C ≡ 0.02g (8.9 x 10
-6

 mol); T = 

425 K; Oxidant (air) 2.0 MPa; Benzyl Alcohol ≡ 0.058 mol; Solvent (t-butanol) = 60 mL, 

Internal standard method (diglyme). 

 

It is suggested in the work of Kaneda and co-workers
70

 that in their palladium 

supported hydroxyapatite system, the catalyst could be activated in-situ of the reaction 

by the presence of the alcohol substrate, which aided in the reduction to Pd(0) and 

subsequent clustering of the naked metal atoms. Comparing the unactivated with the 

activated system, there was a considerable induction period where the catalyst showed 

both low activity and indiscriminate selectivity. It can be argued that to a certain 

degree, and a similar phenomenon is seen in these systems.   
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However, this does not offer a sufficient conclusion to consider the marked difference 

in the selectivity of the two catalysts (ie: calcined at higher temperature versus the 

uncalcined catalyst).   

 

Further to the potential generation of in-situ nanoclusters in the uncalcined 

(unactivated) system, it can also be argued that the differences in catalyst selectivities 

are due to the intrinsic strongly oxidising
71

 and indiscriminate nature of the tetraurate 

anion. Therefore in the uncalcined catalyst, its activity is mostly from the entrapped 

anions in the channels of the framework structure. It may also be argued that this may 

make the uncalcined system less heterogeneous in nature and thus more susceptible 

to leaching of the gold anions. For these reasons, thorough recycle tests were carried 

out and are discussed in the following section.  

 

Literature also discusses
70

 the activity of the nanoparticulates of gold with reference to 

their size and thus their facial to edge atom ratio. The scheme below shows how the 

cluster of gold atoms may interact with the support in order to generate a stabilised 

Au(III) species and subsequently activate and facilitate the oxidation of the benzyl 

alcohol substrate. 
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Scheme A5.4: Schematic of the possible reaction mechanism for the oxidation of 

alcohols on the surface of gold nanoclusters.
70

 

 

It can therefore be suggested that on one hand the difference in conversion and 

selectivity are owed to the different amount of the tetraaurate anion which have been 

thermally decomposed in the activation process. In this argument, at higher 

temperatures (500 °C) the catalyst has only extruded Au(0) metal, while at lower 

temperatures (400 °C) and below, there are still tetraurate anions present, which are 

strongly oxidising indiscriminate.
71

  

 

However on the other hand, discussions between the activity of the catalysts calcined 

at 400 °C and 500 °C could also have some contribution from the type of gold atom 

sites which are generated during the thermal treatment of the catalyst prior to use. 

Literature suggests
70

 that the edge atoms are more active in facilitating selective 

oxidation than the facial atoms (with a higher coordination number) as they have a 

lower coordination to other gold atoms. This allows them to generate active and 

stabilised (by both the framework and the surrounding gold atoms by electronic 

influences) Au(III) species. It may be argued that there are different arrangements of 

the gold particles formed in the two pre-treatment temperatures which thus result in a 
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different number of edge atoms to facial atoms. Overall, this will cause a considerable 

difference in the conversion and selectivity of the catalyst. 

 

The following plots in Figure A5.10 show comparative conversion, selectivity and yield 

(to benzaldehyde) for each of the catalysts. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure A5.10: Conversion, selectivity and yield profiles over the 5 hour reaction for the 

catalyst calcined (a) at 500 °C, (b) at 400 °C, (c) at 300 °C and (d) Uncalcined 

framework. 

 

Table A5.2 summarises the data, including the turnover number for the reaction, 

based on the number of gold atoms in the system (using the compound formula for 

the structure). 
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Time 
Conversion 

(%) 

Selectivity 

Benzaldehyde 

Selectivity Benzoic 

Acid 
TON 

1 24.8 95.12 4.88 1496 

2 40.2 95.91 4.09 2425 

3 46.6 95.53 4.47 2811 

4 47 95.15 4.85 2835 

5 51.3 95.01 4.99 3095 

 

Table A5.2: Summary of conversions and selectivities with associated turnover number 

for the catalysts calcined at 500 °C.  

 

The value for the turnover number has been calculated relative to the number of gold 

atoms in the molecular unit of the catalyst system; ie: Rb
9

Cu
6

(P
2

O
7

)Cl[AuCl
4

]Cl
2. 

In reality 

it is likely that not all of these gold atoms will actually play a role in the catalytic 

turnover of the alcohol to the aldehyde (as outlined in the nanoparticle discussions in 

the section above). Therefore the overall turnover number of the catalyst relative to the 

number of gold atoms actually active in the catalytic cycle will actually be higher than 

has been estimated in the values quoted above. This can also thus be argued that the 

system is inefficient in gold and shows therefore that there is potential scope for 

controlling the calcination process of the gold particle extrusion onto the surface of 

the metal framework. This will allow less atomic gold to be used and may also increase 

the activity and selectivity of the catalyst, by producing more edge atoms of gold and 

thus fewer facial atoms.  
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A5.3.2 Recycle Studies of the Gold-based Catalysts 

 

Stringent recycle tests, investigated the structural integrity of both the uncalcined and 

calcined (at 500 °C) catalysts after reaction and ICP analysis of the reaction mixture 

demonstrated the stability, versatility and reusability of these systems. Powder XRD of 

the fresh and used catalysts both show consistent reflections, and the presence of the 

elemental gold particles further confirms the integrity of these catalytic systems. 

Further, ICP showed that negligible (<0.1 ppm) amounts of gold were observed in the 

reaction mixture, further confirming the heterogeneous nature of these systems, as 

leaching of gold (if any) was below the detection limits of the ICP method used. 

 

Recycle Data for Uncalcined Catalyst: 

 

Figure A5.11: Powder X-ray diffraction patterns for uncalcined Rb
9

Cu
6

(P
2

O
7

)
4

Cl
3

[AuCl
4

]: 

Red – Before use in catalytic cycle, Blue – After 2 cycles in catalytic reactor, Black – 

Predicted pattern for starting material. 

 

Data indicate the formation of small levels of elemental gold (peaks at 38.24° and 

44.45°) in the recycled catalyst as expected from initial reaction of benzyl alcohol with 

AuCl
4

-

, however under these conditions conversion remains high and selectivity still 

favours benzoic acid formation, see Table A5.3. 
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Table A5.3: Summary of catalytic turnovers at 150 °C in the oxidation of benzyl alcohol 

with air after 5 hours. 

Uncalcined Rb9Cu6(P2O7)4Cl3[AuCl4] – recyclability 

% 1st cycle 2nd cycle 

Conversion 97.4 98.2 

Selectivity (benzaldehyde) 27.71 16.99 

Selectivity (benzoic acid) 72.29 83.01 

 

Likening these systems to the analogous palladium systems discussed by the group of 

Kaneda
70

 in their study of palladium nanoparticulates on the surface of hydroxyapatite, 

the clear and remarkable differences in the activity of this catalyst calcined (or 

annealed) at different temperatures can be suggested. In this palladium supported 

hydroxyapatite study, it was shown that unactivated palladium monomeric units were 

susceptible to activation – reduction to Pd(0) and clustering of atoms – which then 

showed good activity in the oxidation of alcohols. While showing an overall activity 

which was similar to that of their pre-activated counterparts, there was also a 

considerable induction period associated with the unactivated form of the catalyst. The 

induction period suggested that the catalyst required some time in order to form its 

activated state. In the case of the results shown above, it can also be argued that the 

uncalcined (or unactivated) sample may also undergo reduction of the tetraurate anion 

and subsequent clustering of the naked Au(0) atoms.  
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Recycle Data for Catalyst Calcined at 500 °C: 

 

Figure A5.12: Powder X-ray diffraction patterns for calcined Rb
9

Cu
6

(P
2

O
7

)
4

Cl
3

[AuCl
4

] 

(500 °C): Purple – Before use in catalytic cycle, Green – After 2 cycles in catalytic 

reactor, Black – Predicted pattern for uncalcined starting material. Gold peaks in 

calcined material before and after catalytic reaction are shown indicating little or no 

leaching during the process. 

 

Table A5.4: Summary of catalytic turnovers at 150 °C in the oxidation of benzyl alcohol 

with air after 5 hours. 

Calcined Rb9Cu6(P2O7)4Cl3[AuCl4] (500 °C) recyclability 

% Original sample After 2nd cycle 

Conversion 51.3 52.9 

Selectivity (benzaldehyde) 95.01 72.99 

Selectivity (benzoic acid) 4.99 27.01 

 

The data clearly shows that the catalyst maintains high activity but also undergoes a 

slight decrease in selectivity towards benzaldehyde. 
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A5.3.3 Oxidation of Other Alcohols 

 

Expanding the library of alcohols which can be selectively oxidised by the gold-

extruded copper chloropyrophosphate will help to demonstrate the robust and realised 

potential of these catalysts as a viable route to oxidation. The two substrates tested 

were vanillyl alcohol and cyclohexanol for their important role in the chemical, fine-

chemical and pharmaceuticals precursors.  

 

Producing the vanillin molecule is of particular important as the naturally occurring 

extracted form from the vanilla bean is a lengthy and costly process which is 

unsustainable considering the current popularity of the flavour and scent of the 

molecule. Synthetic vanillin can be produced from a number of precursors such as 

guaiacol, with the final step being the evolution of carbon dioxide. Finding an 

alternative route which does not require this evolution of greenhouse gas is a 

favourable prospect. 

 

 

Scheme A5.5: Commercial synthesis of vanillin using guaiacol as the precursor. 

 

With a view to evaluating the scope of these catalysts for industrially-significant 

oxidations, the potential for the systems discussed above has been demonstrated for 

the aerobic oxidation of vanillyl alcohol (to vanillin) and cyclohexanol (to 

cyclohexanone; Table A5.5). High catalytic turnovers, coupled with notable selectivities 

for the desired industrial products were again evident, highlighting the potential merits 

of this catalytic approach (when compared with the conventional hydroxymethylation 

industrial route for producing vanillin
38,39

). The notable selectivities towards the desired 

products coupled with the remarkable catalytic turnovers augurs well for expanding 

the scope of these novel materials in the production of industrially-significant bulk and 

fine-chemicals using sustainable heterogeneous catalysts in conjunction with molecular 

oxygen as the oxidant. 
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Reaction 
Time 

/hours 

Conversion 

(%) 

Selectivity 

(%) 
TON 

 

3 67.6 81.0
* 

4931 

 

3 24.1 97.0 1566 

 

Table A5.5: Conversion, Selectivity and TON (calculated from raw GC peak area values) 

for two alcohol oxidation reactions. Conditions: (Rb
9

Cu
6

(P
2

O
7

)
4

Cl
3

[AuCl
4

]) calcined at 

500 °C ≡ 0.02g (8.9 x 10
-6

 mol); T = 425 K; Oxidant (air) 2.0 MPa; Substrate ≡ 0.058 

mol; Solvent (t-butanol) = 60 mL. *Selectivity towards vanillic acid. 

 

The selectivity of the reaction towards vanillin is lower than the previously discussed 

reactions using benzyl alcohol as the substituted functional groups on the vanillyl 

alcohol activate the phenyl ring and thus induce the further (over) oxidation of the 

aldehyde group to the carboxylic acid functionality. The presence of the hydroxyl 

group activates the ring at the para and ortho positions (relative to the –OH group), 

which means that the C-OH substitution of the vanillyl alcohol is more reactive so more 

susceptible to the further oxidation. It is also more likely to undergo self-condensation 

reactions due to the activated positions on the ring, refer to Scheme A5.6 below. 
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Scheme A5.6: Mesomeric electron donating effect of the hydroxyl group activates the 

benzene ring and makes the over oxidation of vanillin to vanillic acid occur more 

readily. 

 

Further to the mesomeric effect of the hydroxyl group, the electron density in the 

benzene ring is also greater than in benzyl alcohol due to the positive inductive effect 

of the methoxy substituent. This is shown diagrammatically in Scheme A5.7 below; 

 

 

Scheme A5.7: Positive inductive effect and positive mesomeric effects in vanillyl 

alcohol make it more reactive than benzyl alcohol. 

 

.
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A5.3.4 Developing Optimised Conditions and Bimetallic Alloys 

 

With careful optimisation of the process conditions (time-on-stream, reaction 

temperature, O
2

 partial pressure, etc,
47

) these catalysts offer great scope for the 

development of an industrially-viable route for the aerobic oxidation of alcohols in 

general, and for the production of benzaldehyde, in particular. The plot below shows 

that the catalyst systems does not show significant conversions at temperatures below 

423 K, suggesting that a modest amount of thermal energy is required in order to 

activate the catalyst system.  

 

 

Figure A5.13: Conversion of benzyl alcohol to benzaldehyde at three different reaction 

temperatures, using the catalyst calcined at 500 °C. 

 

However, overall this system has been shown to be a highly selective catalyst for the 

partial oxidation of alcohols to aldehydes (and not undergoing further oxidation to 

benzoic acid), using oxygen gas at low temperatures.  

 

Optimising the solvent : substrate ratio, the temperature of reaction and the oxygen 

partial pressure of the reaction will all contribute to tuning these catalyst systems to 

give a higher yield of the desired product. The figure below demonstrates how the 

optimal working conditions of one catalyst system are not necessarily the same for 
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other. This is important to account for in the development of related systems, 

including mixed metal alloys and tuning the nature of the support. 

 

 

Figure A5.14: Comparison of three different catalysts (A, B and C) over a number of 

different reaction parameters, highlighting that the optimal working conditions for one 

system is likely to be significantly different than for another. 

(Figure adapted and redrawn from work by Mallat and Baiker
47

) 

 

The further development of these Cu
6

(P
2

O
7

)
4

Cl frameworks with other anionic species is 

in progress along with their detailed characterisation in a variety of catalytic processes. 

It is highly probable that by tuning the composition of the extruded metal nanocluster 

(to include mixed metal alloys),
60

  the temperature, pressure and other key reaction 

parameters optimisation will provide a highly active and selective systems at more 

favourable working conditions. 

 

With a deeper understanding of the mechanism of oxidation and selectivity profiles of 

these TX
4

 derived active centres, new target compounds for catalysis will include mixed 

noble metal systems
50

 A
x

Cu
6

(P
2

O
7

)
4

Cl
(x-6)

(TX
4

)(T′X
4

) ,  T=Au, T′= Pd or Pt, which should 

allow extrusion of atomically mixed metal particles onto the porous copper 

chloropyrophosphate surface to be tailored to a specific reaction. 
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A5.4 Future Outlooks: 

Other Applications of Gold Supported Copper 

Chloropyrophosphates 

 

This section discusses how the gold-extruded copper chloropyrophosphate catalysts 

can be used in other catalytic oxidation reactions. Micro- and nano-scale gold particles 

have revealed many curious features as their activity is profoundly different to that of 

the bulk metal, which is relatively inert.
72,73

 Herein, other potential applications of the 

systems discussed above are reviewed. 

 

A5.4.1 Oxidation of different functional groups 

 

It has been shown by Klitgaard and co-workers
74

 that their gold support catalyst on 

TiO
2

 is able to oxidise amine groups using molecular oxygen with an interesting 

distribution of products. In two key examples, the catalyst was able to form ε-

caprolactam from 1,6-hexanediamine via oxidation and ring closure; and 

cyclohexanone oxime could be formed from the oxidation of cyclohexylamine.  

 

 

Scheme A5.8: Methods for producing ε-caprolactam discussed by Kligaard and co-

workers on their study of Au/TiO
2

 and TiO
2

. 

 

In this study, the authors
74

 tested the reactions with no catalyst, just the support (TiO
2

) 

and Au-TiO
2

. It was observed that the products were only made in considerable 

quantity when the gold particles on the titanium dioxide support were present. This 

suggests that the support alone is not catalytically active, but plays a crucial role in the 

activation and subsequent oxidation of the amine group. 
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It can be envisaged that similar reactions may be facilitated by the extruded gold 

copper chloropyrophosphate catalysts. This work would link in with the discussions 

previously outlined in Chapter 3 regarding the ammoximation of cyclohexanone to 

cyclohexanone oxime. Comparing the yield and product distrution of these two 

distinctively different catalyst systems would show interesting trends which can be 

applied to deducing more information about the mechanisms of oxidation. 

 

A5.4.2 Applications in Hydrogenation 

 

The selective reduction of the nitro group on 1-nitro-1-cyclohexene using gold 

supported on TiO
2

 and Fe
2

O
3

 was demonstrated by the group of Corma.
75

 The 

remarkable selectivity of this reaction under mild conditions and using hydrogen as the 

reduction reagent was particularly impressive due to the presence of the other 

functionality on this molecule. Selectivity towards the cyclohexanone oxime was also 

noteworthy, as reactions of this kind are also susceptible to forming hydroxylamines 

which are vastly exothermic upon their decomposition (and thus the formation of these 

is highly unfavourable). The choice of gold in this system was particularly attractive as 

other noble metals such as platinum and palladium are known to chemisorb to and 

thus activate (preferentially) olefinic groups.  

 

 

Scheme A5.9: Selective reduction of the nitro group on 1-nitro-1-cyclohexene using 

gold supported on TiO
2

 as reported by Corma et al.
75

 

 

This is another reaction which would be of interest in the gold-extruded copper 

chloropyrophosphate system as it may also favourable activate and reduce the nitro 

group to make cyclohexanone oxime. This could again lead to further developments in 

producing this precursor and also gain further understanding of the mode of activity of 

these systems. 
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A5.5 Experimental Procedures 

 

A5.5.1 Synthesis of Rb
9

Cu
6

(P
2

O
7

)
4

Cl
3

[AuCl
4

] 

 
Rb

9

Cu
6

(P
2

O
7

)
4

Cl
3

[AuCl
4

]: Copper(II) fluoride (0.0584 g, 0.575 mmol), 85% w.t. 

orthophosphoric acid (0.1 mL, 1.456 mmol), 50% w.t. RbOH (0.14 mL, 1.191 mmol) 

and HAuCl
4

 (0.0489 g, 0.144 mmol) were mixed in the Teflon
®

 liner of a Parr 23 ml 

hydrothermal vessel. The hydrothermal vessel was sealed and heated to 448 K for 2 

days. The pure solid product formed as green cuboid crystals and was isolated by 

filtration, washed with distilled water and dried at 60°C.
66

  

 
A5.5.2 Characterisation of Framework Properties 

 
Single crystals suitable for structural analysis by X-ray diffraction were isolated from 

the reaction products. For all compounds cell dimensions and intensity data were 

recorded at 120K, using a Bruker Nonius APEXII or KappaCCD Roper area detector 

diffractometer mounted at the window of a rotating Mo anode (l(Mo-Kα) = 0.71073Å) 

operating at 50KV, 85mA. The incident beam on the APEXII side was focused using 

10cm confocal mirrors, a graphite monochromator was employed on the KappaCCD 

side. The crystal-to-detector distance was 30mm. φ and ω scans were carried out to fill 

the asymmetric unit using 2° frames and 10s per frame exposures. Unit cell 

determination, data collection and processing were carried out using the programs 

DirAx,
76

 COLLECT
77

 and DENZO
78

 and a multi-scan absorption correction was applied 

using SADABS
79

. The structures were solved via direct methods and refined by full 

matrix least squares
80

 on F
2

.   

 

Powder X-ray diffraction patterns were obtained by grinding the sample to a fine 

powder in an agate pestle and mortar and collecting the data on a Siemens D5000 

operating with Cu Kα
1

 radiation. Variable temperature powder X-ray diffraction patterns 

were collected on a Bruker D8 operating with Cu Kα
1

 radiation. 

 

Thermal analysis data were collected using a Stanton-Redcroft simultaneous DTA/TGA 

STA 1500 systems. SEM micrographs and EDX analysis data were obtained mainly 

using a Jeol JSM-5910 electron microscope. Additional EDX measurements were 

performed using a FEI XL30 ESEM. 
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A5.5.3 Catalytic Oxidations 

 
Benzyl alcohol (6 mL, 6.27 g, 0.058 moles), bis(2-methoxyethyl) ether (internal 

standard, 3 mL, 2.829 g, 0.021 moles) and tertiary butanol solvent (60 mL, 46.5 g, 

0.627 moles) - all purchased from Sigma Aldrich and used without further purification - 

were added to a PFTE-lined, high-pressure, stainless steel Parr reaction vessel. Catalyst 

was added, 0.02 g and the reactor was tightly sealed and pressurised with 20 bar (2.0 

MPa) of air. In all catalytic runs, the contents of the reactor were heated to 150°C (425 

K) and stirred at 800rpm for 5 hours. Small aliquots of the reaction mixture were 

analysed on an hourly basis by GC (Perkin Elmer, Clarus 480) using an Elite-5 wax 

column and Flame Ionisation Detector (FID). The products were identified and 

quantified by using bis(2-methoxyethyl) ether as an internal standard and employing 

the calibration method. Confirmation of the products was established using 

authenticated standards and response factors for each component were determined 

relative to the internal standard. The GC method and calibration graphs can be found 

in the experimental section of Chapter 5. 

 

Analogous experiments were carried out using vanillyl alcohol (8.94 g, 0.058 moles) 

and cyclohexanol  (5.8 g, 6.03 mL, 0.058 moles) using the same molar quantity of 

each substrate. As the experiments were designed to give proof of concept screening 

of catalyst activity, the reaction was run for 3 hours after which a sample was taken. 

The conversion and selectivity values were calculated using raw area values from the 

GC analysis after products had been identified from authenticated standards and 

characterisation by GC-MS.  
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A5.5.4 Recycle Testing 

 

The recycle tests were carried out on the catalyst calcined at 500 °C and the uncalcined 

catalyst. The reaction was carried out as described in Section A5.5.3, followed by the 

following: 

 

The catalysis reaction was cooled and depressurised. The contents of the liner was 

divided between two centrifuge tubes and centrifuged to separate the reaction from 

the catalyst. The reaction mixture was carefully decanted from the catalyst and the 

catalyst was washed with fresh solvent. The catalyst was returned to the liner and a 

fresh potion of tertiary butanol solvent was added, along with the benzyl alcohol 

substrate and diglyme internal standard. The reactor was pressurised to 20 bar and 

heated to 150 °C as above.  

 

An extra washing step with a portion of ether was carried out on the recovered catalyst 

before powder XRD to aid drying of the tertiary butanol solvent from the framework. 

The reaction mixture was worked up (post catalysis) and the resulting filtrate was 

analysed by Inductively Coupled Plasma (ICP) to confirm there was no metal leaching 

during catalysis. This analysis was carried out by MEDAC LTD and showed that no gold 

had leached during catalysis. 
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