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Abstract
Chapter 1 – In this chapter, the background behind the work done for this project is described. It starts off with general aspects of catalysis, and then moves onto the two types of catalysis (homogeneous and heterogeneous) and their importance. This chapter also describes general features of autoxidation processes and then move to the challenges of C-H activation, with an overview of the research done up till now in this area, especially for the C-H activation of saturated hydrocarbons. 
Chapter 2 – This chapter focusses on different catalyst preparation methods used throughout this project and then moves onto the background of the various analysis techniques used for characterisation the catalysts and the reaction mixtures. These methods include: XPS for determining oxidation state of surfaces, BET for surface area determinations, EPR for the detection of oxygen vacancies or paramagnetic centres, XRD for crystal structure determinations, SEM for imaging the surface topography, TEM for an assessment of supported metal nanoparticle over a support, TGA the thermal stability of some of our materials, ATR-FTIR for the detection of organic contaminants present in inorganic solids, ICP-MS for analysing metal leaching, NMR for conversion and selectivity of reaction mixtures and GC/MS for product determination. 
Chapter 3 – Ag/NbO2 (1 wt%) and Ag/Nb2O5 (1 wt%) were synthesised via incipient wetness impregnation method. These catalysts were used in the oxidation of ethylbenzene to synthesise acetophenone under very mild conditions and no solvent. The catalysts that exhibited the best catalytic performance with a conversion of ca. 30% and selectivity towards acetophenone of ca. 50%. The catalytic activity by using this combination of active metal (Ag) and supports (Nb2O5 and NbO2) proved to be higher than the use of Fe or Cu as active metals, or CeO2, SiO2, MgO or Al2O3 as catalyst support. Furthermore it was observed NbO2 and Nb2O5 alone were not active for the oxidation of ethylbenzene under the conditions employed. The materials were characterised with XRD to determine a correlation between crystal structure and product distribution, however no obvious correlation with this parameter was found.
Chapter 4 – Ag/NbO2 and Ag/Nb2O5 were characterised by XPS, SEM, TEM and EPR. XPS showed the possible presence of Ag2O on the surface of both supports and a combination of Ag0 and Ag2O when NbO2 was used. SEM shows different grain sizes between the two catalysts with particle size distribution of either 10 nm or 20 nm. Mechanistic studies show the reaction mechanism occur via a radical pathway with the formation of a 1-phenethyl hydroperoxide intermediate, which is responsible for the formation of acetophenone and 1-phenylethanol. A metal/support interaction between Ag and Nb2O5 enhances the formation of the peroxide and from this to the ketone, by showing a marked selectivity for this product.
Chapter 5 – Silver, manganese, iron and copper catalysts (each 1 wt%)  were prepared using NbO2 and Nb2O5 as supports via incipient wetness impregnation method for the oxidation of cyclohexene. The catalysts exhibited activity for the formation of cyclohexene oxide and 2-cyclohexen-1-one. The presence of water in the reaction mixture had a crucial effect on the conversion. Trace amounts of water enhanced the conversion up to 40%, although after a molar ratio of 1:10 of water: cyclohexene, the conversion of cyclohexene decreases significantly. Two reaction pathways were detected: a radical and an acid/base pathway for the formation of products. 
Chapter 6 – Microporous and mesoporous Nb2O5 materials were synthesised via the hydrothermal method using different linear amines as the template. The materials were characterised by XRD, TEM, FTIR, TGA, EPR and BET methods. XRD measurements detected a pore size ranging from 1.6 nm to 2.6 nm and the formation of channel structures was observed via TEM. The porous materials have a higher surface area than the bulk Nb2O5 and were stable up to 250 oC. Template removal was conducted using soft acid treatments, although the template was either retained or the pore collapsed. The porous materials showed activity in oxidising cyclohexene to 2-cyclohexen-1-one, but, very little activity in oxidising dodecane. 
Chapter 7 – A brief summary of all the work done described and presented in this thesis, reporting the major results, and a summary of suggestions for future developments for this work. 
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Chapter 1: Introduction













1.1. Catalysis
1.1.1. What is catalysis?
The definition of catalysis was first fashioned by the chemist Jöns Jakob Berzelius in 1836. Berzelius termed the phrase and description after working in the field of chemistry as:
‘Many bodies ... have the property of exerting on other bodies an action which is very different from chemical affinity. By means of this action they produce decomposition in bodies, and form new compounds into the composition of which they do not enter. This new power, hitherto unknown, is common both in organic and inorganic nature ... I shall ... call it catalytic power. I shall also call catalysis the decomposition of bodies by this force.’ [1]
However, this description had a few flaws in actually understanding what catalysis was. The catalyst doesn’t appear in the stoichiometric equation for the overall reaction, but it is intimately involved. The description of catalysis was updated after 1836, to give it a more modern definition [2]: 
‘Catalysis is a process whereby a reaction occurs faster than the uncatalysed reaction, the reaction being accelerated by the presence of a catalyst.’ [2]
Therefore, the catalyst accelerates the reaction, and at equilibrium, no increase of rate is made by the addition of a catalyst. The reaction is, therefore, under ‘thermodynamic control’, and catalysts are active only when the reaction is under ‘kinetic control’ [2]. 
Catalysts decrease the activation energy of the reaction by providing an alternative pathway that is of lower energy for the catalysed reaction. This is seen in Figure 1.1. There are some reactions that cannot take place without the use of a catalyst, because the energy required is too high for the uncatalysed reaction and this could end up destroying the reactant [2]. 
 
[image: ]
Figure 1.1: Reaction pathway detailing the non-catalysed (black energy profile) vs catalysed route for the reactants to products (red energy profile). Ea is the activation energy required for the reaction to proceed (most often involving breaking a bond) and ∆G is overall change in Gibbs free energy during the catalytic process.
Catalysis is among the most important applications for our industrial economy; the world would be a different place if there was no catalysis around us. We depend on catalysis to produce a vast array of substances, from plastics to fertiliser from drugs to cosmetics and food additives. The developed countries rely on catalysis for the health of their economies. One of the widespread uses of catalysis is catalytic converters to reduce the pollutants of vehicles, such as NOx production, as seen in Scheme 1.1. About 90% of the chemicals and materials are produced via a catalytic process, thus making it a vital part of today’s industry. [2]


Scheme 1.1: Catalytic converter reduction of NOx to oxygen and nitrogen, using a Pt, Rh and Pd catalyst with high surface area. Pt and Rh are used as the reduction catalysts for reducing NOx to nitrogen, while the Pd is used as the oxidation catalyst in oxidising carbon monoxide to carbon dioxide.
Today’s industry uses catalysis to produce fuel for cars by cracking and reforming oil into petrol and diesel. Polymer production comes from cracking naphtha to synthesise ethylene and propylene. [2] Its importance is vital in the production and storage of energy producing, for example, petrochemicals and fine chemicals, as well as reducing harmful waste. [3]
Catalysis, either in industry or academia, is often divided into two main groups: homogeneous and heterogeneous catalysis. The difference depends on the catalysts being in the same phase as the substrate(s) or not. These two catalysis types are described in the following sections. 
1.1.2. Homogeneous Catalysis
Homogeneous catalysis is when the catalyst and reaction mixture are in the same phase. This is almost exclusively stating catalysis takes place in solution, but there can be homogeneous processes that take place in solid or gas phase too, for example, O3 and Cl reacting in the atmosphere, seen in Scheme 1.2. 


Scheme 1.2: Ultraviolet radiation attacks CFCs, causing Cl cleavage to form a radical species. The chloride radical attacks ozone to form molecular oxygen and chlorine oxide radical, which then attacks an oxygen atom and regenerate the chloride radical species. 
Organometallic catalysis is an example of homogeneous catalysis, for example, the Monsanto process (seen in Scheme 1.3) and hydroformylation. 


Scheme 1.3: The Monsanto process uses a rhodium-complex as a catalyst for methanol carbonylation. [4, 5]
Homogeneous phase reactions, especially if in a liquid phase, allow for a higher mixing between catalyst and substrate, which often leads to higher activity (that is conversion) because homogeneous catalysts like transition metal complexes have a well-defined structure because it is possible to achieve greater selectivity of the product. [2, 6] In industry, a homogeneous catalyst is preferred for exothermic reactions because it is easier to dispel the heat from the solution. Moreover, transition metal complexes in solution are far easier to characterise (in general) than heterogeneous catalysts and the mechanism of homogeneous catalysis is more accessible to detailed analysis. Homogeneous catalysts are used in various types of reactions, ranging from hydrogenation to oxidation. The advantage of homogeneous catalysis is selectivity control in reactions; this is an important aspect of many catalytic applications. The catalyst has better contact with the substrates, because of being in the same phase, therefore making greater use of the concentration. The disadvantage of homogeneous catalysis is that it is difficult to separate the catalyst from the reaction mixture, therefore catalyst retrieval is challenging. Homogenous catalysts are less thermally resistant than heterogeneous catalysts. In turn, homogenous catalysts could be destroyed by the temperature required for distillation (if this is used as the separation method) and this depends on the substrate used and products formed. [2]
1.1.3. Heterogeneous Catalysis 
Heterogeneous catalysis is when the catalyst and reaction mixture (or one of the components of the reaction mixture) are in different phases. Most heterogeneous catalysts are in the solid phase, while the reagents are either in gas or liquid phase. Heterogeneous catalysis is vastly important and this cannot be exaggerated. Heterogeneous catalysts in solid form are used in the manufacturing of a wide range of commodities: food flavourings, fragrances, fertilizers, and pharmaceuticals to name a few. Heterogeneous catalysis is used in the cracking of petrochemicals to generate important compounds, for example, aromatics, olefins and linear alkanes [7]. All of these substrates act as intermediates in the formation of products required in industry.
Heterogeneous catalysis is vitally important for many areas in the chemicals and energy industry. For example, the Haber Bosch process (Scheme 1.4) uses a solid Fe based catalyst for ammonia synthesis. 


Scheme 1.4: The Haber - Bosch process uses as reduced magnetite catalyst (Fe3O4), with wüstite (FeO) as a shell surrounding it, which is coated with iron [8]. 
An important criterion of a heterogeneous catalyst is the surface. The nature of the top layer of atoms determines how fast a catalytic reaction can proceed. Scheme 1.5 shows Ag/α-Al2O3. This catalyst has an Ag+ ion deposited on the surface of the α-Al2O3 support. The silver cation is the active site that adsorbs ethylene and dioxygen to form ethylene oxide. This process is the largest industrial process for selective oxidation, producing a compound widely used in anti-freeze, washing powder and other commodities. 


Scheme 1.5: Ethylene epoxidation, using molecular oxygen and silver catalyst deposited on alumina support, producing ethylene oxide, carbon dioxide and water [9]. 
For the catalyst’s role, the reactant adsorbs onto the surface, therefore changing its properties to allow for conversion into a product. The product then leaves the surface, allowing the catalyst to regenerate to its initial state [2]. The surface of a heterogeneous catalyst is an important parameter to define its activity. It is generally assumed that the higher the surface area, the higher the catalytic activity. This is also its disadvantage. The catalyst surface can become saturated with reactant molecules (this can be a disadvantage for homogeneous catalysts too); therefore, the surface will not be free until the products have desorbed. The substrate adsorbing onto the surface of a catalyst is often the rate-limiting step for heterogeneous catalysis reactions. Increasing the surface area is not solving the problem; a new type of catalyst design is required [10]. 
1.2. The Importance of Catalytic Design
Heterogeneous catalysts have an importance in the industrial world, and a growing interest in the environmental protection and green chemistry, therefore it is vital to consider how the catalysts are discovered and made. Some discoveries are based on advances in materials and design, for example, zeolites and microporous materials [11]. Some discoveries have been made with the need to functionalise a specific group or molecule. However, there is an important question to ask: is it possible to discover catalysts on the basis of a general approach to catalyst design? This remains a quest for discovering novel catalysts for specific reactions based on their design [11]. 
The questions to address for catalytic design are (i) the stability of the catalyst and (ii) the reaction mechanism. For the first point, it is crucial that the catalyst doesn’t break down during the reaction process, for example, the catalyst doesn’t deactivate during its use. This could be via leaching; hence the active component is dissolved into the reaction mixture and acts as a homogeneous catalyst. Leaching is one form of catalyst deactivation, other types of deactivation will be discussed in paragraph 1.2.2. In a system where it is gas/liquid solid, this process could occur. Secondly, if a reaction process has a free-radical mechanism, this could potentially initiate reactions that occur homogeneously rather than heterogeneously. Conversely, a radical species could form on the surface of the catalyst, which is released into the fluid phase, and react via the homogenous reaction pathway [11]. 
Catalysis can play an effective role in altering the selectivity of autoxidation reactions, and it is used for this scope as much as to increase the conversion of a reaction. 
In this context, transition metals (TMs) have been and are being widely used because they have properties that are useful for catalysts. For example, TMs have a wide range of oxidation states, coordination numbers and having the ability to activate bound molecules. Metal oxide catalysts, for example, can bind substrates (such as cyclohexene, O2) to their active metal site, and activate the molecules by the use of the range of stable oxidation states because of their transition metal [2]. 
Heterogeneous initiated processes are in a vast amount of development. Typical metal species used for autoxidation reactions are transition metals which can undergo one-electron redox reactions (Fe2+ to Fe3+, Mn2+ to Mn3+ and Cu+ to Cu2+). Catalysis plays a big role in the decomposition of hydroperoxides, and heterogeneous catalysis systems may be offering alternative properties to that of homogeneous processes [12]. 
The design of the heterogeneous catalyst is very important, and many research groups are taking different approaches (such as single site-heterogeneous catalysts and porous materials] to designing the best catalyst for oxidation reactions [13, 14]. Bulk catalysts are metal nanoparticles supported on bulk (i.e. non-microporous) metal oxides. They can be schematised, having the active component on the surface of the catalysts, as seen in Figure 1.2, which increases the surface area for activity, while also reducing agglomeration and sintering [15]. The catalyst exhibits higher activity on the support. 
[image: ]
Figure 1.2: Active metal, in the form of nanoparticles, deposited on the surface of a support.
1.2.1. Single Site Heterogeneous Catalysis
A single site-heterogeneous catalyst (SSHC) is a material with a metal atom, ion or small cluster situated on a surface, or in a micropore held by its ligands to a rigid structure, as seen in Figure 1.3.  These types of materials will be explored for catalysis of linear alkane monohydroxylation and cyclohexene oxidation (Chapter 6). These sites are isolated within the hosting framework. The main characteristic of a single site-heterogeneous catalyst is the presence of all equivalent active sites in their atomic environment [16]. Of particular interest for this project, there is a class of heterogeneous catalysts which exploit a principle known as ‘single site isolation’. This was first described by Thomas et al [17, 18].
[image: ]
Figure 1.3: Channel structure of porous materials, showing a hexagonal stacking arrangement.  
There are four types of single site-heterogeneous catalysis: (i) individually isolated a) ions, b) atoms, c) molecular complexes and d) bimetallic clusters situated on high surface area supports (e.g. silica); (ii) immobilised asymmetric organometallic complexes, such as metal-organic frameworks (MOFs) with pore sizes of 5-35 Å, at high surface area mesoporous solids, of a pore diameter in the range 15-500 Å; (iii) “ship-in-bottle” structures, in which isolated catalytic molecular entities (or organometallic structures) are entrapped within zeolitic cages (including MOFs) that are permeable to certain reactants and to some of the possible products, and (iv) open-structure, microporous solids (molecular sieves) with pore diameters in the range 3.5 to 10 Å. In any case, though, the active sites are at large distance from each other and non-interacting with each other. The isolated active sites, which are uniformly distributed spatially throughout the bulk, are located at or adjacent to ions that have replaced framework ions of the parent structure [17].
Mesoporous silica (for example MCM-41) has had a lot of interest over the last 20 years after its discovery in 1992 by Mobil [19]. MCM-41 is synthesised using a micelle-based liquid crystal templating method. The discovery of these new materials (as with mesoporous silicates around the same time) formed by an interface of supramolecular surfactant assemblies consisting of hard matter materials and soft matter surfactant chemistry fields. This lead to their potential to be used as catalysts and for the development of new materials, such as mesoporous metal oxides (Figure 1.4) [20, 21]. This formed groundwork for this project for synthesising porous niobium oxide catalysts which will be described in the section 1.3.3, from its discovery to its potential in the industry. 
SSHCs are paving the way for the future in the industry as the best possible route to synthesising products required. For example, monohydroxylation of octane to 1-octanol, this is required for its use informing micelles in the cosmetics industry. SSHC is the background for this project, and this will be explored in this chapter. 
[image: ]
Figure 1.4: The pore of a micro or mesoporous material. The blue is an active component to the inert framework (red).
1. 
1.1. 
1.2. 
1.2.1. 
1.2.2. Catalyst Deactivation
Catalyst deactivation is the loss of activity of a catalyst in terms of activity and/or selectivity. This deactivation of catalysts is a major problem for industrial catalytic processes. The cost of catalyst replacement is around billions per year and the lifetime of a catalyst may be subjected to large variations, for example, cracking catalysts can last a few minutes only, while for the Haber-Bosch process some catalysts have proved to last up to 5-10 years. However, all catalysts do decay [22]. 
There are three causes of catalyst deactivation: chemical, thermal and mechanical. The mechanisms for catalyst deactivation can be grouped into six categories: (a) poisoning, (b) fouling, (c) thermal degradation, (d) vapour compound formation and/or leaching accompanied by transport from the catalyst surface or particle, (e) vapour-solid and/or solid-solid reactions, and (f) attrition/crushing [22]. A brief overview of the types of catalyst deactivation is given in Table 1.1. 
Table 1.1: Mechanisms of catalyst deactivation [22]
	Mechanism
	Type
	Brief description

	Poisoning
	Chemical
	Strong chemisorption of species on catalytic sites which block sites for catalytic reactions 

	Fouling
	Mechanical
	Physical deposition of species from the fluid phase onto the catalytic surface and in catalyst pores 

	Thermal degradation and sintering
	Thermal,
Thermal/ chemical
	Thermal induced loss of catalytic surface area, support area, and active phase-support reactions

	Vapour formation
	Chemical
	Reaction of gas with the catalyst phase to produce volatile compounds

	Vapour-solid and solid-solid reactions
	Chemical
	Reaction of the vapour, support or promoter with the catalytic phase to produce an inactive phase

	Attrition/crushing
	Mechanical
	Loss of catalytic material due to abrasion, loss of internal surface area due to mechanical-induced crushing of the catalyst particles. 



Of particular relevance is poisoning. This is the chemisorption of reactants, products or impurities occurring on catalytic sites. A species could act as a poison depending on its adsorption strength compared to other species competing for catalytic sites. Adsorbed poisons could induce changes in the electronic or geometric structure of the surface of the catalyst, and depending on the nature of the poisoning agent, this process could be reversible or irreversible. Most poisoning process are irreversible. However, deactivation of the catalyst still occurs while the poison is adsorbed on the active sites [22]. 
Fouling is the physical deposition of species from the fluid phase onto the catalyst surface, resulting in loss of activity due to the blockage of active sites/pores. This can lead to macroscopic aggregates as well as filling the reactor voids [22] with an obvious detrimental effect to the catalytic activity. 
Thermal degradation of catalysts can occur from: (a) loss of catalytic surface areas because of crystallite growth for the catalytic phase, (b) loss of support area because the support collapses and surface area of catalysts, due to pore collapse on crystallites of the active phase, and/or (c) the chemical transformation of catalytic phases to non-catalytically active phases. The first point, which is quite common, is known as sintering, sintering. Sintering usually takes place at high reaction temperatures (for example > 500 oC) and may be accelerated by the presence of water vapour [22].
Besides poisoning, there are a number of chemical routes leading to catalyst deactivation: (1) reactions of the vapour phase with the catalyst surface to produce (a) an inactive bulk and surface phase, (b) volatile compounds that exit the catalyst and reactor in vapour phase, or (c) sintering due to adsorbate interactions; (2) catalytic solid-support or solid-promoter reactions, and (3) solid-solid transformations of catalytic phases during the reaction [22]. 
Mechanical stress of catalysts is observed in different forms depending on the reactor, this includes crushing of granules, attrition and erosion of the catalytic particles. Attrition is due to the reduction of particle size. Commercial catalysts are intrinsically at risk of mechanical stress (and in turn loss of catalytic properties), because they are a powder often under stirring (as detailed in this thesis work). In order to minimize these risks heterogeneous catalysts are often in the form of catalytic granules, spheres, extrudates and pellets ranging from 50 µm to a few millimetres. 




1.3. Niobium and its Oxides 
Most of the bulk supports and microporous frameworks that have been synthesised in this thesis work are made of niobium oxides (either NbO2 or Nb2O5). For this reason, a description of their general properties is reported here. Niobium was first discovered by chemist Charles Hatchett in 1801, he noted that it had comparable properties to that of tantalum [23]. He called it columbium, but Heinrich Rose in 1849 termed this element niobium, after Niobia, the daughter of Tantalus, and IUPAC decided on niobium officially in 1950 [24]. Niobium has four common oxidation states: 0, 2+, 4+ and the most stable 5+. This is related to the phases of metallic and oxide niobium forms [24]. 
There are three known defined oxides of niobium: niobium monoxide (NbO) [24], niobium dioxide (NbO2) [24] and niobium pentoxide (Nb2O5) [24], along with other non-stoichiometric phases [24]. Each of these niobium oxide species has different and interesting properties, making them versatile; this includes optical, electronic and chemical properties. The niobium oxides have the potential to be used in a wide variety of industrial applications, for example, catalysis, solar cells, energy storage, and semiconductors, to name a few [24]. However, current literature is insufficient in understanding these oxides, their physical properties, structures, and it is revealed to be contradictory or inconsistent [24]. 
For this project, two of the oxides were explored as a support: NbO2 and Nb2O5. These will be discussed in a bit more detail.
1.3. 
1.3.1. Properties of Niobium Dioxide
Niobium dioxide (NbO2) with Nb an oxidation state of 4+; has a melting point of 1901 oC. NbO2 is commonly made by reducing Nb2O5 under a hydrogen atmosphere at elevated temperatures (1073-1573K) [25], followed by in vacuo heating to remove any trace of Nb5+ species to give a blue-black powder. This reduction is reversible [26]. NbO2 may exist with molar oxygen to niobium ratio close to 2. Therefore, if there is an oxide composition of NbO2.04, the X-ray diffraction pattern shows some lines of a pentoxide phase [26]. At room temperature, NbO2 has, a space group of I41/a, is diamagnetic and a distorted tetragonal structure, with rutile type lattice [26]. This is shown in Figure 1.5, with edge-sharing NbO6 octahedra, with an Nb-O bond length of roughly 2.05Å and Nb-Nb bond lengths between 2.80 and 3.20 Å [24]. 
The tetragonal phase of NbO2 is an n-type semiconductor, with a small band gap of 0.5-1.2 eV [27]. The rutile phase has a similar range for its band gap, around 1.0 eV [28]. Zhao et al reported Raman spectra for the first time of nanostructured NbO2, showing 12 active modes [29]. 
The physical properties of NbO2, specifically the optical and electronic properties have been explored for niobium dioxide [27], however, there is still much to be found out about this oxide [24]. There have been inconsistent reports on the properties of NbO2 over the years, and only recently is there an end coming to this [24]. 
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Figure 1.5: Structure of tetragonal NbO2 [24].
Niobium dioxide has been studied for technological applications, such as biosensors using biofunctionalised Nb/NbO2 electrodes [30], electrocatalysts for oxygen reduction in PEM fuel cells [31] and nanowires for chemical vapour transportation [32]. For this project, NbO2 is used as a catalyst support for oxidation reactions. 
1.3.2. Properties of Bulk Niobium Pentoxide
Niobium pentoxide is the most thermodynamically stable of the three oxides [24]. With Nb with an oxidation state of 5+, Nb has an electronic structure of [Kr] 4d0. The Nb electrons are bonded to O 2p-band; therefore this oxide has lower conductivity than other niobium oxide species. Nb2O5 can occur in an amorphous state (section 1.3.3.), but in its polycrystalline state, it is polymorphic, with several different lattice structures [24]. These are listed in Table 1.2. The nomenclature of each of the crystal structures was derived through temperature (German Tief (T), Medium (M), Hoch (H) etc. [33]), while other named for their shape (German Primsen (P) for example [33]). 
Each of the structures of Nb2O5 is based on the NbO6 octahedra, which could be distorted depending on its linkage with other octahedra. Most of the structures for Nb2O5 have a combination of one or two types of linkage between octahedra, occurring due to corner-sharing or edge-sharing [33]. This is observed in Figure 1.6. 
The structural characteristics of Nb2O5 can depend on the synthesis method to prepare niobium pentoxide. The most common method is heating lower stoichiometry niobium oxides in air or by heat treating other niobium pentoxide phases [24]. Hydrothermal synthesis is another method for preparing different Nb2O5 structures as seen in Table 1.2. The temperature and starting material is the most crucial factors in the synthesis method for preparing niobium pentoxide [24]. 
Each of these crystal structures has different physical properties. 
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Figure 1.6: Structure of niobium pentoxide H-Nb2O5 showing corner-sharing and edge sharing NbO6 octahedra [24]. 










Table 1.2: Different crystal systems of the polymorph Nb2O5. 
	Phase
	Crystal System
	Properties
	Reference

	T-Nb2O5
	Orthorhombic
	Less developed phase, stabilised with impurities
Most commonly studied
Can be achieved via hydrothermal synthesis
	[34]

	B-Nb2O5
	Monoclinic
	
	[35]

	H-Nb2O5
	Monoclinic
	The most thermodynamically stable and most common. Able to be achieved via hydrothermal synthesis
	[36]

	N-Nb2O5
	Monoclinic
	Can be achieved via hydrothermal synthesis
Made from niobic acids
	[37]

	Z-Nb2O5
	Monoclinic
	Doesn’t have 6-fold coordinated Nb
	[38]

	R-Nb2O5
	Monoclinic
	The simplest of monoclinic Nb oxides
	[39]

	M-Nb2O5
	Tetragonal
	Formed by heating sulphate/ chloride niobic acid
	[39]

	P-Nb2O5
	Tetragonal
	Insignificant amounts of water help achieve this oxide
Distorted octahedra
	[39]

	TT-Nb2O5
	Pseudohexagonal
	 Amorphous 
Unit cell not refined
	[39]

	
	Monoclinic
	Unit cell not refined
	[39]



Niobium pentoxide has been used extensively in different industrial applications [26, 40]. These include a photoelectrode for dye-sensitized solar cells and metal oxide semiconductor. However, for the nature of this project, its application is as a catalyst support. It has been used as a promoter [41], active component [42] and support [43, 44] for a variety of catalytic reactions: esterification [45], hydrogenation [46], oxidative dehydrogenation [47], oxidation [48] and photocatalysis [49]. 


1.3.3. Properties of Porous Nb2O5 
Search for porous niobium oxide catalysts was developed by two different groups: Antonelli and Sun [50, 51]. The aim was to achieve a higher surface area through characterisation, and these two groups labelled the oxides as Niobium Transition Molecular Sieves (Nb-TMS). The preparation method involved the use of a surfactant head group ligated with a metal alkoxide before hydrolysis and condensation [52]. This is a key feature of ligand-assisted templating. This approach demonstrates the interaction of the inorganic and organic phases before introducing water. The metal directly interacts with an inorganic precursor without hydrogen bonding. The chain length of the surfactant is a key feature, for the ratio with niobium, and this can lead to hexagonal, cubic or layered materials. [53]
Niobium oxide and titanium oxide have been extensively explored in this field [50, 51], by Antonelli et al. since the mid-1990s. This research group has synthesised macro and mesoporous materials of niobium oxide, labelling them Nb-TMS1 to Nb-TMS6. This new family of materials was synthesised using a metal alkoxide and linear amine surfactants to help facilitate the structural arrangement in self-assembly of the porous niobium oxide. 
The synthesis routes for porous niobium oxide involve various formation mechanisms; being investigated by different research groups. This method largely involves the interaction of surfactant-inorganic interfaces. Depending on the surfactant used, the walls of these materials are either amorphous or crystalline, but appear to be strong hydrothermally after the synthesis process. This type of chemistry provides an opportunity for grafting the surface properties of these materials in terms of polarity and hydrophobic/hydrophilic balance. The porous niobium oxide materials can provide interesting surface and mechanical properties and a way to possibly further improve hydrothermal stability [52]. 





1.3.4. Niobium Oxide Synthesis – Surfactant: Support Ratio
Antonelli et al first synthesised a mesoporous niobium oxide species in 1995 [50]. A novel approach was taken in the preparation of this material via condensation of a metal alkoxide and surfactant precursor, linked chemically through an Nb-N bond. This is connected to a linear amine chain. Niobium ethoxide and the linear amine were added together prior to the addition of water, to ensure the interaction between Nb and the N of the amine chain. Covalent binding of the surfactant to the inorganic molecule compares with known routes which allow for hydrogen bonding or Coulombic forces [52]. 
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Figure 1.7 : Niobium ethoxide and a linear amine added together to form micelles via interaction between Nb and N of the amine chain, this then stacks to give channel structures shown in the bottom picture. 
Water was added to this system, and the mother liquor was then aged for 7 days at temperatures between 100-180 oC. The material was characterised (by using XRD, TEM) then treated with surfactant removal using a nitric acid/ethanol mixture at 40 oC, pH of 1 or 2, followed by extensive washing with ethanol [52]. 
Different ratios between the metal alkoxide and surfactant were used to determine the strength of the pore. These ranged from 1:1 to 3:1, respectively. It was found that the lower the ratio of the surfactant required for the synthesis of porous niobium oxide, the more stable the material against acid treatment. Characterisation performed by Antonelli et al. shows the presence of Nb-OH bonds via photoacoustic IR, slightly less Nb than O than the bulk Nb2O5 through Energy Dispersive Spectroscopy (EDAX) a surface area of 434 m2 g-1 (for a slightly hydrated material) was determined via the BET method and a pore size of 27 Å determined via XRD [52]. 
Antonelli and Ying have developed different mesoporous niobium oxide species, shown in Table 1.3, but Sun et al developed the first microporous material, labelling it Nb-TMS-5 and 6 [52, 53]. While Antonelli et al produced white gelatinous solids during their synthesis of mesoporous niobium oxide [53], Sun et al produced a light blue solid (and a such suggesting the presence of some oxygen vacancies) after the aging process for Nb-TMS-6. TMS-6 was shown to have no clearly defined crystal phase and be rather amorphous [54]. 
Table 1.3: The series of porous niobium oxide materials along with the packing arrangement. 
	Porous Niobium Oxide
	Packing arrangement

	Nb-TMS-1
	Hexagonal

	Nb-TMS-2
	Hexagonal

	Nb-TMS-3
	Cubic

	Nb-TMS-4
	Layered

	Nb-TMS-5
	Hexagonal

	Nb-TMS-6
	No real phase



1.3.5. Microporous or Mesoporous? Effect of Surfactant Chain Length
Depending on the surfactant chain length, this can lead to different structural phases of Nb-TMS, including hexagonal, layered or cubic. Antonelli et al describes that increasing the chain length, while keeping the conditions for synthesising porous materials alters the structure of the material [52]. It can affect the size of the pore, determining if it is micro or mesoporous. 
The pore size will be explored during the synthesis of porous catalysts in Chapter 6. 






1.3.6. Aging Temperature, pH and Addition of Salts
Antonelli et al tried and tested different aging temperatures for the synthesis of Nb-TMS [52]. The optimal temperature was determined to be 180 oC because this can increase the structural stability of the porous material. This is due to the increased crystallinity and condensation to the walls [52]. Through XRD patterns, they found that a material aged at 180 oC for 10 days has smaller pores due to condensation than a material aged at 100 oC for 5 days: 34 Å and 40 Å respectively [52]. Materials aged at higher temperatures have greater stability to surfactant removal as well (discussed in section 1.3.8.). 
Aging, in either acidic or basic pH values, leads to destruction of the materials, and amorphous niobium oxide is formed at the high or ends of the pH spectrum [52]. This could be due to the competition between the template and hydroxide for a coordination site of Nb in basic medium, or by the formation of non-coordinating ammonium salts in the presence of acid. Leaching could occur if adding ammonium chloride, because this can cleave the surfactant-Nb bond, freeing the ammonium head of the surfactant, which can leave the system. Adding alkali metal halides can strengthen the structural stability and crystallinity of Nb-TMS, due to an increase in condensation on the walls; this has been observed with zeolites [52]. 
1.3.7. Surfactant Importance and Removal
The choice of surfactant for the synthesis of porous niobium oxide has been researched since the material was first synthesised by Antonelli in 1995 [52]. These materials were originally derived from the formation of MCM-41 [19], using a surfactant that that a polar head and non-polar tail, in the formation of channel structures. Varieties of surfactants were tested, including phosphates, sulphates, hydroxyl and amines [52]. 
Surfactant removal is a highly important feature in the formation of these materials. The method used to remove the template without destroying the pore is a fundamental aspect in achieving a material that has potential as a catalyst. This area has been studied extensively by Antonelli et al [52]. 
With similar materials (namely MCM-41), the method chosen for removing the surfactant is calcination. However, using softer techniques, such as acid treatments, protonation of the surfactant head is a more feasible route to take for niobium oxide [52]. 
It was found that exposure of the material in acid should be limited to achieving surfactant removal, therefore, using a strong acid for a very short period, or dilute acid for a longer period [52]. If a pH of less than zero is used, it is highly probable that the pore and channel structures would collapse. 
Antonelli et al suggested a few acid treatments for removing the surfactant. The most successful attempt was using triflic acid in organic solvent at -78 oC, followed by filtration and stirring in an organic alcohol (e.g. isopropanol). Another possible method is using ammonium tetraphenylborate in nitric acid followed by filtration and heating for half a week at 50 oC in isopropanol/water solution [52].
A viable way to increase resistance to acid treatments would be the incorporation of active components into the niobium oxide framework, for example, transition metals [52]. Adding transition metals into the niobium oxide framework would lead to materials showing greater thermal and hydrothermal stability [52]. This is especially true for after surfactant removal. The materials synthesised by Antonelli et al could withstand temperatures up to 500 oC [52]. 
1.3.8. Introduction of Active Components into the Framework
A wide research area in both organic synthesis and catalysis is the development and design of catalysts capable of activating the C-H bond of hydrocarbons to produce a wide range of products needed in the industry. The focus of this project is to explore hydrocarbon oxidation, using molecular oxygen from air as the primary oxidant. This depends primarily on the metal catalysts to promote both the rate of reaction and selectivity towards partial oxidation products. The industry uses homogeneous and heterogeneous catalysis for the liquid phase oxidations of hydrocarbons; however, the focus will be on heterogeneous catalysis for this project. To justify the choice of catalyst that will be prepared and tested in this PhD project, it is useful to report a brief description of the challenges in activating the C-H bond of hydrocarbons. 
The microporous metal oxide materials have provided groundwork to be potential candidates for several applications, for example, medicine and catalysis. In catalysis terms, these materials can be used as a framework to incorporate active sites into their vacant sites providing M-O-TM-O-M arrangement. 
Niobium oxide (Nb2O5) is explored as a support for catalysts in this project. Niobium oxide exhibits specific features not shown in neighbouring elements of the periodic table. Characteristics such as stability and strong metal nanoparticle interactions are highly desirable qualities for a good catalyst [52].
Niobium oxide is a unique material that has undergone a new direction of synthesis for bulk catalysts having high surface areas compared to other metal oxides. As its first synthesis method, the surface area of Nb2O5 used is 1.9 m2 g-1 [34]. This is lower than vanadium oxide, V2O5, (3.5 m2 g-1) however, niobium pentoxide possesses five times greater number of active sites to that of vanadium oxide, due to different morphologies of both oxides [40].
In the current thesis work, the focus of using niobium oxide as a support for catalysts is the oxidation of three different hydrocarbons: a linear alkane, an alkyl aromatic and an unsaturated hydrocarbon. The aim of this is to partially oxidise using molecular oxygen (either from air or in pure form). However, there is a major challenge with this: C-H activation and this will be discussed in detail in the next section. 


1.4. The Challenge of C-H Activation
The selective functionalisation of C-H bonds for hydrocarbons is one of the key challenges for organic chemists. It is among most important technologies for the conversion of oil- and natural gas-based feedstocks to industrial organic chemicals. Converting hydrocarbons is an incredibly popular research area, but the selectivity pathways to obtaining the products required in industry is difficult. The most challenging goal is combining two aspects: low temperatures reactions (below 250 oC) and obtaining high yields from selective processes [55]. The C-H bond dissociation energies for the majority of hydrocarbons fall between 95-110 kcal mol-1, with some exceptions, for example, allylic C-H bonds. 
Furthermore obstacles for a selective oxidation process are:  (i) the presence of ever-present free-radical pathways which hamper the selectivity to specific oxidation products; (ii) the covalent nature of the C-H bond making it difficult for functionalisation and (iii) being neither acidic nor basic, electrophiles and nucleophiles do not react with hydrocarbons (except when there is a highly reactive species present, such as super acids). 
There are the factors that affect C-H bonds where the preference is to activate the C(sp2)-H instead of C(sp3)-H bond. This could be due to a few factors: inductive effects, conjugation, hyper-conjugation, steric hindrance and strain release [56]. The electronic character of the C-H bond is important; it largely dominates its ability to be oxidised. C-H activation substrates are electrophilic, therefore, the more electron rich a C-H bond, the more easily oxidised it is, as shown in Scheme 1.6. 


Scheme 1.6: a) the allylic position of cyclohexene a) the ethyl position of ethylbenzene and c) the methyl position of p-xylene are the most electrophilic positions of these respective substrates. 
The presence of electron withdrawing groups affects the rate of C-H oxidation. 
A major challenge in selective oxidation of hydrocarbons, pre-dominantly linear alkanes, is that there is a lack of any functional groups. There is no preferential reaction site on alkanes or any selective region of attack (regioselectivity), because of this, alkanes are termed the ‘noble gases of organic chemistry’ [57]. 
Alkane C-H functionalisation is particularly difficult. Alkanes are poor nucleophiles because the bonds formed to metals are weak. Hydrocarbons such as aromatics and olefins are more readily activated and functionalised, because of the presence of π-electrons and the empty π* molecular orbitals. The π electrons heighten nucleophilicity and therefore can help coordination to metal centres. Substrate coordination can promote metal-ligand backbonding due to the low energy π* molecular orbitals. This cannot happen with alkanes, they form very weak interactions to metals [57]. 
Due to this lack of specificity, as seen in Scheme 1.7, alkanes undergo a large variety of unselective reactions, and in turn form a vast array of products from a single substrate, involving: chain cleavage, oxygen insertion, oxidation to alcohols, ketones or acids, as well as important pathways like oxidative dehydrogenation and aromatisation reactions, depending on the catalyst and reaction conditions [57]. 


Scheme 1.7: two of the C-H bonds are highlighted as the most electrophilic of octane, therefore, the most likely to be oxidised. 
However, before exploring the C-H activation of different catalysts, there is an important reaction that takes place in the background of all oxidation processes. This is autoxidation. 







1.4.1. Autoxidation
Autoxidation occurs for all hydrocarbon oxidation processes. It can be caused by trace amounts of metal present in glassware, small amounts of peroxides present in the reaction mixture or ultraviolet light. Autoxidation utilises molecular oxygen as the primary oxidant in the reaction [58]. 
It is important to understand the fundamental ground state of the oxygen molecule that can oxidise hydrocarbons. Figure 1.9 shows the molecular orbitals (MO) of triplet ground state and singlet excited state oxygen. The linear combination of atomic orbitals (LCAO) for two oxygen atoms reveals that the degenerate molecular orbital 3Σg- is occupied by two electrons with parallel spins due to Hund’s Law. 
The transition between singlet and triplet states is forbidden because of spin and symmetry conservation rules. Oxidation reactions using triplet molecular oxygen are challenging due to the fact that most organic molecules exist in a singlet ground state, and thus forbidden by spin. 
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Figure 1.9: Ground state triplet (left) and singlet (right) O2 and the atomic orbitals and occupation. 
1.4.2. Radical Pathways
In general terms, bond cleavage can occur in two different ways: heterolytic or homolytic cleaving. Heterolytic cleavage is when the bond between two atoms breaks in such a way the electron pair goes to one ion, thus leaving one electron rich, and the other electron poor. Homolytic cleavage is the formation of two atoms or molecular fragments, where the electron pair bond breaks so that each bonding partner gains an electron, seen in Scheme 1.8. 


Scheme 1.8: The R-H bond is cleaved to form two free radical species. 
The fragments produced possess unpaired electrons and these atoms or molecules are referred to as free radicals. Most free radical species are highly reactive, though there are a few stable radicals, for example, TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl). Free-radical reactions start off with the initiation step. 
In the initiation step, the free radicals can be obtained from a molecule that has undergone homolysis. Homolysis can occur via a range of ways: UV light, peroxide presents the reaction mixture, heat, traces amount of metals present in the reaction vessel to name a few. This is shown in Scheme 1.8, where the R-H bond is cleaved to form R. and H. free radicals. The R. is a highly reactive species and can lead to series of chain reactions, especially if there is molecular oxygen present. 
The next stage is the propagation step. The free radicals formed by the initiation step serve as the starting material for the next reaction. This is shown in Scheme 1.9, with the hydrocarbon radical species reacting with dioxygen, to form an alkyl peroxy radical. 
a) 

b) 

c) 

d) 

e) 

Scheme 1.9: Propagation steps: a) reaction of the alkyl radical (R.) with molecular oxygen (which is in its ground state is a diradical species) to form a peroxyl radical species; b) reaction between an alkyl peroxy radical species and linear alkane to give alkyl peroxide and reproduce the alkyl radical species; c) The breakdown of the O-O bond of the alkyl peroxide to form an alkoxy radical and hydroxyl radical; d) The alkoxy radical attacks a linear alkane in the secondary position to form a secondary alcohol and an alkyl radical species, which is regenerated and e) the peroxy radical species H-abstracts from the secondary position of the alkyl peroxide, then the O-O bond cleaves to leave a secondary ketone and hydroxy radical species.
Autoxidation reactions are responsible for the production of hydroperoxides through a series of radical pathways after cleavage of hydrogen to form an alkyl radical species. This type of reaction is frequent in a homogeneous catalyst-initiator system. This is seen in Scheme 1.9b. 
The final stage is the termination step (Scheme 1.10). This occurs when two free radicals react to form a covalent bond, thus ending the radical process. This is termed recombination reactions, which is the reverse of homolysis. 


Scheme 1.10: Termination step: reaction between two alkyl peroxy radical species to give a 1:1 molar ratio of ketone, alcohol, and molecular oxygen [58]. 
1.5. C-H Activation by Heterogeneous Catalysis
The activation of the C-H bond on surfaces is fundamental for heterogeneous catalysis. C-H bond activation is associated with the functionalisation and refining of hydrocarbons [58]. 
The presence of transition metal catalysts in reaction mixtures using oxidants is a well-studied area for C-H bond functionalisation. This spans a wide range of transition metals as active sites, either as a metal or metal oxide and as a series of different catalyst types, using different oxidants, such as H2O2 [59, 60]. An example of this is the Fenton reaction, which uses an iron salt with hydrogen peroxide as the primary oxidant, to oxidise different substrates that have a C-H bond, as seen in Scheme 1.11 [59]. H2O2 could be dissociatively adsorbed onto the surface of the catalyst as .OOH or physically absorbed as H2O2 [60]. 


Scheme 1.11: The Fenton mechanism. A Fe2+/Fe3+ pair decomposes H2O2 to OH and OOH species that will further attack an organic substrate.
Reactions involving free radical pathways are not trivial to study in detail. There are two challenges to overcome with this: (i) catalysts that can sufficiently transform substrates that possess C-H BDE > 100 kcal/mol and (ii) control selectivity [55]. However, this is true for any catalyst, and it is not specific to radical based reactions.
Allen et al explored the oxidation of cyclohexane using copper catalysts supported on silica. The major products formed were cyclohexanone and cyclohexanol, seen in Scheme 1.12 though there was a very small conversion [61]. 


Scheme 1.12: Cyclohexane oxidation using Cu/SiO2 as a catalyst. The conversion was 1.3%. 
Beier et al described silver as a potent oxidation catalyst. Silver was used as the oxidation of p-xylene to obtain terephthalic acid, the catalyst used was Ag/SiO2 with ceria acting as either a promotor or inhibitor in the reaction process, seen in Scheme 1.13 [62]. 



Scheme 1.13: p-xylene oxidation using Ag/SiO2 as catalyst. The yields of the products are: 2.6, 3 and 7.8% respectively. 
1.5.1. C-H Activation by Single Site Heterogeneous Catalysis
C-H activation using single site activation has been explored for some time [63, 64]. Using a catalyst which has an active component with a support, has been growing in interest, because of the high surface area, shape selectivity and thermal stability these materials provide. 
For this research project, microporous solids are of interest. Spatially distributing active sites of catalyst precursors (for example, manganese, copper, silver and iron) on catalyst supports (such as alumina, silica and zeolites) promotes the substrate to obey Langmuir’s isotherm adsorption process. Therefore the energy released upon the uptake of the adsorbate is constant up to the monolayer [55], and the active site could act independently. 
One of the aims for SSHC is to be able to mimic enzyme action, seen in Figure 1.11. This is due to a pore structure (similar to a molecular filter or sieve). An example of pore structure is methane monooxygenase, which is an enzyme that can hydroxylate methane to methanol. Methanol is an important commodity in the industry. It is obtained from natural gas or via a methanation process: the reaction of CO with H2.
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Figure 1.11: Cyclohexene and molecular oxygen adsorbed onto the surface of a micro or mesoporous material. The blue is an active site of the microporous framework (red).
Copper catalysts have been extensively investigated for hydrocarbon oxidation. These catalysts are mainly used in homogeneous catalysis for oxidation reactions of alcohols due to their high activity and selectivity [65]; however, using copper catalysts in heterogeneous catalysis is challenging. Copper-containing porous materials for these reactions are an attractive option. 
For the oxidation reaction of benzyl alcohol to benzaldehyde, two different copper catalysts were investigated: copper (II) ethylacetoacetate and copper (II) nitrate. MCM-41 with N4-(3-(triethoxysilyl) propyl) pyrimidine-2, 4, 6-triamine (DAPyPTS) was used a catalytic support. The CuAc-DAPyPTS-MCM-41 catalyst was shown to be the better catalyst because it gave the best selectivity towards benzaldehyde (97%), using tert-butyl hydroperoxide as the oxidant species [66].


Scheme 1.14: Epoxidation of cyclooctene to form cyclooctene oxide using Fe-acac/silica as the catalyst. 
Iron catalysts have been used widely for many industrial applications [67, 68]. Scheme 1.14 shows the reaction between cis-cyclooctene and molecular oxygen, with a conversion of 39% and a selectively of 100% for the epoxide [69]. Holland et al explored iron-based catalysts on SBA-15 support, seen in Scheme 1.15 [70]. 


Scheme 1.15: Cyclohexene oxidation using Fe/SBA-15 as the catalyst, giving 2-cyclohexen-1-one, 2-cyclohexen-1-ol and cyclohexene oxide as the products. 
Being able to mimic the action of monooxygenases in the oxidation of alkanes is an area of research that is becoming very well studied. Metal-complex catalysts that have nitrogen-containing molecules, either iron or copper as their metal active site, have been investigated for the oxidation of cyclohexane [68]. M(NC3)Si-MCM-41 was synthesised and was a more active catalyst than M-MCM-41, (M = Fe or Cu). Coincidentally, iron catalysts are more active than the copper catalysts, because they gave a higher conversion of cyclohexane to cyclohexanone and cyclohexanol. However, these catalysts cannot be re-used due to leaching of the metals [68]. The latter is a known problem in heterogeneous catalysis and it will be explored in this project. 
Table 1.4: A range of manganese catalysts, with porous supports used in the oxidation of different hydrocarbons. The conversion, major product formed and its selectivity is listed.
	Catalyst
	Hydrocarbon
	Conversion/%
	Product
	Selectivity/%

	Mn/MCM-41 [71]
	

	48.8
	

	50.3

	Mn-TUD-1[72]
	

	19.8
	

	60.8

	Mn/MCM-41 [73]
	

	7
	
	

	Mn/MCM-48 [74]
	

	56
	

	32

	Mn/MCM-48 [74]
	

	28
	

	74

	Mn/MCM-41 [74]
	

	62.7
	

	61.2



Partial oxidation using manganese catalysts with porous supports has been investigated. These are listed in Table 1.4 with the percentage conversion and the major product formed and selectivity. Depending on the substrate used, some of the hydrocarbons are more readily activated than others, for example, styrene compared to cyclohexane. All of these tests performed were done in the gas phase, as opposed to the liquid phase. Cyclohexane oxidation to cyclohexanone has the lowest conversion using Mn/MCM-41 as the catalyst, while the oxidation of cumene has the highest conversion at 63%.  
Cumene oxidation is shown in Scheme 1.16, with the change in oxidation state of the manganese component during the reaction process [71]. There are 4 pathways that occur at the same time, with the scheme showing one of them, which is a radical pathway. Others include an acid/base pathway, after the formation of the alkyl peroxy species. 


Scheme 1.16: Cumene oxidation using manganese catalysts, showing the change in oxidation state of the manganese ion. [70]
Maheswari et al [72, 76] explored two different active metals on TUD-1 supports for the oxidation of ethylbenzene to acetophenone. The first example shows the oxidation of ethylbenzene using Cu supported on TUD-1. The tests were performed used different oxidants. 


Scheme 1.17: Ethylbenzene oxidation using Cu-TUD-1 as catalyst to give acetophenone, 1-phenylethanol and benzaldehyde [76]. 
Scheme 1.18 shows the oxidation of ethylbenzene to acetophenone using Mn supported on TUD-1. Both Schemes 1.17 and 1.18 shows the same product formation, the same conditions, however, the copper catalyst performs better in oxidising ethylbenzene in mild conditions, because the conversion is higher, when compared to the manganese alternative. However, the selectivity towards acetophenone is far greater for the manganese catalyst, compared to the copper alternative. 


Scheme 18: Ethylbenzene oxidation uses Mn-TUD-1 as catalyst to give acetophenone, 1-phenylethanol and benzaldehyde [72].
Manganese catalysts have been explored for the epoxidation of alkenes, as shown in Scheme 1.19. This reaction was done by De Vos et al. 1-Hexene was the substrate, and the results were as follows: 


Scheme 19: Oxidation of 1-Hexene to hexene oxide, which uses Mn-TMTACN as catalyst. [77]
Copper, iron, manganese and silver will be used as the active metals in oxidation reactions for this project. 

1.6. Niobium Oxide as a Catalyst or Support for C-H Activation
Niobium oxide has been explored in various types of reactions as a solid acid catalyst, as shown in Scheme 20 [78]. 


Scheme 1.20: dehydration on d-xylose to furfural using niobium pentoxide as a solid acid catalyst. 
Niobium oxide has been used [79, 80] for various reactions. This is an ever-growing area for niobium oxide, and the properties are improving vastly for this species. 



1.7. Biphasic Systems
1.7.1. Acid/Base Pathways
Free-radical pathways described are not the only routes that can occur when oxidising hydrocarbon species. Acid/base pathways can also occur, especially for oxygenated products like alcohol or ketones obtained from a hydrocarbon. This highlights another challenge in hydrocarbon oxidation: even if an alcohol or a ketone is obtained, these can be difficult to isolate due to the existence of parallel reaction pathways. The covalent bond conforms to the octet rule: the sum of the bond and non-bonding electrons of an atom equal eight (except the hydrogen atom, which is two). 
a) 

b) 

c) 

d) 

e) 

Scheme 1.20: the range of acid/base pathways done with the presence of water, from epoxide to diol, diol to enol, enol to enone. 
The acid/base properties of the catalyst supports will be investigated in the following chapters, and the activity of the oxidation of hydrocarbon using water (Chapter 5).

1.8. Aims of the Project
1) Study of ethylbenzene oxidation, exploring the kinetics and mechanisms of the reaction process and the characterisation of niobium oxide silver supported catalysts. 
2) Synthesis and characterisation of microporous and mesoporous catalysts for linear alkane monohydroxylation, particularly exploring decane and dodecane oxidation. 
3) Study of cyclohexene oxidation
- Tests using both bulk and porous catalysts
- Anhydrous cyclohexene vs non-anhydrous cyclohexene oxidation
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Chapter 2: Experimental



Overview
This chapter will describe the working principles of the synthesis protocol used to prepare materials and their characterisation method is provided and discussed. Together with the experimental details, this is in order to be able to reproduce the experiments for hydrocarbon oxidation. 
2. Catalyst Preparation Methods
There were two methods used for catalyst preparation: incipient wetness impregnation and hydrothermal synthesis. These are described in the sections. 
2.1. Impregnation Method
The first method used for catalyst synthesis was the impregnation method. The requirements for this procedure are that the support is in contact with a certain amount of solution of the metal precursor. For example, silver nitrate is dissolved in water, aged for a period of time, dried and calcined. Depending on the volume of solution used, there are two methods of impregnation; the first is incipient wetness or dry impregnation, the volume of solution containing the metal precursor should not exceed the pore volume of the support. The impregnation solution is usually sprayed onto the support while it is maintained under stirring; this is to remove the air trapped within the pores, allowing for deeper penetration of the solution. This allows a more uniform distribution of the metal precursor onto the surface of the support. Incipient wetness impregnation method is simple and economic, and can give a reproducible metal loading. The drawback to this process is the solubility of the metal precursor (overcoming this would be by multiple impregnations if a higher concentration is used of the metal precursor). The second method of impregnation is wetness or soaking, this involves an excess of solution with respect to the pore volume of the support. The solution is left to age for a period under stirring, filtered and dried. Wetness impregnation method is applied especially if a precursor-support interaction is anticipated. The concentration of the metal precursor on the support not only depends on the concentration of the solution and the pore volume of the support, but on the concentration of the adsorbing sites existing on the surface. [1]
2.1.1. Metal Doped NbO2 and Nb2O5 for Ethylbenzene Oxidation
The metal doped niobium oxide catalysts were prepared using impregnation with water as the solvent. The metal precursors used to prepare the catalysts were: AgNO3; Cu(NO3)2 and Fe(NO3)3 (all metals were purchased from Acros Organics). In order to obtain catalysts with a final metal loading of 1wt%, the desired amount of metal precursor was dissolved in water (10 mL) and mixed with niobium oxide (ca. 2g, Sigma Aldrich) under vigorous stirring. The amount of support was adjusted to compensate for the metal assay of each precursor. The resulting slurry was heated up to 80 oC and evaporated to dryness. Each catalyst was dried at 180 oC for 16 hours in static air with no calcining step. 
2.1.2. Metal Doped NbO2 and Nb2O5 for Cyclohexene Oxidation
The metal doped niobium oxide catalysts were prepared using impregnation with water as the solvent. The metal precursors used to prepare the catalysts were: AgNO3; Cu(NO3)2; Fe(NO3)3; MnNO3 (all metals, except MnNO3, (Sigma Aldrich) were purchased from Acros Organics). In order to obtain catalysts with a final metal loading of 1wt%, the desired amount of metal precursor was dissolved in water (25 mL) and mixed with niobium oxide (ca. 2 g) under vigorous stirring. The amount of support was adjusted to compensate for the metal assay of each precursor. The resulting slurry was heated up to 80 oC and evaporated to dryness. Each catalyst was calcined at 500 oC for 4 hours in static air (temperature ramp 10 oC min-1), with no drying step. 
2.1.3. Hydrothermal Synthesis
The second method used for catalyst synthesis was the hydrothermal synthesis.  Hydrothermal synthesis is a method that has been garnering interest for the last 20-25 years since the formation of MCM-41 [2] for the synthesis of porous catalysts. The challenge is synthesising a material that is both thermally and hydrothermally stable. A lot of parameters need to be explored before starting this process: the ratio between the inorganic and organic phase, aging temperature and pH, removal of the template and addition of active metals. Hydrothermal synthesis employs a soft chemistry approach to build structures with open crystalline lattices, building it through a ‘bottom-up’ technique, while with hard chemistry approach, it is using a pre-existing support and melting it. It is a reaction occurring in mild conditions, using a temperature range between 80 – 200 oC, in a sealed system [2, 3]. The material is aged for a time to promote condensation and crystallisation, filtered and dried. A micelle-based liquid crystal templating method is used, and it relies on Coulombic attraction between an inorganic phase, and the organic template. This synthesis route relies on a soluble inorganic anion which could charge match with the cationic template [3]. This was detailed in Chapter 1. The method for developing microporous niobium oxides for this project was first synthesised by Sun et al [4]. 
2.1.4. Microporous and Mesoporous Nb2O5 and Linear Alkane Oxidation
Microporous or mesoporous catalysts were synthesised via a hydrothermal method that makes use of a template protocol from using different linear amines in a 1:1 molar ratio. Niobium ethoxide, (Alfa Aesar, 1.98 mL, 7.8 mmol) was added to a linear n-alkyl amine (Acros Organics, 7.8 mmol) into a 50 mL round bottomed flask. This mixture was stirred whilst in an ice bath, and then removed and deionised water (38 mL) was added. The mother liquor was then transferred to a 100mL Teflon liner in a stainless steel autoclave and heated for 10 days at 180 oC (hydrothermal synthesis). The obtained solid was filtered, washed thoroughly with 500 mL deionised water and dried at 150 oC overnight in static air. The procedure was used to prepare the mesoporous / microporous materials using butylamine, hexylamine, octylamine, or decylamine, to tune the final diameter of the microporous framework, always preserving a 1:1 molar ratio between niobium and the linear amine template. The same procedure was also followed, for incorporation of a transition metal (TM) into the niobium oxide, Nb2O5 framework, using iron ethoxide (Alfa Aesar, 0.015 g, 7.9 µmol), copper ethoxide (Alfa Aesar, 0.012 g, 7.9 µmol), manganese methoxide (Sigma Aldrich, 0.009 g, 7.9 µmol) or silver acetate (Sigma Aldrich, 0.013 g, 7.9 µmol) precursor to be introduced after the niobium ethoxide, and at a 1:100 molar ratio between TM: Nb. This ratio was selected for two reasons: it has a minimal, but is sufficient for catalysis, the amount of active metal not to disrupt the framework and to preserve the TM centres, to be reasonably isolated to promote their dispersion within the Nb2O5 matrix. 
2.1.5. Template Removal
Four different methods were employed to remove the template of a micro/mesoporous material:
a) 100 mg of the porous material was added into a glass Pasteur pipette to be used as a separation column, with the microporous acting as a stationary phase. An acid solution (10 mL) of 1 equiv to the nitrogen of the amine template was prepared and added dropwise into the pipette. The H+ from HNO3 would form an ammonium salt R-NH3+ with the template that would then dissolve in the solution and be collected at the bottom, with the microporous material template free. The pipette containing the material was then dried overnight at 120 oC in static air.
b) 100 mg of the porous material was added into a round bottom flask with a stirrer bar. An acid solution (10 mL) of 1 equiv to the nitrogen of the amine template was prepared and added to the flask and left stirring for a period of time (1 hour, or 24 hours). The sample was filtered under vacuum, and dried at 120 oC overnight in static air. 
c) 100 mg of the porous material was added into a 250 mL beaker with a stirrer bar. An acid solution (10 mL) of 1 equiv to the nitrogen of the amine template was prepared and added to the beaker and left stirring for a period of time (1 hour, or 24 hours). The sample was filtered under vacuum, and dried at 120 oC overnight in static air.
d) 100 mg of the porous material was placed into a calcination boat, and put into a tubular furnace. The sample was heated to 250 oC or 300 oC for 1 minute at a rate of 10 oC min-1 in static air. 
Different acid treatments were used: 1 equiv of the nitrogen of the NH2 of the amine template with H+ of the acid. The acidic mixtures were: nitric acid in ethanol, nitric acid in water, nitric acid in ethanol and water, nitric acid in isopropanol, hydrochloric acid in water, acetic acid in water, acetic acid in ethanol, p-toluenesulfonic acid in methanol, p-toluenesulfonic acid in ethanol, p-toluenesulfonic acid in isopropanol, nitric acid in isopropanol and sodium tetraphenylborate. All analysis was done to confirm the template removal using powder X-ray Diffraction and ATR-FTIR Spectroscopy. 
2.2. Autoxidation Tests
All oxidation reactions were carried out solvent free to calculate the molar conversion and selectivities of substrate oxidation, the following equations were used:
 

It should be noted that the experimental error for the conversions (like those for example in Chapter 3, Figure 3.3) is expressed in terms of mean absolute error, rather than in terms of standard deviation (and that is why the error appears to be a constant rather than chance for every measurement). In our case, we considered this parameter as more realistic than the use of mean standard deviation, and it is based on considering the maximum error that can be done from integration of the NMR peaks from which our error is calculated. Conversions are small and all in the range of 10 % or lower. All the errors, in this case, are expressed as conversion, C  2. That corresponds to the lowest NMR area increment that can be appreciated via integration. Below this limit all values are compatible with zero (as in fact this is also our case). To better express this concept it may worth to consider the analogy of measuring a length by using a meter tape, and its resulting error. This could be done by repeated measurements (as this would lead to a standard deviation), or by considering the smaller unit applicable or detectable by the meter tape (which would lead to a mean absolute error). In general terms the latter measurement would be larger than standard deviation and applicable to a wider set of measurements, and in our case more realistic for these conversion ranges. It also follows that while the standard deviation varies per each experimental point, the mean absolute error is a constant instead.
2.2.1. Ethylbenzene
Ethylbenzene (3 mL) was added to a 50 mL round-bottomed flask, equipped with a condenser and stirred on a hot plate using a Radleys StarFish reactor. Tests were conducted at temperatures from 90 oC to 130 oC, each for 24 hours. Agitation speed was performed at 0, 400, 500, 600, 700, 800, 900 and 1000 rotations per minute (rpm) for 24 hours at 130 oC. Kinetics tests were performed after 1, 2, 4, 8, 16, 24, 48, 72 and 96 hours at 130 oC. 
Ethylbenzene (3 mL) was added to a 25 mL round bottomed flask, equipped with a condenser, and stirred on a hot plate using a Radleys StarFish reactor. The tests were conducted at temperatures of 130oC for 24 hours in a pressurised system of 2 bar air or oxygen, with an air or oxygen flow of 0, 10 or 20 mL min-1 bubbled into the reaction mixture. 
Ethylbenzene (3 mL) was added to a 50 mL round bottomed flask, and stirred on a hot plate using a Radleys StarFish reactor. The tests were conducted at temperatures of 130oC for 24 hours in a pressurised system of 2 bar air or oxygen, with air or oxygen flowed into the reaction mixture. 
Tests with ethylbenzene and a radical scavenger (1 g) at a molar ratio of 100:1 were added to a 250 mL volumetric flask and shaken for the radical scavenger to dissolve. The solution was divided depending on the number of tests performed, and added to a 50 mL round bottomed flask, and stirred on a hot plate using a Radleys StarFish reactor. Tests in the presence of radical scavengers were carried out to help to discriminate between reaction pathways; three different radical scavengers were used: TEMPO, n-phenylnaphthylamine and galvinoxyl radical.
Reproducibility tests were performed. Ethylbenzene (3 mL) was added to five 50 mL round bottomed flask each, and stirred on a hot plate using a Radleys StarFish reactor. The tests were conducted at temperatures of 130 oC for 24 hours.
	2.2.2. Cyclohexene
3Å molecular sieves were activated at 260 oC for 72 hours. Cyclohexene was added to the sieves after activation, and left for 48 hours. Anhydrous cyclohexene was then transferred to vials and left in a desiccator, to be used in control tests. 
Anhydrous or non-anhydrous cyclohexene (5 mL) was added to a 50 mL round-bottomed flask equipped with a condenser and stirred on a hot plate using a Radleys StarFish reactor. Control tests were performed at temperatures of 60 oC, 70 oC or 80 oC. 
Anhydrous cyclohexene (5 mL) and TBHP of 5 mol% and 20 mol% were added to a 50 mL round bottomed flask and stirred on a hot plate using a Radleys StarFish reactor. 
Anhydrous cyclohexene and a radical scavenger (1 g) at a molar ratio of 100:1 were added to a 250 mL volumetric flask and shaken for the radical scavenger to dissolve. The solution was divided depending on the number of tests performed, and added to a 50 mL round bottomed flask stirred on a hot plate using a Radleys StarFish reactor. To determine the reaction pathways, the radical scavenger used was TEMPO.
	2.2.3. Linear Alkane
Dodecane (C12H26) (5 mL) was added to a 50 mL round bottomed flask, and stirred on a hot plate using a Radleys StarFish reactor. The tests were conducted at temperatures of 150 oC for 24 hours in a pressurised system of 2 bar air or oxygen, with air or oxygen flowed into the reaction mixture. 


2.3. Catalytic Tests
2.3.1. Ethylbenzene Catalytic Tests 
All oxidation reactions were carried out in the absence of additional solvent. 
Ethylbenzene (3 mL) was added to a 50 mL round-bottomed flask, with metal salt, catalyst or catalyst support, equipped with a condenser and stirred on a hot plate using a Radleys StarFish reactor. A range of metal to substrate molar ratios was used for the catalytic tests: 1:1000, 1:2000, 1:5000 and 1:25000. 
For the molar ratios listed, tests were done at temperatures from 90 oC to 130 oC, each for 24 hours with catalysts. Kinetics tests were performed after 1, 2, 4, 8, 16, 24, 48, 72 and 96 hours at 130 oC for the molar ratios listed. 
Agitation speed tests was performed, using Ag/Nb2O5 as catalyst, at 0, 400, 500, 600, 700, 800, 900 and 1000 rotations per minute (rpm) for 24 hours at 130 oC for the molar ratio of 1:2000 of metal to substrate. 
Ag/Nb2O5 catalyst was ground using a pestle and mortar to a fine powder. The catalyst was sieved using either 100 µm or 200 µm molecular sieves. The catalyst was collected, weighed, and tests were performed for 24 hours at 130 oC for the molar ratio of 1:2000 of metal to substrate.
Ethylbenzene (3 mL) and Ag/Nb2O5 at a molar ratio of 2000:1 of substrate to metal was added to a 25 mL round bottomed flask, and stirred on a hot plate using a Radleys StarFish reactor. The tests were conducted at temperatures of 130 oC for 24 hours in a pressurised system of 2 bar air or oxygen, with an air or oxygen flow of 0, 10 or 20 mL min-1 bubbled into the reaction mixture.
Ethylbenzene (3 mL) and Ag/Nb2O5 at a molar ratio of 2000:1 of substrate to metal was added to a 50 mL round bottomed flask, and stirred on a hot plate using a Radleys StarFish reactor. The tests were conducted at temperatures of 130 oC for 24 hours in a pressurised system of 2 bar air or oxygen, with air or oxygen flowed into the reaction mixture. 
Tests with initiators (TBHP) were carried out on ethylbenzene (3 mL) and TBHP at mole % of 1, 4, 12, 20 and 40% with respect to the organic substrate. The tests were carried out in a 50mL round-bottomed flask, with the catalyst or catalyst support and stirred on a hot plate using a Radleys StarFish reactor. The molar metal to substrate ratios were 1:1000, 1:2000, 1:5000 and 1:25000 used for the catalytic tests.
Tests with ethylbenzene and a radical scavenger (1 g) at a molar ratio of 100:1 were added to a 250 mL volumetric flask and shaken for the radical scavenger to dissolve. The solution was divided depending on the number of tests performed, and added to a 50 mL round bottomed flask, with the catalyst or catalyst support and stirred on a hot plate using a Radleys StarFish reactor. Tests in the presence of radical scavengers were carried out to help to discriminate between reaction pathways; three different radical scavengers were used: TEMPO, n-phenylnaphthylamine and galvinoxyl radical. Catalytic tests were performed at a molar ratio between the catalyst and substrate of 1:2000. 
Reproducibility tests were performed. Ethylbenzene (3 mL) and Ag/Nb2O5 as catalyst was added to five 50 mL round bottomed flask each, and stirred on a hot plate using a Radleys StarFish reactor. The tests were conducted at temperatures of 130oC for 24 hours. Catalytic tests were performed at a molar ratio between the catalyst and substrate of 1:2000.
2.3.2. Characterisation of the Ethylbenzene Reaction Mixture
NMR spectra were collected using CDCl3 as a solvent and 1H-NMR chemical shifts were calibrated against the multiplet of the benzene ring in deuterated chloroform at 8.5-7.0 ppm NMR shift.
1-phenylethanol (δ, ppm): 7.14-7.36 (m, 5H), 4.96 (q, 1H), 1.58 (d, 3H). GC/MS: M=122. 
Acetophenone (δ, ppm): 8.02 (m, 2H), 7.68 to 7.32 (m, 3H), 2.585 (s, 3H). GC/MS: M=120.
1-phenethyl hydroperoxide (δ, ppm): 5.17 (q, 1H), 2.00 (d, 3H), 7.2-7.5 (m, 5H). GC/MS: M=138. 
Benzaldehyde (δ, ppm): 10.002 (s, 1H), 7.87-7.51 (m, 5H). 	
Benzoic Acid (δ, ppm): 12.09 (s, 1H), 8.12 (m, 2H) 7.62-7.45 (m, 3H). 
Styrene (δ, ppm): 7.50-7.10 (m, 5H), 6.692 (dd, 1H), 5.737 (d, 1H), 5.225 (d, 1H)



2.3.3. Linear Alkane Catalytic Tests
All oxidation reactions were carried out in the absence of additional solvent. 
Dodecane (C12H26) (5 mL) was added to a 50 mL round bottomed flask, with a metal salt, catalyst or catalyst support and stirred on a hot plate using a Radleys StarFish reactor. The molar metal ratio between the catalyst and substrate was 1:2000. The tests were conducted at temperatures of 150 oC for 24 hours in a pressurised system of 2 bar air or oxygen. 
2.3.4. Characterisation of the Linear Alkane Reaction Mixture
NMR spectra were collected using CDCl3 as solvent and 1H-NMR shifts were calibrated against the triplet signal of the methyl group of dodecane in deuterated chloroform at 1.22 ppm.
Octane products
2-Octanol (δ, ppm): 3.78 (m, 1H), 1.40 (d, 1H), 1.55-1.09 (m, 12H), 1.184 (d, 3H), 0.89 (t, 3H).
2-Octanone (δ, ppm): 2.41 (t, 2H), 2.129 (s, 3H), 1.57 (m, 2H), 1.18-1.45 (m, 6H), 0.887 (t, 3H).
3-Octanol (δ, ppm): 3.52 (m, 1H), 1.69-1.12 (m, 11H), 0.94 (t, 3H), 0.90 (t, 3H).
3-Octanone (δ, ppm): 2.41 (q, 2H), 2.40 (t, 2H), 1.59 (m, 2H), 1.15-1.47 (m, 4H), 1.05 (t, 3H), 0.90 (t, 3H).
Dodecane products
2-Dodecanol (δ, ppm): 3.79 (m, 1H), 1.44-1.43 (m, 3H), 1.36-1.21 (m, 16H), 1.82 (d, 3H), 0.88 (t, 3H).
2-Dodecanone (δ, ppm): 2.42 (t, 2H), 2.13 (s, 3H), 1.57 (m, 2H), 1.28-1.26 (m, 2H), 0.88 (t, 3H).
3-Dodecanone (δ, ppm): 2.41 (t, 2H), 2.39 (t, 2H), 1.56 (m, 2H), 1.26-1.05 (m, 15H), 0.88 (t, 3H).


2.3.5. Cyclohexene Catalytic Tests
All oxidation reactions were carried out in the absence of additional solvent. 
Anhydrous or non-anhydrous cyclohexene (5 mL) was added to a 50 mL round-bottomed flask equipped with a condenser and stirred on a hot plate using a Radleys StarFish reactor. Control tests were performed at temperatures of 60 oC, 70 oC or 80 oC. An appropriate amount of catalysts, between 270-550 mg was used for catalytic tests, and a molar ratio of 1:1000, for Mn, Fe, Cu or Ag metal. 
2.3.6. Anhydrous Cyclohexene and TBHP and Radical Scavenger Tests
3Å molecular sieves were activated at 260 oC for 72 hours. Cyclohexene was added to the sieves after activation, and left for 48 hours. Anhydrous cyclohexene was transferred to vials and left in a desiccator, to be used in control tests. 
Anhydrous cyclohexene (5 mL) and TBHP of 5 mol% and 20 mol% were added to a 50 mL round bottomed flask, with the catalyst or catalyst support and stirred on a hot plate using a Radleys StarFish reactor. The molar metal to substrate ratio was 1:1000 used for the catalytic tests.
Anhydrous cyclohexene and a radical scavenger (1 g) at a molar ratio of 100:1 were added to a 250 mL volumetric flask and shaken for the radical scavenger to dissolve. The solution was divided depending on the number of tests performed, and added to a 50 mL round bottomed flask, with the catalyst or catalyst support and stirred on a hot plate using a Radleys StarFish reactor. To determine the reaction pathways, the radical scavenger used was TEMPO. Catalytic tests were performed at a molar ratio between the catalyst and substrate of 1:1000. 
2.3.7. Characterisation of the Cyclohexene Reaction Mixture
NMR spectra were collected using CDCl3 as a solvent and 1H-NMR shifts were calibrated against the multiplet signal of cyclohexene in deuterated chloroform at 2.5-1.0 ppm. 
Cyclohexene Oxide (δ, ppm): 3.11 (dd, 2H), 1.94-1.81 (m, 4H), 1.42-1.23 (m, 4H).
2-Cyclohexen-1-ol (δ, ppm): 5.80-5.73 (m, 2H), 4.18 (d, 1H), 2.80 (d, 1H), 2.02-1.57 (m, 6H).
2-Cyclohexen-1-one (δ, ppm): 7.04 (m, 1H), 6.01 (m, 1H), 2.43-2.37 (m, 4H), 2.03 (q, 2H).
Trans-1,2-Cyclohexanediol (δ, ppm): 3.91 (d, 2H), 3.376 (m, 2H), 1.95-1.69 (m, 4H), 1.56-1.00 (m, 4H).
Cis-1,2-Cyclohexanediol (δ, ppm): 3.81 (d, 2H), 3.33 (m, 2H), 1.95-1.69 (m, 4H), 1.56-1.00 (m, 4H).
2.4. Characterisation of the Catalysts
The characterisation techniques used for this project were: X-Ray Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), Nuclear Magnetic Resonance (NMR), Electron Paramagnetic Resonance (EPR), Thermal Gravimetric Analysis (TGA), Porosimetry, Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Induced Conductive Plasma Mass Spectrometry (ICP-MS). 
		2.4.1. X-Ray Diffraction (XRD)
X-Ray Powder Diffraction (XRPD) patterns were acquired using a Bruker D8 Advance equipped with a LynxEye detector. The instrument was operating at 40kV and 40 mA selecting the CuKα radiation as X-ray source. The samples were analysed in the range of 15 to 70o 2θ for a scan time of 30 minutes. The samples run were the catalysts, supports and metal oxides. The samples were analysed in the range of 2.5 to 60o 2θ for a scan time of 30 minutes. The samples run were the microporous and mesoporous materials. Analysis of the XRD patterns was done using X’Pert Highscore Plus. 
		2.4.2. X-Ray Photoelectron Spectroscopy (XPS)
X-Ray Photoelectron Spectroscopy (XPS) was performed with a Kratos Axis Nova spectrometer using a monochromatised Alkα X-Ray source (225W) with analyser pass energy of 160eV for survey scans and 20eV for detailed elemental scans. Three positions per sample were analysed. Binding energies are referenced to the C (1s) binding energy of carbon, taken to be 284.8eV XPS spectra were analysed using CasaXPS software. The samples were analysed at the NEXUS facility at Newcastle University, with analysis performed by Dr Naoko Sano and Professor Peter Cumpson. 


		2.4.3. Nuclear Magnetic Resonance (NMR) Spectroscopy
NMR analysis of the reaction mixture to determine conversion and product selectivity was obtained via 1H-NMR using a Bruker Advance 400 spectrometer fitted with a 5mm PABBO BB/19F-1H/D-GRD probe operating at 400MHz.
		2.4.4. Electron Magnetic Resonance (EPR) Spectroscopy
EPR measurements were recorded at 100 and 300 K on a Bruker EMX CW-micro X-band spectrometer (  9.4 GHz) with a microwave power of 6.9 mW, a modulation frequency of 100 kHz and modulation amplitude up to 5 G. To record the EPR spectra at different temperature (i.e. 100 and 300 K), the EPR spectrometer is equipped with a variable temperature control unit including a liquid N2 cryostat and a temperature controller. Calibration of the g values was performed using a DPPH standard (g = 2.0036 ± 0.0004). The samples were analysed at the Leibniz Institute of Catalysis, with analysis performed by Dr Jabor Rabeah and Professor Angelika Brueckener.	
2.4.5. Thermal Gravimetric Analysis (TGA)
Thermal Gravimetric Analysis (TGA) was carried out using Perkin Elmer Thermogravimetric Analyzer Pyris 1 TGA. The sample was placed into a small weighing boat, and heated from 25 to 700 oC in nitrogen atmosphere, at a rate of 10 oC, held for 5 minutes then cooled down. This method was used to monitor possible template removal for microporous materials. 
		2.4.6. Porosimetry
The Brunauer-Emmett-Teller (BET) method is an important analysis tool to determine specific surface areas of materials. It applies to multilayer adsorption and uses probing gases that do not chemically react with the surface of the material, for example nitrogen. This method provides information on surface area, and pore size distribution, comparing the difference the various forms of niobium oxides, both bulk and microporous. In this context, and with the aim to provide some guidance for the data interpretation, there are six types of physisorption isotherms, these have been closely identified and be related to particular pore structures. IUPAC has classified these isotherms into the six categories [5]. 

Table 2.1: Classification of different physisorption isotherms [5].
	Type of Isotherm
	Properties
	Types of Materials

	I
	A reversible isotherm
Relatively small external surfaces
Amount adsorbed approaches a limiting value
	Activated Carbons
Molecular Sieve Zeolites
Certain Porous Oxides

	II
	A reversible isotherm
Shape due to unrestricted monolayer-multilayer adsorption
	Nonporous or macroporous adsorbents

	III
	No identifiable monolayer formation
Adsorbent-adsorbate interactions are weak
	Nonporous or macroporous solids

	IV
	Monolayer-multilayer adsorption on mesopores is followed by pore condensation. Similar to Type II.
	Oxide Gels
Industrial Adsorbents
Mesoporous molecular sieves

	V
	Clustering is followed by pore filling
	Hydrophobic microporous and mesoporous adsorbents

	VI
	A reversible isotherm. Layer-by-layer adsorption on a uniform nonporous surface. Dependent on the system and temperature
	Graphitised Carbon Blacks


Of these, there are six types of hysteresis loops. These types are closely related to the features of the pore structure and adsorption mechanism [5].  






Table 2.2: Classification of different hysteresis loops [5].
	Type of Hysteresis Loop
	Properties
	Types of Materials

	H1
	Network effects are minimal, which has a steep, narrow loop, an indication of delayed condensation. 
	Templated silicas

	H2a
	Has a deep desorption branch
Associated with pore blocking.
	Silica Gels
Porous glasses
Ordered mesoporous materials

	H2b
	Size of desorption branch is wider than 2a.
	Mesocellular silica forms
Mesoporous ordered silicas

	H3
	Similar to Type II isotherm
	Certain clays

	H4
	A combination of types I and II isotherms. 
	Aggregated crystals of zeolites
Mesoporous zeolites
Micro-mesoporous carbons

	H5
	Sharp step down of the desorption branch. 
	Plugged hexagonal templated silicas. 



Brunauer-Emmett-Teller (BET) method was carried out using 3Flex Version 3.02. BET measurements were carried out at 77 K in nitrogen atmosphere, with an equilibration period of 10 to 45 s. The samples were analysed at Chemical and Biological Engineering, University of Sheffield, with analysis performed by Dedi Sutarma.
2.4.7. Scanning Electron Microscopy
Scanning electron microscopy (SEM) images were recorded using a Hitachi TM3000 electron microscope operating at 15 kV. All samples were sputtered with gold prior to analysis. The samples were analysed at the University of Bradford, with analysis performed by Dr Yulia Ryabenkova.
2.4.8. Transmission Electron Microscopy
High Resolution-Transmission Electron Microscopy (HR-TEM) was performed on aberration corrected FEI Titan 80/300 microscope instrument. Samples were prepared by placing a drop of a water dispersion of catalyst onto a 200 mesh carbon coated copper grid and evaporating immediately at ambient temperature. The samples were analysed at Syncat facility at Synfuels, with analysis performed by Dr Xi Liu.
		2.4.9. Induced Conductive Plasma Mass Spectrometry (ICP-MS)
Induced Coupled Plasma-Mass Spectrometry (ICP-MS) is a non-selective ionization source. ICP is combined with mass spectrometry. Problems can arise from isobaric interference, which are commonly due to polyatomic ions from the plasma gas or the sample matrix, which overlap with the analyte elements at the same rn/z.' [6].
ICP was a method used to detect leaching of active metal components from the surfaces. 
1mL of the reaction mixture at the end of a control test was added to 9 mL of deionised water and left for stirring at room temperature for one hour. 5mL of this solution was then separated and given for ICP-MS analysis. 
100mg of catalyst was added to 10mL of deionised water and left-over night. 5mL of this mixture was given for ICP-MS analysis. 
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Chapter 3: Ethylbenzene Oxidation to Acetophenone using Niobium Oxide Supported Silver Catalysts 








3.1. Overview
Ethylbenzene oxidation to acetophenone is the aim of this chapter. To find the best active metal for the oxidation of ethylbenzene, iron, copper and silver were tested. Iron and copper have been extensively used in oxidation reactions, for example, epoxidation of alkenes [1, 2]. However, silver gave the best conversion, selectivity towards acetophenone, and there is little research in terms of its use in oxidation of hydrocarbons [3]. Bulk silver is an inert metal, widely used in jewellery manufacturing [4], but nanoparticles deposited on a catalyst support show activity in reactions, for example, oxidation of cyclohexene to adipic acid [5]. 
Niobium oxide was explored because of its versatility, to be a catalyst support in its bulk form [6] and microporous form [7]. For this chapter, niobium oxide was used as the bulk catalyst support, as a platform to explore and compare the microporous support in Chapters 5 and 6. The difference between the bulk and microporous form is illustrated in Figure 3.1. 
a)[image: ]  b) [image: ]
Figure 3.1: the bulk form is represented in a) showing the active metal is deposited on the surface of the support. The microporous form (b) is formed of channel structures, with the active metal component within the framework of the metal oxide, forming a M-O-TM-O-M like arrangement (M= Metal – in this case, Nb; O – oxygen and TM – transition metal – for this project, either Ag, Cu, Fe or Mn). 
Niobium oxide (NbO2 and Nb2O5) has received limited attention as a support for heterogeneous catalysis. Thus exploring its properties in both microporous and bulk form would be very useful for uses as a catalyst support, as discussed in Chapter 1. Silver was used as the active metal on the bulk supports, because it has received limited attention in catalysis also. Silver has been gaining more attention recently as it could be a metal used for the C-H activation, in contrast to other metals, such as Au, Pd and Pt [8]. 
Oxidation of ethylbenzene using Ag deposited on niobium oxide supports will be presented and discussed. For this chapter, ethylbenzene was the hydrocarbon of choice, because it can be activated in mild conditions, and the C-H bond that is activated is the one of the methylene group. This leads to less by-product formation, compared to cyclic or linear alkanes and proves to be an excellent substrate for physiochemical study. However, selectivity is still an issue with ethylbenzene oxidation, as a few products are formed, such as acetophenone, 1-phenylethanol, styrene, benzaldehyde and benzoic acid. 
3.2. Introduction
3.2.1. Acetophenone Formation
Acetophenone is an important commodity in industry; it is used as an intermediate in the synthesis of perfumes and pharmaceuticals [9]. The current industrial route for synthesising acetophenone uses cobalt acetate as the catalyst in an acetic acid solution, (Scheme 3.1a). Cobalt ions exhibit strong catalysis in the autoxidation of hydrocarbons in acetic acid solution [9]. This method of synthesis, however, is not environmentally friendly for the following reasons:
(i) The use of a solvent to help facilitate the reaction, which is wasteful.
(ii) A homogeneous catalytic process, therefore separating the catalyst from the reaction mixture is difficult and time consuming. 
(iii)  The catalyst deactivates after the reaction process, therefore, needs constant replacing. 

  (a)

  (b)

  (c)
Scheme 3.1: Oxidation of ethylbenzene to acetophenone, (a) the current industrial process using cobalt acetate as the catalyst; (b) heterogeneous process using manganese as the active metal in its hydroxide form supported over different supports (SiO2, MgO and γ-Al2O3) in oxygen atmosphere; (c) the synthesis route proposed for this project, using silver deposited on niobium oxide supports [9-11].
Heterogeneous catalysis can be a more environmental and practical route. It can work efficiently in the oxidation of ethylbenzene using molecular O2 under liquid phase conditions. Kuwahara et al. studied manganese as the active metal deposited on γ-Al2O3 for oxidising ethylbenzene to synthesise acetophenone (Scheme 3.1b). A good yield of 51% was produced from the oxidation of ethylbenzene; the conditions employed were a temperature of 135 oC, with a metal: substrate ratio of 1:1333 and no solvent [11]. It was a heterogeneous catalysis process, but the reaction took place under oxygen atmosphere, at a temperature which is the boiling point of ethylbenzene, therefore under reflux. Acetophenone was the major product, but other by-products produced were 1-phenylethanol and benzoic acid. This promoted research towards alternative catalysts to be developed for this reaction process, to use mild conditions, no solvent and molecular oxygen from air, both for its relevance and as a model system for the oxidation of aryl alkanes using metal nanoparticles, comprising silver as the active metal component and an array of metal oxides, focussing primarily on NbO2 and Nb2O5 for reasons explained at the beginning of this chapter. 













3.2.2. Autoxidation Schemes
Autoxidation of a substrate, either a hydrocarbon or an alcohol, is a background oxidation reaction that takes place in the absence of any catalysts. This may be triggered by trace amounts of metals present in the glassware or by the walls of the reactor, or by the ever present (small) amount of peroxides in solution. It is an ever-present reaction for all hydrocarbon oxidation processes. Autoxidation can affect the conversion and selectivity of the products formed during the reaction in the presence of a catalyst [12], therefore providing a hindrance when using a catalyst to drive the reaction.
Autoxidation of ethylbenzene, like all oxidation processes, is dominated by radical pathways. The bond dissociation energy of the C1 position of ethylbenzene is 82 kcal mol-1 compared to the C2 position is 98 kcal mol-1. The C1 position is more likely to have C-H bond cleavage [13]. An initiator is required to activate the C-H bond of the primary C position of ethylbenzene. 
Scheme 3.2 is the initiation step to form an alkyl radical. This can occur due to an initiator, for example, trace metals present in the walls of the reactor or glassware, thermal decomposition of residual peroxide species always present in solution or in some cases UV light. 


Scheme 3.2: Initiation step for the formation of an alkyl radical species from ethylbenzene, showing an initiator X.
After the formation of the alkyl radical, it can react with the molecular oxygen, (which in its ground state is a molecule in a triplet electron spin state) from air to form a peroxyl radical as seen in Scheme 3.3.


Scheme 3.3: Propagation step: reaction of the alkyl radical with molecular oxygen (which is in its ground state is a diradical species) to form a peroxy radical species.
From this point on, peroxy radicals can take several routes. The first is the termination via condensation (a route known as the Russell mechanism [14]), in which two alkyl peroxy species arrange in a coil to lead to an alcohol, a ketone and a new molecule of O2. Two peroxyl radicals can react in give a termination step as seen in Scheme 3.4.


Scheme 3.4: Termination step: reaction between two peroxyl radical species to give a 1:1 molar ratio of acetophenone and 1-phenylethanol, and molecular oxygen. 
One of the oxygen radicals can abstract a H atom from the C1 position, and thus allowing O-O bond breaking, while the second oxygen radical forms a double bond, simultaneously O-O bond breaking, giving diradical molecular oxygen, 1-phenylethanol and acetophenone in a 1:1 molar ratio. These two compounds are important in industry: 1-phenylethanol is used as a flavouring agent [15] and acetophenone is an important raw material used as an intermediate in the production of perfumes, pharmaceuticals, resins, esters and aldehydes [9]. The formation of these two important compounds in a 1:1 molar ratio poses a problem when desiring selectivity of one compound. However, there are further propagation radical reactions that take place.
The alkyl radical can react with any of the compounds from then on, to give a wide range of new products, as seen in Figure 3.2. 


Figure 3.2: (from left to right) list of oxidation products from ethylbenzene: acetophenone, 1-phenylethnaol, 1-phenethyl hydroperoxide, styrene, benzaldehyde and benzoic acid. 
These include styrene (the major product from ethylbenzene via oxidative dehydrogenation or dehydration); benzaldehyde and benzoic acid (via decarboxylation). This creates a problem with the aim to obtain one product, because the C-H bond dissociation energy of each of these compounds formed is lower than ethylbenzene, and in principle, easier for these compounds to oxidise than the parent ethylbenzene molecule. Therefore, even more by-products could be formed. 
Schemes 3.5 and 3.6 show that if the catalyst cleaves the O-O bond; an excess of alcohol is obtained. 


Scheme 3.5: The O-O bond is cleaved, producing an alkoxy and hydroxy radical species. 


Scheme 3.6: The alkoxy radical attacks a linear alkane in the secondary position to form a secondary alcohol and an alkyl radical species. This is regenerated and can start a new oxidation cycle. 
Scheme 3.5 shows the peroxyl radical can react with an ethylbenzene molecule, abstracting hydrogen from the C1 position, to give 1-phenethyl hydroperoxide (an intermediate) and reform the alkyl radical species that will react with an oxygen molecule under diffusion control, to form a new alkyl peroxy radical, that will further attack a hydrocarbon molecule (Schemes 3.7 and 3.8), and so on, thus showing the autocatalytic (autoxidation) nature of the process. 


Scheme 3.7: Propagation step: reaction between a peroxyl radical species and ethylbenzene to give 1-phenethyl hydroperoxide and reproduce the alkyl radical species. 
However, if the catalyst cleaves the C-H (alpha position), an excess of the ketone is obtained. Autoxidation models point to a ratio between ketone and alcohol (K/A) would be 1.5-2. 


Scheme 3.8: the peroxyl radical species H-abstracts from the secondary position of the alkyl peroxide, then the O-O bond cleaves to leave a secondary ketone and hydroxyl radical species.
3.3. Results and Discussion
3.3.1. Equilibrium Calculations
In our case, acetophenone is the desired product, synthesised from ethylbenzene and molecular oxygen in a 1:1 reaction, shown in Scheme 3.9. and the one obtained in larger amount. This reaction will be used as an approximation to calculate the equilibrium constant, Keq. 


Scheme 3.9: Oxidation of ethylbenzene using molecular oxygen to synthesise acetophenone and water. 
The reaction thermodynamic equilibrium analysis is the most common procedure to obtaining the equilibrium composition of any reacting scheme. Hypothetically, acetophenone and water are the two products formed. 
In full generality the equilibrium composition of a system depends on the Gibbs free energy, which strictly speaking is also a function of the temperature. However, in this simplified treatment we will consider temperature as a constant.
For a system (whether gas or liquid phase), the total Gibbs free energy is the summation of all the components

where ∆G is the total Gibbs free energy, ∆Gf (AcP) is the Gibbs free energy of formation for acetophenone, ∆Gf (H2O) is the Gibbs free energy of formation for water and ∆Gf (EB) is the Gibbs free energy of formation for ethylbenzene. 
The Gibbs free energies of formation of the components were obtained from Ref. [16]. The Gibbs free energy for molecular oxygen is zero. The total Gibbs free energy 


Knowing the total Gibbs free energy, the equilibrium constant Keq, for 1 mol of product, can then be deduced


Keq is the equilibrium constant, R is the universal gas constant and T is the system temperature, which in this case is room temperature. Using acetophenone as the only product formed from the ethylbenzene oxidation simplifies the calculations, and is reasonable due to the temperature used. For the purpose of this calculation, T=298 K was used. 



This indicates that the reaction should evolve to completion, which is not our case when the experiment is carried out, thus suggesting other effects for example a change in the catalyst structure, might be operating, see section 3.3.4. 
3.3.2. Autoxidation of Ethylbenzene
Autoxidation of ethylbenzene was investigated in this project to determine the products synthesised. The major compounds were acetophenone, 1-phenylethanol and 1-phenethyl hydroperoxide. Tests were conducted at different temperatures ranging from 90 oC to 130 oC. This aims was to minimise autoxidation, especially comparing results when in presence of a catalyst. In our case, it was possible to observe that autoxidation is detected ca 110 oC (Figure 3.3) and shows a 7% conversion at 130 oC after a 24-hour reaction time. Although this value is not statistically negligible, it is considered acceptable for our purposes in the presence of a catalyst, as these tests will require some thermal activation, which will occur at the 130 oC end rather than at the 110 oC. 
[image: ]
Figure 3.3: Conversion (%) of ethylbenzene via autoxidation to different products, done for 24 hours in air at atmospheric pressure, from 90-130 oC. 
With the conversion of 6.5%, the selectivity of acetophenone is 39.9% (Table 3.1), while the selectivity of 1-phenylethanol is 52.5%, with the remaining 7.6% being 1-phenethyl hydroperoxide. This shows that the activity could be due to the radical pathways illustrated, with two peroxyl radicals reacting to give a molar ratio close to 1:1 between these two compounds formed, thus suggesting that at this stage of the reaction, the process is dominated by Russell termination. It demonstrates the need for a catalyst to enhance the selectivity of acetophenone via altering the radical pathway taken to give this molecule or by introducing, for example, redox routes. In view of a compromise between autoxidation and activity in the presence of a catalyst the temperature of 130 oC was selected to carry out our catalytic tests. The experimental error for the conversions is expressed in terms of mean absolute error, rather than in terms of standard deviation. It is based on considering the maximum error that can be done from integration of the NMR peaks from which our error is calculated. Therefore, the error appears to be a constant rather than chance for every measurement. This was detailed in Chapter 2, section 2.2.
However, there is a decrease in the conversion with increasing temperature. As observed in Figure 3.3, with a drop of conversion from 120 oC and 130 oC. A possible theory could be the formation of 1-phenylethanol is acting as a inhibitor in the oxidation of ethylbenzene or possible diffusion limitation effects (these and additional factors have been descried in detail in the presence of a catalyst in section 3.3.5). 
Table 3.1: Selectivity (%) of ethylbenzene autoxidation carried out for 24 hours in air at atmospheric pressure, from 90-130 oC, for acetophenone, 1-phenylethanol and 1-phenethyl hydroperoxide. For conversion values see Figure 3.3.
	Temperature/oC
	Acetophenone
	1-Phenylethanol
	1-Phenethyl Hydroperoxide

	90
	0
	0
	100

	100
			12
	0
	88

	110
	26
	29
	45

	120
	37
	39
	24

	130
	40
	53
	7



At a low temperature, the conversion is limited, and this could induce a large integration error (from the NMR area peaks), when the conversion is less than 5%.  As seen in Schemes 3.6 and 3.8, and Table 3.1, these two pathways (Schemes 3.6 and 3.8) are dominant, hence producing acetophenone and 1-phenylethanol in equal measure, giving a 1:1 molar ratio for the autoxidation process. 


Scheme 3.10: A simplified scheme for the oxidation of ethylbenzene to 1-phenethyl hydroperoxide and to a) 1-phenylethanol and b) acetophenone. 
Reproducibility of ethylbenzene autoxidation is shown in Figure 3.4. The conversion is between 3-6% for all tests performed. Being within experimental error, the conversion is the same for all tests done. The average conversion is 4.6% and standard deviation is 1.2.
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Figure 3.4: Conversion of ethylbenzene autoxidation for reproducibility tests. Tests were done at 130 oC for 24 hours. 













3.3.3. Ethylbenzene Oxidation Pathways Using Radical Scavengers
To determine whether radical pathways were affecting the autoxidation of ethylbenzene, radical scavengers were used to determine the mechanisms of the process. Three different radical scavengers were used: TEMPO, galvinoxyl radical and N-phenyl naphthylamine. The radicals are capable of different quenching capabilities because they show some specificity in the capture of alkyl, peroxy and alkoxy radicals. 



Scheme 3.11: TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl) oxyl), if in lesser amounts, can be used for scavenging C-centred radicals. 
TEMPO can form a weak bond with the alkyl radical after its formation between the O. of TEMPO with the alkyl C. of ethylbenzene radical, as observed in Scheme 3.11. As shown in Schemes 3.2, 3.3 and 3.7, the alkyl radical starts of a series of propagation steps to synthesising different radicals, such as the peroxy radical. Therefore, TEMPO is used to inhibit the alkyl radical. The inhibition of the alkyl radical species was observed in the tests conducted using ethylbenzene. A decrease in the conversion from 7% to less than 2% occurred after the addition of TEMPO at 1 mol%. This proves that a major reaction route was taking place via a radical process. 


Scheme 3.12: Galvinoxyl radical quenching the alkoxyl radical. 
Galvinoxyl radical can form a weak bond with the alkoxy radical after its formation between the O. of galvinoxyl radical with the O of alkoxy radical, as observed in Scheme 3.12. The alkoxy radical is part of the propagation steps to creating 1-phenylethanol and alkyl radical; therefore, galvinoxyl radical is used to inhibit this species. This was observed in the tests conducted using ethylbenzene, with a decrease in the conversion from 7% to less than 2% after the addition of galvinoxyl radical without catalysts. 


Scheme 3.13: n-phenylnaphthylamine, if in lesser amounts, can quench the alkyl radical.
As with TEMPO, n-phenyl naphthylamine prevents further pathways forming a bond between the N. of n-phenyl naphthylamine with the alkyl C. of ethylbenzene radical, as observed in Scheme 3.13. This was observed in the tests conducted using ethylbenzene, with a decrease in the conversion from 7% to less than 2% after the addition of n-phenyl naphthylamine.
After the addition of the radical scavengers, the reaction was strongly inhibited or even suppressed, with conversion values in the range of 2% or lower. This can confirm that the conversion observed for ethylbenzene in the presence of these radical trapping species was purely due to free radical autoxidation processes. 
[bookmark: _Hlk492394465]3.3.4. Silver and Silver Oxide Nanoparticles Supported on Niobium Oxides for Ethylbenzene Oxidation.
With the activity of autoxidation shown in the section 3.3.2, we were interested to explore the activity of the catalysts for ethylbenzene oxidation. In this section, the simultaneous use of metal nanoparticles comprising of silver as the active metal at 1wt%, and niobium oxide as the support were investigated and studied in detail. The rationale for the composition of these catalysts is two-fold: first to assess the characteristic behaviour of bulk Nb2O5, which will be synthesised and used in microporous form, and as such, to have a comparison between the bulk and porous states. Secondly, to explore the reactivity of silver as an active metal for selective hydrocarbon oxidation because this element, unlike gold, did not receive the same attention in terms of catalytic properties, but some reports of double bond activation, such as epoxidation of butadiene to epoxybutene [17]. In this context, gathering insight on the capability of Ag to activate C-H bonds for saturated hydrocarbons and exploring to see if this activation is occurring via a radical or redox pathway. The behaviour of silver was also contrasted to that of copper and iron, which are known to promote both redox and radical pathways, and in the latter case, to promote peroxide decomposition. 
Tests were done to establish if the data we collected were under kinetic control or under diffusion limitation. We examined the effect of different parameters like: agitation speed, grain size, pressure and temperature. If diffusion limitation effects are present this could mean that the rate of the catalytic process is slower than that achievable by the kinetic parameters, and the catalysts turn out to be less efficient by diffusion effects. Diffusion limitation effects can be minimized (or at least diminished) by increasing the stirring or by increasing the pressure of the gas supplied to dissolve into the liquid and the stirring. Although, the latter will be also limited by thermodynamic parameters as eventually any gas will saturate a liquid at a certain temperature and the solubility is finite.
The conversion of the tests performed for autoxidation and catalytic tests of ethylbenzene using different agitation speed is shown in Figure 3.5.
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Figure 3.5: Ethylbenzene autoxidation conversion (red) and with the catalysts (blue) at a molar ratio of 1:2000 between metal to substrate. Tests were done at 130 oC for 24 hours. 
The conversion of ethylbenzene for no agitation was ~ 3-7% for either autoxidation or Ag/Nb2O5. The conversion of ethylbenzene was shown to be ~5-6% for agitation tests at 700 and lower (except 400 rpm) agitation speed, and ~2% at 800 and higher rpm for the autoxidation tests. In our tests the conversion is shown to be ~16% for all rpm for the catalytic tests, except 700 rpm which is ~20%. From these considerations it might be this value is an apparent value between a low (and non-effective low stirring rate) and a non-efficient high stirring rate for the reasons explained. A possible explanation is the mobility of the catalyst in the reaction vessel. At higher rpm, the catalyst may be sticking to the walls of the flask, therefore resulting into a non-uniform mix between the catalyst and ethylbenzene during the reaction. Another and quite practical limitation could be that the stirrer bar starts to bump at higher rpm and the stirring is actually inefficient. With the current set-up is use, it is not possible to provide a definitive answer at what agitation speed is under chemical control and at what agitation speed is under physical control. Further control tests could be considered to address these points, for example by using equipment that increases the formation of vortices (like commercial systems known as HEL reactors, which have rods inserted into the reaction vessel to increase the mixing between grain of catalysts and substrate).



















Grain size of the catalyst has been considered (Figure 3.6).
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Figure 3.6: Ethylbenzene conversion using Ag/Nb2O5 catalysts tests at different grain size. Tests were done at 130 oC for 24 hours at a molar ratio of 1:2000 between active metal and substrate.
The conversion of ethylbenzene using different grain size is shown to be ~20% for all particle sizes. In general though, smaller grains are expected to be more reactive because there is a higher surface area per mass of catalyst. The relative surface area is related to the rate of the reaction: if there is a smaller grain size, there is a higher surface-to-bulk area, in turn more molecules can adsorb onto the surface of the catalyst, thereby increasing the rate

Conversely, sieving the catalyst would be more important to have a more uniform grain distribution. Possible further tests could to use a sieve of 50 µm and pellets of the catalyst to compare conversion and reaction rate. 



Another factor that has been considered is the effect of pressure on the reaction (Figure 3.7).
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Figure 3.7: Ethylbenzene conversion (red – autoxidation and blue – Ag/Nb2O5) Tests were done at 130 oC for 24 hours. Pressurized system: 2 bar in all cases.
The autoxidation tests done with a reflux condenser open to air and a pressurised systems all have the same conversion (ca 5%). Because of this, there is no difference which reactor should be used. In terms of selectivity, there was no change between these systems either.
For the catalytic tests done using Ag/Nb2O5 as catalyst instead, the pressurised system tests show the conversion was less than the condenser open to air, which appears to be counterintuitive. To postulate a hypothesis on this, this could be due to poisoning of the silver catalyst, competitive adsorption phenomena between O2 and ethylbenzene, or the possibility that one of the products formed is acting as an inhibitor. In terms of selectivity, the system open to air and the pressurised O2 system are the same for acetophenone, 1-phenylethanol and 1-phenethyl hydroperoxide; while the pressurised air system shows a 1:1 for acetophenone and 1-phenylethanol. 
In order to identify possible diffusion limitation effects when the reflux condenser was used, a reaction system bubbling oxygen into the reaction mixture by means of a mass flow controller was used.
The tests of ethylbenzene oxidation at different air flow rates are shown in Figure 3.8. The conversion of ethylbenzene for autoxidation was 5% or below, for all tests performed with or without air flow. The conversion of ethylbenzene using Ag/Nb2O5 as catalyst shows an increase, with increasing air flow before plateauing off at 10-20 mL min-1. The tests performed at >10 mL min-1 show an apparent increased conversion of ~ 20%, compared to the test done without any air flow. 
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Figure 3.8: Conversion of ethylbenzene at different flow rates of air, for: autoxidation (red) and Ag/Nb2O5 (blue) as catalyst. Tests were done at 130 oC for 24 hours at inlet pressure of 2 bar, with the catalytic tests, at a metal: substrate ratio of 1:2000. 
The tests of ethylbenzene oxidation at different oxygen flow rates are shown in Figure 3.8. The conversion of ethylbenzene for autoxidation was 5% or below, for all tests performed with or without oxygen flow. The conversion of ethylbenzene using Ag/Nb2O5 as catalyst shows an increase, with increasing oxygen flow. The tests performed at >10 mL min-1 show an increased conversion of ~ 20%. However, there is currently no plateau for these tests. Possible competitive adsorption effects between O2 and the hydrocarbon may be operating to originate these discrepancies. The selectivities are given in Appendix 1. 
Another factor could be the deactivation of the catalyst, instead of the tests being limited by mass transfer, due to a possible change in the structure, with the change in oxidation state of Ag+ to Ag0 and Nb4+ to Nb5+ on the surface of the catalyst (discussed in more detail in Chapter 4).
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Figure 3.8: Conversion of ethylbenzene at different flow rates of O2, autoxidation (red) and Ag/Nb2O5 (blue) as catalyst. Tests were done at 130 oC for 24 hours at 2 bar, with the catalytic tests, at a metal: substrate ratio of 1:2000. 
To determine if oxygen is in excess, we considered the ideal gas law of oxygen for a flow rate of 10 mL min-1 for 24h and an inlet pressure P of 2 bar. By using a gas constant R = 0.0831 L bar mol-1 and at a feeding temperature of T = 298 K we obtain:





The moles of ethylbenzene in the reaction are 0.02 mol.


The molar ratio between oxygen flow and ethylbenzene is 58, which shows that oxygen is supplied in excess of the reaction. Air flow calculations were also conducted for the air flow rate of 10 mL min-1, and the molar ratio between oxygen and ethylbenzene is 12, also in excess. 
However, in order to carefully compare these data, as the reactor is an open system, possible loss of hydrocarbon during the reaction (as this the most volatile compound in the reaction mixture), the potential mass loss of hydrocarbon was considered. That is: mass loss of hydrocarbon during the reaction by stripping, as shown in Table 3.2. With increasing flow rate of either air or oxygen, there was an increase in mass loss. Due to the mass loss, these large increase in conversion is largely apparent (as the conversion is calculated on the amount of hydrocarbon left, and left is the hydrocarbon the higher would be the conversion, but in our case this is an effect induced by stripping).





Table 3.2: Mass loss (%) of ethylbenzene during air and oxygen flow tests. Tests were performed for 24 hours at 130 oC at 2 bar. 
	O2 Flow
	
	Mass Loss
	Air Flow
	
	Mass Loss

	10 mL min-1
	Auto
	68
	10 mL min-1
	Auto
	           38

	
	Ag/Nb2O5
	55
	
	Ag/Nb2O5
	63

	20 mL min-1
	Auto
	83
	20 mL min-1
	Auto
	58

	
	Ag/Nb2O5
	50
	
	Ag/Nb2O5
	90




Therefore it is not possible to unambiguously proof that the data collected with a reflux condenser are affected by diffusion limitation of oxygen. Control tests with a very low flow of oxygen in the range of 1 mLmin-1 will be carried out in this sense.
That said, the primary purpose of the tests at atmospheric pressure was to identify possible metals that are active for our reactions and those that are not. The tests were to be done in the mildest reaction conditions. For the most promising catalysts, these would then be used in the pressurised systems (which will also allow to increase the temperature). In general terms,, for these tests, a temperature would be needed that is sufficiently high for the catalyst to be active, but not high enough for autoxidation to dominate the reaction process, and mask the catalytic activity. This is especially true if the process is occurring via a radical pathway. Although with these constraints in mind, we conclude we can still use Ag as an active metal for these reactions, to be used for future catalyst development due to its very high selectivity towards ketones.
For comparative purposes, Luo et al. studied carbon nanotubes (CNT) as a potential catalyst for the oxidation of ethylbenzene. The reaction conditions were 155 oC for 4 hours, with the use of acetonitrile as solvent, with tests performed in oxygen atmosphere (15 bar). They found a conversion of ethylbenzene of 12% and selectivity towards acetophenone of 19% [18]. Comparing CNT to Ag/Nb2O5 for the oxidation of ethylbenzene towards acetophenone, this shows that the catalysts prepared for this project perform better in milder conditions, being in atmospheric pressure and using a temperature of 130 oC. 
To conclude, the non-pressurised system appears to be best compromise to carry out these reactions with the data currently available. 

A comparison of the conversion between the two catalysts: Ag/NbO2 and Ag/Nb2O5 for different molar ratios between substrate and molar metal on the surface of the support, is shown in Figure 3.9. The activity of these two is the same at the molar ratio of 1000:1 of ethylbenzene and silver metal, however, as the ratio increases, the difference between the two catalysts increases. The Ag/Nb2O5 catalyst is shown to be more active overall than Ag/NbO2 in terms of conversion; this will be discussed in more detail in Chapter 4. 
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Figure 3.9: Conversion of ethylbenzene in the presence of Ag/NbO2 (blue) and Ag/Nb2O5 (red) for different molar to substrate ratio of ethylbenzene with respect to silver. Tests were done at 130 oC for 24 hours. 
The oxidation of ethylbenzene occurs on the surface of the catalyst. The silver has been deposited on the supports, providing an active site for the hydrogen abstraction at temperatures above 90 oC. 
With all of these results, we proceeded to do tests of ethylbenzene with catalysts at different temperatures. Figures 3.10 and 3.11 shows the conversion of ethylbenzene at different temperatures, from 90 oC to 130 oC, for different molar ratios from 1:1000, 1:2000, 1:5000 to 1:25000 between silver metal and ethylbenzene, respectively. 
At 90 oC for ethylbenzene oxidation, the conversion is low for all molar ratios. Being the lowest temperature, the conversion of ethylbenzene is comparable to autoxidation for all ratios. This is similar with the conversion of ethylbenzene at 100 and 110 oC, with the conversion being 10% or lower for both catalysts at all molar ratios. The conversions for 120 and 130 oC are much higher for both catalysts at all ratios, possibly indicating a change from kinetic to thermodynamic control. 
The conversion of ethylbenzene for the silver on niobium oxides is about 30% at the molar ratio of 1:1000, which is 4 times greater at a molar ratio of 1:1000 for active metal: substrate than that of the autoxidation process, displaying that the silver on NbO2 or Nb2O5 support is increasing the activity of ethylbenzene oxidation. 
The major products formed are acetophenone, 1-phenylethanol and 1-phenethyl hydroperoxide for each of the molar ratios (metal to substrate) at 130 oC. This is shown in Table 3.3, for both silver doped catalysts, along with the ratio between acetophenone and 1-phenylethanol. It should be noted though, that a meaningful comparison among different selectivity values, is valid between different catalysts only if the conversion of the substrate is similar; Table 3.3 indicates this to be true. An example would be to compare conversion values of 30% and acetophenone selectivity at the molar ratio of 1:1000, between the two catalysts to be around 50%. Acetophenone selectivity increases with increasing molar ratio, while 1-phenethyl hydroperoxide decreases with increasing molar ratio, suggesting that Schemes 3.4 and 3.8 are at play. Therefore, more acetophenone formation with more catalyst used. 1-phenylethanol selectivity increases at the start, and then it plateaus out, suggesting that it is both formed and then consumed at the molar ratio 1:1000 of active metal to substrate. 
The ratio between acetophenone and 1-phenylethanol increases with increasing molar ratio between metal and substrate. At a 1:1000 molar ratio between silver metal and ethylbenzene, for both catalysts, the ratio between acetophenone: 1-phenylethanol is 4 or higher. This ratio is much greater than the autoxidation value, which was 1.5-2. This suggests that the catalysts could alter the selectivity to favour acetophenone formation. 
[bookmark: _Hlk492394486][bookmark: _Hlk492394922][image: ]
Figure 3.10: Ethylbenzene conversion using Ag/Nb2O5 catalysts tests at different molar ratios of M;S between active metal and substrate for the oxidation process. Red – 90 oC, blue – 100 oC, yellow – 110 oC, green – 120 oC and lilac – 130 oC.
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Figure 3.11: Ethylbenzene conversion using Ag/NbO2 catalysts tests at different molar ratios of M:S between active metal and substrate for the oxidation process. Red – 90 oC, blue – 100 oC, yellow – 110 oC, green – 120 oC and lilac – 130 oC.
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Table 3.3: The conversion and selectivity (%) of acetophenone, 1-phenylethanol, 1-phenethyl hydroperoxide and the K/A (acetophenone (K) and 1-phenylethanol (A)) ratio is shown in this table for each molar ratio between silver metal to ethylbenzene. Tests were done at 130 oC for 24 hours. (M:S is metal: substrate ratio). Other products formed are benzaldehyde, benzoic acid and styrene. 
	Ratio
	Conversion
	Acetophenone
	1-Phenylethanol
	1-phenethyl hydroperoxide
	Other Products
	K/A ratio

	M:S
	Ag/NbO2
	Ag/Nb2O5
	Ag/NbO2
	Ag/Nb2O5
	Ag/NbO2
	Ag/Nb2O5
	Ag/NbO2
	Ag/Nb2O5
	Ag/NbO2
	Ag/Nb2O5
	Ag/NbO2
	Ag/Nb2O5

	4*10-5
	11.5
	7.1
	10
	9.0
	6.0
	5.0
	78
	84
	6
	2
	1.7
	1.7

	2*10-4
	13.4
	10.6
	18
	16
	11
	9.0
	66
	70
	5
	5
	1.7
	1.7

	5*10-4
	18.5
	31.3
	26
	28
	13
	12
	53
	52
	8
	8
	2.1
	2.3

	1*10-3
	30.5
	30.1
	51
	50
	13
	11
	34
	36
	2
	3
	4.0
	4.7



Reproducibility of ethylbenzene oxidation of catalytic tests is shown in Figure 3.12. The conversion is between 20-35% for all tests performed. It is unknown yet why there is such a discrepancy with the conversion of ethylbenzene, but one possible hypothesis could be due to the equipment not having been calibrated before the reactions took place. The average conversion is 27.3% and the overall standard deviation is 6.23%. 
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Figure 3.12: Conversion of ethylbenzene with Ag/Nb2O5 as catalyst for reproducibility tests. Tests were done at 130 oC for 24 hours with a M:S ratio of 1:1000 between active metal and substrate. 

Gutmann et al., studied hydrogen peroxide as catalyst in the oxidation of ethylbenzene, a homogeneous process, with cobalt and bromide ions in acetic acid solution. The reaction conditions were 80 oC for 2.5 hours [10]. Comparing this catalyst to Ag/Nb2O5 for the oxidation of ethylbenzene towards acetophenone, this shows that the catalysts prepared for this project perform better in milder conditions, without the need for a solvent, this project being a heterogeneous one.





3.3.5. Catalytic Tests at Different Temperatures from 90 oC to 130 oC
[bookmark: _Hlk492394976]In this section, different temperatures were explored for the oxidation of ethylbenzene, with different catalysts. Niobium dioxide was chosen as a possible catalytic support for the catalysts to contrast with niobium pentoxide. To explore the support effects of niobium dioxide, this material was calcined at different temperatures from 200 oC to 500 oC for 4 hours; silver was added onto the surface of the support via incipient wetness impregnation. Catalytic tests were performed for silver doped on different NbO2 calcined materials with ethylbenzene at different temperatures ranging from 90 oC to 130 oC for 24 hours. The tests were performed at two different molar metal: substrate ratios of 1:25000 and 1:5000. The conversion of ethylbenzene is shown in Figures 3.13 and 3.14. 
A counterintuitive trend seems to be present again with the higher the temperature, in the range of ca. 130 oC, the lower the conversion. The reaction takes place on the surface of the catalyst, and an ideal catalyst would be efficient, selective, stable and recoverable. However, this doesn’t appear to be the case. There is a decrease in the conversion of ethylbenzene with increasing temperature in some cases shown in Figures 3.13 and 3.14. This goes apparently against the Arrhenius equation for an ideal catalyst, but it is not necessarily true for a real catalyst. A classic example in this sense is enzymatic catalysis. Enzymes show that increasing temperature will increase the rate of reaction up to a point before the catalyst will become inactive (because of denaturation) and the rate will decrease, or even go to zero. By using similar concepts, we postulate our catalyst may change structure. For example, this could involve a change in the oxidation state of silver, or a change in the crystal structure of the catalyst, or silver nanoparticles sintering, which all may be a cause of the decreasing conversion. Furthermore, with the reaction taking place on the surface of the catalyst, possible deactivation may occur via surface reconstruction, changing the catalytic reactivity, and in turn changing the reaction product formation and distribution.
Another possible explanation, although with the data currently available, it is less likely the reaction system being open. The higher the reaction temperature, the lower is the solubility of oxygen in the reaction media, which in turn could also lead to a lower reaction rate. The combination of these two effects: the catalyst composition and actual amount of oxygen in solution could be causes for the decrease in rate of ethylbenzene oxidation. 
The best temperature for activity is shown to be 130 oC. The catalyst Ag/NbO2 with the support calcined at 200 oC gave a conversion of over 20%, at M:S ratio of 1:5000 nearly double of the other silver doped catalysts. 
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Figure 3.13: Conversion of ethylbenzene using calcined NbO2 at different temperatures, with silver doped on the surface after impregnation method, tests done for 24 hours. The molar ratio between active metal and substrate is 1:25000. Ag/NbO2 (red); Ag/NbO2 (200 oC blue); Ag/NbO2 (300 oC yellow); Ag/NbO2 (400 oC green); Ag/NbO2 (500 oC purple) and Ag/Nb2O5 (grey). 
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Figure 3.14: Conversion of ethylbenzene using calcined NbO2 at different temperatures, with silver doped on the surface after impregnation method, tests done for 24 hours. The molar ratio between active metal and substrate is 1:5000. Ag/NbO2 (red); Ag/NbO2 (200 oC blue); Ag/NbO2 (300 oC yellow); Ag/NbO2 (400 oC green); Ag/NbO2 (500 oC purple) and Ag/Nb2O5 (grey).
The selectivity of acetophenone for the different catalysts was explored to optimise its yield. The best temperature is 130oC for the 1:25000 ratio of metal to substrate shown in Table 3.4, matching with the conversion. It shows the highest selectivity towards the acetophenone, compared to the other temperatures. 
Table 3.4: Acetophenone selectivity (%) using calcined NbO2 at different temperatures, with silver doped on the surface after impregnation method. Tests were done for 24 hours, for a molar metal to substrate ratio of 1:25000. 
	Calcination Temperature/oC

	
	Ag/NbO2
	200
	300
	400
	500
	Ag/Nb2O5

	Reaction Temperature/oC
	
	NbO2
	NbO2/ Nb2O5
	Nb2O5
	Nb2O5
	

	90
	3
	7
	14
	22
	17
	11

	100
	8
	7
	9
	11
	9
	15

	110
	4
	9
	7
	10
	7
	8

	120
	46
	13
	7
	6
	10
	8

	130
	55
	56
	57
	8
	7
	9


The selectivity of acetophenone for the 1:5000 molar ratio shown in Table 3.5 is vastly different to that of the 1:25000 molar ratio between silver metal and ethylbenzene. The selectivity of acetophenone is much lower for all the catalysts, and the selectivity doesn’t seem to change with increasing temperature. 
Table 3.5: Acetophenone selectivity (%) using calcined NbO2 at different temperatures, with silver doped on the surface after impregnation method. Tests were done for 24 hours, for a molar metal to substrate ratio of 1:5000. 
	Calcination Temperature/oC

	
	Ag/NbO2
	200
	300
	400
	500
	Ag/Nb2O5

	Reaction Temperature/oC
	
	NbO2
	NbO2/ Nb2O5
	Nb2O5
	Nb2O5
	

	90
	12
	14
	9
	7
	14
	27

	100
	12
	14
	17
	12
	20
	26

	110
	15
	8
	12
	7
	12
	26

	120
	15
	17
	9
	12
	13
	12

	130
	18
	18
	11
	17
	15
	16


Possible future tests could be of ethylbenzene oxidation with the catalysts between 90 to 130 oC for 24 hours at 1:2000 and 1:1000 molar ratios between active metal and substrate. This would be to compare with the conversion and selectivity of the molar ratios of 1:5000 and 1:25000.
3.3.6. Use of Supported Silver Metal Nanoparticles over Different Metal Oxide Supports
In this section, different supports were explored for ethylbenzene oxidation to compare with niobium oxides. Each of the different supports used was due to their different properties, ceria has oxygen vacancies in its lattice, silica is a porous support and magnesium oxide is a basic support. Silver was added onto the surface of the support via incipient wetness impregnation and then dried at 180 oC for 16 hours. Catalytic tests were done for silver doped on different supports with ethylbenzene at molar ratios ranging from 1:1000 to 1:25000, with the temperature at 130 oC for 24 hours. The conversion of ethylbenzene is shown in Figure 3.15. Ag/NbO2, Ag/Nb2O5 and Ag/CeO2 performed best in converting ethylbenzene, while Ag/MgO and Ag/SiO2 are the worst catalysts in converting this substrate. 
Chakraborty et al., studied Ag/SiO2 catalysts at different wt% in the oxidation of ethylbenzene with TBHP as an initiator. They found that at 2 wt% Ag, there is a conversion of ethylbenzene of 23% and selectivity towards acetophenone of 63%. The reaction conditions were 120 oC for 12 hours [19]. Comparing this catalyst to Ag/Nb2O5 for the oxidation of ethylbenzene towards acetophenone, this shows that the catalysts prepared for this project perform better in milder conditions, without the need for an initiator and using 1 wt% loading of active metal on the catalyst support.
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Figure 3.15: Oxidation of ethylbenzene conversion using silver supports on different supports, tests performed at 130 oC for 24 hours. Ag/NbO2 (red); Ag/Nb2O5 (blue); Ag/MgO (yellow); Ag/CeO2 (green) and Ag/SiO2 (purple). 
The three best catalysts highlighted suggests Ag/CeO2 can perform just as well as the silver on two different niobium oxide supports, which would present a problem because Ag/CeO2 is as good a catalyst as Ag/NbO2 and Ag/Nb2O5. Therefore exploring the selectivity needs to be addressed for acetophenone; this is shown in Table 3.6. 
Silver doped on the two different niobium oxides favour acetophenone, with selectivity about 5% more than Ag/CeO2 at a metal: substrate molar ratio of 1:1000, which suggests that Ag/NbO2 and Ag/Nb2O5 can enhance the selectively towards this important industrial commodity. This is more prevalent at the molar ratio at 1:2000 for Ag/Nb2O5 with a selectivity of 65%, which shows that the selectivity for this particular catalyst is more than 30% compared to the others. Therefore, the best catalytic supports to use are NbO2 and Nb2O5. 
Table 3.6: a) Conversion of ethylbenzene and b) acetophenone selectivity (%) of the silver doped catalysts on different supports. Tests were done at 130 oC for 24 hours, for different substrate to molar metal ratios. 
a)
	Molar Ratio S: M
	Ag/NbO2
	Ag/Nb2O5
	Ag/MgO
	Ag/CeO2
	Ag/SiO2

	1000
	30.5
	30.1
	17.1
	31.8
	4.2

	2000
	18.5
	31.3
	13.6
	26.5
	3.2

	5000
	13.4
	10.6
	8.5
	18
	3.9

	25000
	11.5
	7.1
	7.1
	10
	7.3


b)
	Molar Ratio S: M
	Ag/NbO2
	Ag/Nb2O5
	Ag/MgO
	Ag/CeO2
	Ag/SiO2

	1000
	51
	50
	28
	45
	27

	2000
	26
	65
	20
	35
	23

	5000
	18
	16
	13
	22
	15

	25000
	10
	9
	7
	10
	7



3.3.7. Tests using Molecular Oxygen from Air at Atmospheric Pressure and use of Molecular Oxygen at Different Pressure and in Presence of Sole Oxygen
Ethylbenzene oxidation comparing a reflux condenser open to air and a pressurised system are studied in this section. It is worth noting though that in the pressurised system the valve feeding oxygen is open in order to continuously provide an excess of oxygen for the reaction. This is to determine what the best conditions are, whether the tests done in a pressurised oxygen system or a system open to air. Tests were performed at 130 oC for 24 hours, done at 2 bar O2 atmosphere, and a non-pressurised system, comparing molar ratios of active metal with substrate of 1:2000, using silver doped on different supports (NbO2, Nb2O5, MgO, CeO2 and SiO2). This is shown in Figure 3.17. 
The tests performed in a non-pressurised system gave a higher conversion than in 2 bar O2 pressurised system. The autoxidation conversion values for both tests are similar to those for Ag/SiO2 as catalyst, which gave the lowest conversion of ethylbenzene oxidation. Ag/NbO2, Ag/CeO2 and Ag/Nb2O5 gave similar conversions of ethylbenzene. In terms of conversion, these three catalysts perform the best for oxidising ethylbenzene, when using silver as the active metal. Further research need to be done to find out why the non-pressurised system performed better than the pressurised oxygen system.
The tests done in the oxygen atmosphere tell a slightly different story. For the autoxidation and Ag/SiO2 catalyst, the conversion of ethylbenzene is the same, for both systems. This is also true for the tests using Ag/NbO2 and Ag/CeO2. However, for the Ag/Nb2O5, the conversion of ethylbenzene is 15% lower for the test done in the pressurised O2 system. 
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Figure 3.17: Ethylbenzene conversion for silver doped on different metal oxide supports for two different systems (red – air and blue – PO2 = 2 bar). Tests were done at 130 oC for 24 hours. 
With the conversion of the silver doped on niobium dioxide, diniobium pentoxide and ceria following a similar pattern to that in section 3.3.4, the tests performed in oxygen atmosphere tell a similar story for the selectivity of acetophenone (Table 3.7). Firstly, for autoxidation and Ag/SiO2, the selectivity of acetophenone is the same, for both systems. Ag/CeO2 performs better in oxygen atmosphere in terms of acetophenone selectivity, compared to Ag/NbO2 and Ag/Nb2O5. For all catalysts and autoxidation, 1-phenylethanol selectivity is more favourable in 2 bar O2 rather than for a system open to air. This shows that the catalysts are all comparable and can be used for the oxidation of ethylbenzene. However, this will have an impact on the ratio between these two products, as seen in Table 3.8.
Table 3.7: Acetophenone and 1-phenylethanol selectivity for silver doped on different metal oxide supports. Tests were done at 130 oC for 24 hours, in two different systems. 
	
	Acetophenone
	1-phenylethanol

	 
	Air
	2 bar O2
	Air
	2 bar O2

	Autoxidation
	5
	5
	4
	5

	Ag/NbO2
	51
	40
	13
	19

	Ag/Nb2O5
	50
	34
	11
	17

	Ag/CeO2
	45
	51
	12
	16

	Ag/SiO2
	27
	27
	15
	16



Table 3.8: K/A ratio for the silver doped on different metal oxide supports. Tests were done at 130 oC for 24 hours, in two different systems.
	
	K/A Ratio

	
	Air
	2 bar O2

	Autoxidation
	1.2
	1.0

	Ag/NbO2
	4.0
	2.1

	Ag/Nb2O5
	4.7
	2.0

	Ag/CeO2
	3.8
	3.1

	Ag/SiO2
	1.8
	1.7



The ratio between acetophenone and 1-phenylethanol is important, in optimising selectivity control towards acetophenone due its importance in industry. Determining whether molecular oxygen from air or from a pure oxygen environment is the best option had been decided from these tests. For autoxidation, Ag/CeO2 and Ag/SiO2, the K/A ratio is similar for both systems. However, for Ag/NbO2 and Ag/Nb2O5, the K/A ratio is more than double for the tests conducted using molecular oxygen from air, comparing to the tests done in the presence of sole oxygen. This could be due to the metal/support interaction, which is explored in the Chapter 4. 



3.3.8. Ethylbenzene oxidation using Ag, Cu or Fe on different metal oxide support
To find the best active metal on a metal oxide support, copper, iron and silver were investigated. Figure 3.18 shows the results of ethylbenzene conversion for the tests done at different temperatures. Conversion is 2% or lower at 90 oC for each of the catalysts, and at 130 oC, over 12% for the Ag/NbO2 catalyst. 
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Figure 3.18: Conversion of ethylbenzene using different active metal on NbO2 support: Ag (yellow), Cu (blue) and Fe (red) for the molar ratio 25000:1 respectively. Tests were performed for 24 hours. 
This is further confirmed with the acetophenone selectivity seen in Table 3.9. Acetophenone selectivity for the Ag/NbO2 catalyst increases rapidly from 120 oC, and is more than 10% higher of the copper and iron catalysts. This indicates that silver doped catalysts are more partial to acetophenone formation and are further explored in the project. It should be noted however, the molar metal: substrate ratio is 1:25000, which is the smallest ratio between the active metal and ethylbenzene during the oxidation process.

Table 3.9: Acetophenone selectivity for different temperatures using Ag, Cu or Fe doped catalysts on NbO2 support. The molar ratio was 1:25000 for active metal to substrate ratio. 
	Temperature/oC
	Acetophenone

	
	Fe/NbO2
	Cu/NbO2
	Ag/NbO2

	90
	7
	21
	5

	100
	22
	10
	8

	110
	17
	28
	4

	120
	14
	36
	46

	130
	32
	45
	55


The selectivity of 1-phenylethanol is shown in Table 3.10. With increasing temperature, there is an increase in the selectivity towards 1-phenylethanol. This is for all the different active metal components on the NbO2 surface. 
Table 3.10: 1-Phenylethanol selectivity for different temperatures using Ag, Cu or Fe doped catalysts on NbO2 support. The molar ratio was 1:25000 for active metal to substrate ratio. 
	Temperature/oC
	1-Phenylethanol

	
	Fe/NbO2
	Cu/NbO2
	Ag/NbO2

	90
	0
	0
	4

	100
	3
	2
	6

	110
	11
	36
	2

	120
	10
	39
	39

	130
	37
	35
	30



The ratio between the acetophenone and 1-phenylethanol is small; it could suggest that Scheme 3.14 (section 3.3.1.) is at work.


Scheme 3.14: Termination step: reaction between two peroxyl radical species to give a 1:1 molar ratio of acetophenone and 1-phenylethanol, and molecular oxygen. 
This suggests that the active component is having negligible effect in altering the autoxidation process occurring in the background. Further studies could be to explore a range of molar ratios, from 1:5000 to 1:1000 for active metal to substrate. 

3.3.9. Control Tests using Different Supports for Ethylbenzene Oxidation
In this section of the chapter, the support and its properties are explored to establish their ability to oxidise ethylbenzene. The supports, in general should be chemically inert, mechanically and thermally stable, and importantly hamper or discourage the sintering of the metal or metal oxide nanoparticles that are supported on the surface or within the framework.
Tests at different temperatures were done for the oxidation of ethylbenzene, using different supports. To further explore the support effects of niobium dioxide, this oxide were calcined at different temperatures from 200 oC to 500 oC for 4 hours was used without any active metal component. Oxidation of ethylbenzene tests were done using different NbO2 calcined materials at different temperatures ranging from 90 oC to 130 oC for 24 hours. The tests were performed a metal: substrate molar ratio of 1:25000. The conversion of ethylbenzene is shown in Figure 3.19. At 90 oC, the supports are not active in oxidising ethylbenzene. However, with increasing temperature, this change for each calcined niobium dioxide species. NbO2 calcined at 200 oC has a steady increase of ethylbenzene oxidation with increasing temperature. For all other NbO2 calcined or not (excluding Nb2O5), the activity rises from 110 oC to show some conversion of ethylbenzene. Comparing these values with the silver metal component as active metal (Figure 3.15), there is a similar trend; however, the conversion using an active metal is higher by about 10% for the 130 oC oxidation temperature of ethylbenzene conversion. 
There is no conversion of ethylbenzene using Nb2O5 support for all temperatures. Niobium pentoxide appears to be acting as an inhibitor for this oxidation reaction. This suggests that the conversion of ethylbenzene comes from silver deposited on the surface of this support. This will be further explored in the future, and to see if Nb2O5 inhibits other hydrocarbon oxidations in Chapters 5 and 6.
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Figure 3.19: Conversion of ethylbenzene using different NbO2 calcined at different temperatures: NbO2 uncalcined (red), 200 oC (blue), 300 oC (yellow), 400 oC (green), 500 oC (purple) and Nb2O5 uncalcined (grey). Tests were done for different reaction temperatures and performed for 24 hours. 
The most widely used supports there are metal oxides (common choices are Al2O3, SiO2, CeO2) and activated carbons. The latter is often used because it can stabilize transition metal dopants in high oxidation states and because the materials have high surface areas (> 500 m2/g). The support at the centre of this study is Nb2O5. However, we need to consider the effects of the support oxidation state, which means exploring NbO2 also. Nevertheless, in view of the considerations just made about support properties, supports like SiO2, CeO2, MgO and Al2O3 were also tested for ethylbenzene oxidation, to compare with NbO2 and Nb2O5. The conversion of ethylbenzene is shown in Figures 3.20 and 3.21 for these supports. The supports were individually tested with ethylbenzene at different molar ratios to determine their activity. 
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Figure 3.20: Conversion of ethylbenzene using different supports, with tests done at different metal to substrate molar ratios: 1:1000 (red), 1:2000 (blue), 1:5000 (yellow) and 1:25000 (green) Tests were performed for 24 hours at 130 oC. 
Both niobium oxides show little to no activity for the oxidation of ethylbenzene for all molar ratios. At a molar ratio of 1:1000 for active metal to substrate, none of the supports show activity in converting ethylbenzene. This suggests that the supports all inhibit the oxidation process, Though this is not observed for smaller molar ratios, with conversion values going as high as 12% for MgO and CeO2. This is also true in terms of conversion of ethylbenzene for Al2O3 shown in Figure 3.21. We postulate that an intermediate could be inhibiting the sites on the surface of the support, or a species (such as molecular oxygen or a radical species) is getting trapped on the surface, thus preventing the oxidation of ethylbenzene. 
Aluminium oxide has acid sites on its surface, while cerium oxide is an oxygen donating species. Al2O3 can oxidise ethylbenzene, as seen in Figure 3.21, using molecular oxygen from air via a two-centre mechanism involving adjacent electron-acceptor and electron-donor sites [20]. 
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Figure 3.21: Conversion of ethylbenzene using Al2O3 support, for molar ratio of 1:25000 between active metal and substrate. Tests were done for 24 hours. 
Cerium oxide has both acid/base sites and redox properties. This makes CeO2 an ideal support in many oxidation studies, especially in total combustion of organic compounds (and in fact it is one of the components of some commercial catalysts in car exhaust systems) because it can easily donate oxygen atoms from its surface to induce hydrocarbon oxidation.  However, when this is tested using ethylbenzene as a substrate, the smaller quantity of this support provides better conversion. This could be explained by the acid/ base properties of the surface of ceria, which can hamper the activity, thus it is not the redox properties that contribute to the oxidation of ethylbenzene [21]. Silicon dioxide is a highly porous material, and can be the base of ethylbenzene oxidation at higher molar ratios, while at the lowest, not so. This is similar to aluminium oxide. These three metal oxide supports are widely used in the catalysis field, and have been used extensively for the oxidative dehydrogenation of ethylbenzene [22]. 
These supports are active in the oxidation of ethylbenzene. Comparing the conversion of ethylbenzene with the autoxidation, aluminium oxide is comparable in these terms, as seen in Figure 3.21. This suggests that the supports (Al2O3, MgO, CeO2 and SiO2) are either inert or quenchers for the oxidation of ethylbenzene. 
For all the different molar ratios of NbO2 and Nb2O5, it appears these oxides are quenchers for this oxidation reaction. One possible hypothesis could be the support capability to capture peroxyl radicals (which are the chain carriers of the oxidation process), as these oxides have acid sites, therefore preventing any oxidation occurring. This could possibly be due to oxygen vacancies present at the surface (or sub-surface) on the surface of the catalyst support. A similar phenomenon was observed for Au/ZnO catalysts in the oxidation of alcohols to acids, where ZnO was activating as a quencher of free radicals [23]. This hypothesis is currently under investigation. 
3.3.10. Control Tests using Metal Oxides with Ethylbenzene for Oxidation
The section explores ethylbenzene oxidation using metal oxides without any support in the reaction. Copper, iron and silver oxides were investigated. Figure 3.22 shows the conversion of ethylbenzene oxidation at a molar ratio of 1:100 between the active metal and ethylbenzene. The conversion of ethylbenzene for copper and iron oxides are the same, around 10%. The conversion of ethylbenzene using silver oxide is more than double compared to iron and copper oxides, around 25%. This suggests that silver oxide is far better in oxidising ethylbenzene than the other two metal oxides, it is a good oxidation active metal. 
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Figure 3.22: Conversion of ethylbenzene using a different metal oxide. Tests were performed at 130 oC for 24 hours, for a molar ratio of 1:100 between active metal and substrate. 
3.3.11. Control Tests of Ethylbenzene Oxidation with Metal Salts
In this section, metal salts were used in the oxidation of ethylbenzene to determine the activity. The metal salts of choice were AgNO3, Cu(NO3)2 and Fe(NO3)3 because these were used in the catalyst preparation, when added to the supports for oxidation reactions. Tests were conducted at different temperatures from 90 oC to 130 oC to determine the best temperature for the oxidation. The conversions are shown in Figure 3.23. The activity of Fe(NO3)3 is highest at 110 oC, while for the copper and silver salts, it is at 130 oC. This is not observed when iron is supported on NbO2, however, with the activity of the iron catalyst being less than that of Ag/NbO2 (see Figure 3.18 and Tables 3.9 and 3.10, except at 110 oC). 
The activity of the iron and silver salts increase from 90 oC, while the activity of the copper salt is the same throughout all the temperatures used. Tests were done for copper nitrate at lower temperatures at a molar ratio between metal and substrate of 1:100, and it was found that the activity started from 50 oC. There are two big drawbacks, however, using metal salts in solution. The first is the change in the metal salt during the reaction. Silver nitrate and iron nitrate both dissolve and oxidise to silver oxide and iron oxide, respectively. The reactions thus become homogeneous, therefore making it difficult to separate after the reaction. 
There is a decrease in conversion from 120 oC for silver nitrate. A possible hypothesis was described in section 3.3.5 which matches with Figure 3.23. Silver nitrate is active in oxidising ethylbenzene with increasing temperature up to a point. AgNO3 is active in oxidising ethylbenzene, but the conversion plateaus or starts to decrease, and a possible explanation could be agglomeration of nanoparticles in situ, and sintering of the catalyst could be occurring. Or the presence of a structural and/or oxidation state change of the catalyst/ metal salt during the reaction process. 

Figure 3.23: Percentage conversion of ethylbenzene oxidation using the metal salts: Cu(NO3)2 (blue), Fe(NO3)3 (red) and AgNO3 (green) performed at different temperatures from 90 oC to 130 oC, for 24 hours, at a metal to substrate ratio of 1:100. 
The second issue is selectivity. As with autoxidation and the use of metal oxides, there is no major product formed, and there are a few by-products created, offering no selectivity. The selectivity for acetophenone, shown in Table 3.11, is virtually the same at all temperatures for the copper salts. Iron nitrate shows a slight increase with increasing temperature for the acetophenone selectivity, while for the silver nitrate, it shows a slow increase from 90 to 110 oC, then an increase around 7 times higher at 120 oC onwards. 


Table 3.11: Acetophenone selectivity for Cu, Fe and Ag salts over different temperatures. Tests were performed at atmospheric pressure for 24 hours.
	Temperature/oC
	Cu(NO3)3
	Fe(NO3)3
	AgNO3

	90
	51
	48
	5

	100
	60
	43
	2

	110
	61
	61
	7

	120
	58
	62
	50

	130
	57
	61
	46



3.3.12. Ethylbenzene Oxidation using Different Concentrations of 
TBHP with the Catalysts 
In this section, ethylbenzene oxidation was explored using different concentrations of TBHP, from 1 to 12 mol% vs the substrate. The reasoning behind this was to explore whether TBHP could act via oxygen transfer, or if it would be an initiator. Literature suggests that TBHP acts as an initiator in oxidation reactions, if in small quantities, but with a higher concentration of TBHP in solution, it has negligible impact than if used at 1% compared to 12%. Figures 3.24 and 3.25 shows the conversion of ethylbenzene for each concentration of TBHP, the catalysts used were catalysts Ag/NbO2 and Ag/Nb2O5, respectively. These control tests were done at three different molar ratios between active metal and substrate of 1:2000, 1:5000 and 1:25000. 
With the literature suggesting TBHP as a possible initiator, it is observed here that with increasing concentration of TBHP, there is an increase in the conversion of ethylbenzene, at very low quantities. However, with increasing TBHP added to ethylbenzene, there is less of an effect. Observing the trend for molar ratio of 1:2000 between active metal and substrate for each catalyst, with Ag/NbO2, there is an increase in the conversion after the addition of TBHP at 1 mol%, while with Ag/Nb2O5, there is a decrease in the conversion. However, there is an increase for the other two molar ratios with increasing TBHP concentration.
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Figure 3.24: Ethylbenzene oxidation using Ag/NbO2 as catalyst, for molar ratios of 1:2000 (red), 1:5000 (blue) and 1:25000 (yellow). Tests were performed at 130 oC for 24 hours, using different concentrations of TBHP. 
This trend for Ag/Nb2O5 at molar ratio of 1:2000 between active metal and substrate is not a straightforward interpretation. The decrease in the conversion of ethylbenzene is about 12%, which is significant, and requires further study. Reproducibility of these results will be explored in the future. 
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Figure 3.25: Ethylbenzene oxidation using Ag/Nb2O5 as catalyst, for molar ratios of 1:2000 (red), 1:5000 (blue) and 1:25000 (yellow). Tests were performed at 130 oC for 24 hours, using different concentrations of TBHP. 
The selectivity of acetophenone is explored for the different concentrations of TBHP, when comparing all molar ratios, as with the conversion of ethylbenzene, seen in Table 3.12. Comparing each catalyst, there is an inverse trend in terms of acetophenone selectivity. A possible reasoning behind this will be explored further in Chapter 4. 
Table 3.12: Acetophenone selectivity/% using Ag/NbO2 as catalyst, for molar ratios of 1:2000, 1:5000 and 1:25000. Tests were performed at 130 oC for 24 hours, using different concentrations of TBHP. 
	
	Ag/NbO2
	Ag/Nb2O5

	% TBHP
	1:2000
	1:5000
	1:25000
	1:2000
	1:5000
	1:25000

	12
	66
	63
	12
	31
	18
	12

	4
	63
	63
	14
	32
	19
	11

	1
	64
	17
	13
	31
	18
	11

	0
	26
	18
	10
	67
	16
	9





Using Ag/Nb2O5 as a catalyst, there is no change in the selectivity of 1-phenylethanol for either of the ratios seen in Table 3.13. The trend is similar for Ag/NbO2, except with 1:2000 molar ratios, because there is an increase in selectivity of this alcohol product. A possible hypothesis for this could be a support effect coupled with TBHP, altering the reaction pathway to favour 1-phenylethanol.
Table 3.13: 1-Phenylethanol selectivity/% using Ag/NbO2 as catalyst, for molar ratios of 1:2000, 1:5000 and 1:25000. Tests were performed at 130 oC for 24 hours, using different concentrations of TBHP. 
	
	Ag/NbO2
	Ag/Nb2O5

	% TBHP
	1:2000
	1:5000
	1:25000
	1:2000
	1:5000
	1:25000

	12
	21
	23
	8
	11
	9
	7

	4
	23
	22
	9
	12
	10
	8

	1
	18
	11
	8
	11
	10
	7

	0
	13
	11
	6
	17
	9
	5



Using Ag/Nb2O5 as a catalyst, there is no change in the selectivity of 1-phenethyl hydroperoxide for either of the ratios, except after the addition of TBHP for the 1:2000. The trend is different for Ag/NbO2, because there is a decrease in selectivity of this peroxide species with increase TBHP concentration, except for the 1:25000 molar ratio. A possible explanation for this behaviour could be the competition between TBHP and 1-phenethyl hydroperoxide in terms of breakdown. For the Ag/Nb2O5 catalyst, there is quite a substantial amount of peroxide present after the addition of TBHP. The inverse of this is seen in Table 3.14 for Ag/NbO2.
Table 3.14: 1-Phenethyl hydroperoxide selectivity/% using Ag/NbO2 as catalyst for molar ratios of 1:2000, 1:5000 and 1:25000. Tests were performed at 130 oC for 24 hours, using different concentrations of TBHP. 
	
	Ag/NbO2
	Ag/Nb2O5

	% TBHP
	1:2000
	1:5000
	1:25000
	1:2000
	1:5000
	1:25000

	12
	2
	2
	73
	53
	66
	73

	4
	3
	5
	74
	51
	68
	77

	1
	5
	64
	71
	52
	67
	75

	0
	53
	66
	78
	7
	70
	84



The ratio between acetophenone and 1-phenylethanol is the same, including the addition of TBHP into the reaction medium, as seen in Table 3.15. 
Table 3.15: K/A ratio using Ag/NbO2 as catalyst, for molar ratios of 1:2000, 1:5000 and 1:25000. Tests were performed at 130 oC for 24 hours, using different concentrations of TBHP. 
	
	Ag/NbO2
	Ag/Nb2O5

	% TBHP
	1:2000
	1:5000
	1:25000
	1:2000
	1:5000
	1:25000

	12
	3
	3
	2
	3
	2
	2

	4
	3
	3
	2
	3
	2
	1

	1
	4
	2
	2
	3
	2
	1

	0
	2
	2
	2
	4
	2
	2



The next stage is to explore the effects of TBHP concentration with the supports without any active metal component. The supports explored for this were NbO2 and Nb2O5 seen in Figures 3.26 and 3.27 respectively. Without any TBHP present in the reaction mixture, there is no activity in the conversion of ethylbenzene for all molar ratios. However, for 1:2000 molar ratios of NbO2 and Nb2O5, there is a sharp increase in conversion after 4% of TBHP addition, giving a conversion of the range 8-18% for ethylbenzene oxidation. The conversion of ethylbenzene plateaus out for NbO2 after this point, while for Nb2O5; there is still an increase in conversion at 12% of TBHP added. For other molar ratios, there is a steady increase in conversion of ethylbenzene oxidation. 
To summarise this section, the addition of TBHP suggests it is acting as an initiator, instead of oxygen transfer. Therefore, it is enhancing the conversion of ethylbenzene towards acetophenone. This hypothesis is suggestive due to the affect in acetophenone selectivity. With increasing TBHP concentration, this is an increasing acetophenone formation. Scheme 3.8 (section 3.3.1.) could be enhanced with the catalysts used and TBHP as initiator. 
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Figure 3.26: Ethylbenzene oxidation using NbO2 only, for molar ratios of 1:2000 (red), 1:5000 (blue) and 1:25000 (yellow). Tests were performed at 130 oC for 24 hours, using different concentrations of TBHP. 
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Figure 3.27: Ethylbenzene oxidation using Nb2O5 only, for molar ratios of 1:2000 (red), 1:5000 (blue) and 1:25000 (yellow). Tests were performed at 130 oC for 24 hours, using different concentrations of TBHP. 
3.3.13. Turnover Frequency (TOF)
Turnover frequency (TOF) was calculated for every catalytic test. TOF’s definition (provided by IUPAC) is:
‘Commonly called the turnover number, N, and defined, as in enzyme catalysis, as molecules reacting per active site in unit time.’ [24]
Turnover frequency focuses on the catalytic centre rather than the rate of reaction, but it has its limitations, in defining it and its use. TOF is sometimes considered a rate constant. However, TOF changes with the concentration of reactants as well as the products formed, thus describing TOF without expressing concentration may not accurately represent the activity of a catalyst. It is equally important to do this with change in temperature and time of the reaction. Due to the structural change of our catalysts and the concentration of reactants changing with time, there is a reservation in using TOF as absolute parameter. Therefore, in this thesis only the conversion has been reported, and tests done by preserving a constant molar metal to substrate ratio, precisely to have a term of comparison among different catalysts.. Results of every molar ratio have been reported, which shows the real capabilities of these catalysts [24]. 
 Table 3.16 shows the TOF for Ag/NbO2 and Ag/Nb2O5 of ethylbenzene oxidation. With decreasing molar ratio, there appears to be increasing TOF. For a 24 hour reaction time, less ethylbenzene molecules are reacting per active site at the 1:1000 molar ratios, compared to 1:25000 because there are more active sites present at the higher ratio than the lower molar ratio. 
Table 3.16: Turnover frequency, h-1, (TOF) of ethylbenzene oxidation using Ag/NbO2 and Ag/Nb2O5 as catalysts, for the molar ratios of metal to substrate 1:1000 1:2000, 1:5000 and 1:25000. Tests were performed at 130 oC for 24 hours. 
	
	Ag/NbO2
	Ag/Nb2O5

	M:S
	1:1000
	1:2000
	1:5000
	1:25000
	1:1000
	1:2000
	1:5000
	1:25000

	TOF
	13
	10
	28
	120
	13
	22
	22
	78






3.3.14. X-Ray Diffraction (XRD) of Niobium Oxides 
This section explores the characterisation of the catalysts, exploring X-ray diffraction of NbO2 calcined at different temperatures, from 200 to 800 oC for 4 hours. This is shown in Figure 3.28. NbO2 has a rutile structure, tetragonal in its symmetry. Nb2O5 is a polymorphic species; it has many different crystal structures, from orthorhombic to monoclinic crystal systems [25, 26]. 
The purpose of running analysis on the supports was to identify structure-activity correlation with the oxidation of ethylbenzene as a function of the structure of the support. Nb2O5 is polymorphic; this could have an effect on the catalytic reaction, due to structural change. However, after tests was done using the supports alone, there was no change in conversion between any of the calcined niobium oxide materials. Therefore, there is no apparent correlation, as of yet, between the structure of the support and the activity of the catalyst.   
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Figure 3.28: X-ray diffraction patterns for NbO2 calcined at different temperatures, from 200 oC to 800 oC for 4 hours.

3.4. Conclusion
Silver on niobium oxide supports were developed for ethylbenzene oxidation to acetophenone. Tests were performed at different temperatures, grain size, pressures, molar ratios, speed, using alternate supports, active metals and finally with TBHP as initiator. 
The results show that Ag/Nb2O5 at 130 oC for 24 hours in atmospheric pressure for a molar ratio gave the highest conversion and selectivity towards acetophenone from ethylbenzene. By determining the reaction equilibrium and kinetic control parameters, it was shown that ethylbenzene oxidation had gone to completion. 
Furthermore given the similarities in reaction mechanism that other substrates like cyclohexane, cyclooctane and p-xylene have towards their oxidation products (cyclo- alcohols and ketones, and terephthalic acid respectively), and these materials could potentially find application for the oxidation of these substrates.
Another aspect of the research could also be to investigate the effects of the presence of a second active meal to form nanoalloys and how this behaves for the reactions described in this chapter. 



3.5. References
[1] Wang, Y., Res. Chem. Intermed., 2006, 32, 235 
[2] Punniymurthy, T., Rout, L., Coord. Chem. Rev., 2008, 252, 134
[3] Fang, G., Cong, X., Zanoni, G., Liu, Q., Bi, X., Adv. Synth. Catal., 2017, 359, 1422 
[4] Simon, F., Trans. Int. Met. Finis., 1997, 75, B56
[5] Ghosh, S., Acharyya, S. S., Adak, S., Konathala, L. N. S., Sasaki, T., Bal, R., Green Chem., 2014, 16, 2826
[6] Ziolek, M., Catal. Today, 2003, 78, 47
[7] Hartman, M., Prakash, A. M., Kevan, L., Catal. Today, 2003, 78, 467
[8] Liu, J., ACS Catal., 2017, 7, 34
[9] Liu, T., Cheng, H., Sun, L., Liang, F., Zhang, C., Ying, Z., Lin, W., Zhao, F., Appl. Catal. A: Gen., 2016, 512, 9
[10] Gutmann, B., Elsner, P., Roberge, D., Kappe, C. O., ACS Catal.,  2013, 3, 2669
[11] Kuwahara, Y., Yoshimura, Y., Yamashita, H., Catal. Sc. Technol., 2016, 6, 442
[12] Hermans, I., Peeters, J., Jacobs, P. A., J. Org. Chem., 2007, 72, 3057
[13] Gunnoe, T. B., in: Alkane C-H Activation by Single-Site Metal Catalysis, Springer-Science, Dordrecht, 2012, p.1
[14] Howard, J. A., Ingold, K. U., J. Am. Chem. Soc., 1968, 90, 1056
[15] Dong, Zhou, Y., Zeng, L., Watanabe, N., Su, X., Yang, Z., Molecules, 2017, 22, 131
[16] Chemeo website: https://www.chemeo.com/cid/52-449-6/Acetophenone, 12/07/2018
[17] Barteau, M. A., Top. Catal., 2003, 22, 3
[18] Luo, J., Peng, F., Yu, H., Wang, H., Zheng, W., ChemCatChem, 2013, 5, 1578
[19] Vadakkekara, R., Chakraborty, M., Parikh, P. A., Ind. Eng. Chem. Res., 2012, 51, 5691
[20] Bedilo, A. F., Shuvarakova, E. I., Rybinskaya, A. A., Medvedev, D. A., J. Phys. Chem. C, 2014, 118, 15779
[21] Yamaguchi, T., Ikeda, N., Hattori, H., Tanabe, K., J. Catal., 1981, 67, 324
[22] Tembe, S. M., Patrick, G., Scurrell, M. S., Gold Bull., 2009, 42, 321
[23] Jiang, N., Burri, A., Park, S.-E., Chin. J. Catal., 2016, 37, 3
[24] Kozuch, S., Martin, J. M. L., ACS Catal., 2012, 2, 2787
[25] Ikeya, T., Senna, M., J. Non-Cryst. Solids, 1988, 105, 243
[26] Jehng, J. M., Wachs, I. E., Chem. Mater., 1991, 3, 100








Chapter 4: Mechanistic Aspects of Ethylbenzene Oxidation over Ag/NbO2 and Ag/Nb2O5 Based Catalysts







4.1. Overview
Due to the unusual features we observed in the reactivity of Ag/NbO2 and Ag/Nb2O5 towards the oxidation of ethylbenzene, such as: a highly marked selectivity towards acetophenone, and a quenching effect induced by the niobium supports, it was considered useful to undertake some mechanistic and kinetics studies. The aim was to propose a possible reaction mechanism, and possibly to provide a platform for the investigation of the oxidation of other hydrocarbons, like cyclic species (cyclohexane, cyclooctane) [1, 2], for which also enhanced selectivity for a ketone is highly desirable. In fact, cyclic ketones, upon ring openings, are precursors for alkyl amides that are precursors for polymers used in the fibre sector [3].
4.2. Introduction
The set of experiments reported and described in Chapter 3 showed some selectivity of our catalysts towards acetophenone, and in general with catalysts capable of a acetophenone to 1-phenylethanol ratio (here abbreviated as K/A ratio for ketone and alcohol) greater than 4, and obtained under relatively mild conditions (atmospheric pressure and a temperature of 130 oC). This is relevant because from experimental or computational data for ethylbenzene oxidation K/A ratios in the range of 1.5-2 (the benchmark) should be expected if no selectivity control is operating but only the effect of temperature, with a conversion of 7% [4]. Therefore with our data clearly showing that silver nanoparticles or the combination of silver nanoparticles and support are able to enhance and drive the selectivity of the reaction to a specific product. This implies a surface/substrate interaction between ethylbenzene and the catalyst, or between the catalysts and one of the reaction intermediates, or for both of these circumstances. In our case and for tests in the absence of catalysts K/A values in the range 1.1-1.4 were experimentally obtained after 24 hours, thus reinforcing our hypothesis of a selectivity control induced by the catalyst surface. This prompted us to explore in detail the behaviour of our catalysts up to 96 hours on stream in order to monitor and confirm the consistency of our results, the formation of by-products with time, as well as to investigate the behaviour of our catalysts for a reasonably long period of time to assess their stability via high temperature treatment. Besides, the catalysts were characterized by using an array of methods including electron microscopy and surface methods of analysis with the aim to identify useful structure activity correlations that could be valuable for catalyst development. This is with the aim to gather insights about the possible active metal species for this reaction and our catalysts.
4.3. Results and Discussion
4.3.1. Catalytic Tests for Ag/NbO2 and Ag/Nb2O5
A first set of catalytic tests was carried out to compare the activity of our materials, in terms of conversion for Ag/Nb2O5 and Ag/NbO2 catalysts prepared via impregnation for tests up to 96 hours on stream, as shown in Figure 4.1. These tests were carried out at atmospheric pressure at 130 oC and using a metal to substrate molar ratio M: S = 1000.
[image: ]
Figure 4.1: Conversion versus reaction time for ethylbenzene oxidation by using Ag/Nb2O5 (red line) and Ag/NbO2 (black line) up to 96 h. Reaction conditions: T = 130 oC, P = atmospheric pressure, M:S = 1:1000.
Figure 4.1 shows that Ag/Nb2O5 is about 10-15% (in relative terms) more active than Ag/NbO2, which might suggest a slightly different catalyst structure or a different support-to-metal (silver) nanoparticles interaction. Furthermore, it also appears the activity of the two catalysts is levelling out after ca. 80 hours of reaction time. As the reaction is carried out in an open system, this can either suggest the existence of equilibrium or a change in structural properties of the catalysts, for example a change in oxidation state of active silver centres, from Ag+ to Ag0. Thus, deactivation of the catalysts. 
Regarding the existence of equilibrium this could involve the reaction: R + O2  ROO. In the case of controlled hydrocarbon oxidation, this equilibrium is known as the ‘cool flame’ model [5]. At, high temperature the equilibrium is shifted to the left (the reverse step being highly exothermic) with a dominance of R radicals, which could combine and terminate the reaction by forming R-R species. At ‘low’ temperature an excess of R-OO species if formed instead, which can also terminate, in our case via the Russell termination mechanism: ROO + R-OO  R-OH + R=O + O2. Another option could involve termination of radicals over the catalyst surface (see section 4.5).
 On the other hand, changes in structure or oxidation state are known to occur for catalysts during a reaction [6] In this context, it should be noted that regarding changes in oxidation states for the catalysts, surface analysis (XPS) of catalysts after reaction is currently under investigation by research collaborators (University of Newcastle and Syncat at Synfuels). XPS for the catalysts before reaction is discussed in more detail.
Finally, a third option could be the loss of active metal (silver) during the reaction. However ICP-MS analysis of reaction mixtures detected a relative loss of Ag less than or equal to 5% and this is not consistent with the activity plateau observed in Figure 4.1.
An extensive set of characterizations of the fresh catalysts was carried out in order to identify possible differences between Ag/NbO2 and Ag/Nb2O5, as well as to provide a basis for additional characterization for the spent catalysts. This set of analysis included: XPS, TGA, SEM and TEM for: surface oxidation states of the metals, stoichiometry, morphology, and Ag particles size determinations respectively.






4.3.2. XPS of Ag/NbO2 and Ag/Nb2O5
XPS analysis was carried out to determine oxidation state of Ag and Nb and the results obtained were quite interesting. The catalyst used for analysis is before reaction, with silver/silver oxide deposited on the surface of niobium dioxide or niobium pentoxide.  With respect to Ag, it was observed that Ag/Nb2O5 catalysts comprised a 100% of surface Ag+, whereas the Ag/NbO2 catalysts comprised a combination of Ag0 and Ag+ (73%, and 27% respectively).
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Figure 4.2 XPS spectrum for Ag/NbO2 sample prepared via impregnation. Both Ag0 and Ag+ species can be detected. However, any quantification is not straightforward, due to the small difference in binding energy between Ag0 and Ag+ species, as well as a partial overlap from the from Nb signal. Nb4+ signal is at ca. 374 eV for the 3p1/2 component (possibly due to some sulphur contamination). Nb4+ and Nb5+ signals are at ca 365 eV for the 3p3/2 component [7]. 
The presence of surface Ag+ is to some extent not surprising, because Ag has a tendency to generate surface oxide species [8], which is higher, for instance, than metals like Au or Pd. The presence of Ag0 when NbO2 is used as support, however needs some explanation. We postulate the presence of Ag0 due to the reducing properties of Nb4+, in which case the redox reaction: Nb4+ + Ag+  Nb5+ + Ag0 could take place. In our case, by considering the physical contact between metal oxides, this reduction reaction could be better described as: 2NbO2 + Ag2O  Nb2O5 + 2Ag0. We consider this reaction plausible by virtue of the reduction potentials of Nb4+ and Ag+ which are 0.20, and 0.79 V respectively, for the processes: Nb5+ + e  Nb4+ and Ag+ + e  Ag0. As Ag/Nb2O5 is more active than Ag/NbO2, at present stage this would suggest that Ag+ might be the active species for the oxidation process (in terms of conversion). Despite the usefulness in the use of Ag+ or Ag2O species to identify the possible active species or site for this reaction, it does worth noting, a comparison of the catalytic activity of Ag with Ag2O is not straightforward. In our tests silver oxide is a micropowder, whereas, the catalyst active sites could well be Ag+ species at the interface metal (0)/metal-support nanoparticles. Or the activity to the nano-size range of Ag(0) only. In this sense, possible studies that could help to address this question could be to prepare an array of catalysts comprising Ag of different sizes from nanoscale, ca. 5-10 nm. Up to 100 or even 1000 nm (the latter micron range). This would help to discriminate if any particle size effect is present or not. Furthermore, particles of different size would also have a different extension of the metal/support interface, and this could also help to elucidate the role of Ag+ species at the interface. However, these synthesis procedures mostly make use of non-trivial seed-mediated growth protocols, and may be considered afterwards.
In order to gather additional information on these structural properties, in this case oxidation states of the surfaces of this catalyst, XPS analysis was extended to Nb, and on NbO2 samples that were thermally treated (calcined) to evolve to Nb2O5 oxides, as shown by TGA in Figure 4.3. Therefore, NbO2 has oxidised to Nb2O5. 
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Figure 4.3: Thermogravimetric analysis of NbO2 to Nb2O5 in air. An increase in 6 % mass is observed when NbO2 is treated at high temperature in the presence of oxygen and this is consistent with the formation of Nb2O5 via the process: NbO2 + ½ O2  Nb2O5.
Thermogravimetric analysis (TGA) was run on NbO2, from 25 oC to 700 oC, to determine the change in the morphology (confirmed by X-ray diffraction patterns shown in Chapter 3) and change from NbO2 to Nb2O5. There is a weight increase of ca. 6 % and this is consistent with the formation of Nb2O5 from NbO2.
XPS analysis for these same samples shows that bare NbO2 has ca. 24% of Nb4+ surface content, the rest is Nb5+. With increasing calcination temperature, as more of the bulk of NbO2 is converted to Nb2O5 there is a decline in the Nb4+ surface species until 400 oC where it is completely gone. Despite the use of bulk NbO2, its surface is effectively Nb2O5. This coincides with the PXRD data shown in Chapter 3, demonstrating a change in oxidation state, but also shows that NbO2 at surface level, resemble much more Nb2O5, and this can explain some of the similarities observed for our catalysts when using these two different metal oxides. As a consequence we postulate that differences in catalytic activity between Ag/NbO2 and Ag/Nb2O5 to be mostly due to a higher amount of Ag+ for Ag/Nb2O5.

Figure 4.4: XPS results of the surface of commercial and different calcined NbO2 samples, showing the two oxidation states of Nb4+ (blue) and Nb5+ (red) on the surface. 
4.3.3. SEM of Ag/NbO2 and Ag/Nb2O5
Scanning electron microscopy is a technique used in heterogeneous catalysis to gather information on the morphology of a catalysts (like comparison between platelets or rosette shapes [9], or to have an estimate of the grain size of the macroscopic particles constituting the catalyst [10]. The latter is a parameter often used in the case of liquid (substrate) phase reactions, as different grain size may induce difference diffusion phenomena, and catalysts with smaller grains are expected to be more reactive [10]. Different grain size of Ag//Nb2O5 tests were performed and shown to have no impact on the conversion of ethylbenzene for oxidation reactions. 
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Figure 4.5: SEM images of: (left) Ag/NbO2 and (right) Ag/Nb2O5. A different morphology is observed for the two samples. Both catalysts were prepared via impregnation under the same experimental conditions and drying temperature of 180 oC.  A platelet shape is observed for Ag/NbO2, whereas a lobe shape is observed for Ag/Nb2O5.
In our case it appears that Ag/NbO2 and Ag/Nb2O5 are different both in terms of morphology and in terms of grain size.
In particular Ag/NbO2 has brick/platelets morphology, whereas Ag/Nb2O5 presents lobe type morphology. At present stage we cannot establish if this difference is significant in terms of catalytic activity or not. However, regarding the grain size there is also a difference. In fact Ag/NbO2 appears to have grain size in the range 20 - 30 m, whereas Ag/Nb2O5 appears to be distributed in the range 10 - 20 m, and this could further contribute to the higher activity of Ag/Nb2O5 when compared to Ag/NbO2. This would be due to a net higher surface area per unit of mass of catalyst in the two cases.  
4.3.4. TEM of Ag/NbO2 and Ag/Nb2O5
Transmission electron microscopy for Ag/NbO2 and Ag/Nb2O5 was also carried out, as shown in Figure 4.6.
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Figure 4.6: TEM micrographs of: (left) Ag/Nb2O5 and (right) Ag/NbO2. Both samples are surprisingly uniform with Ag-based nanoparticles on top of the niobium oxides in the size range of ca. 10 nm.
The particle size distribution for both catalysts seems to be around 10 nm, but larger particles in the range of 20 nm can also detected. Whereas this range is somehow expected by using an impregnation protocol for our catalysts [12] it is rather surprising how relatively uniform in size these particles are by using this preparation method. Furthermore, the particle size distribution is also similar for Ag/NbO2 and Ag/Nb2O5. Regarding the chemical nature of these supported nanoparticles, that is if these are made of Ag or Ag2O (and following from the considerations done via XPS), analysis of particle morphology of these nanoparticles is currently in progress by mean of high resolution TEM at the Syncat labs. Preliminary data suggest that the nanoparticles are made of silver. 
4.4. Catalytic Tests for Autoxidation and Ag2O Powders up to 96 h Time on Stream
Overall the data collected and shown so far, would suggest that Ag2O is the active species responsible for the catalytic activity on the surface of the support. Although Ag2O, to be detected via XPS, is present in the form of layers of a few nm in our catalysts, it was interesting to test the hypothesis of Ag2O as active species, by actually testing nanoparticles of Ag2O. And additionally, this is by comparing the activity of this bare metal oxide with autoxidation in the absence of any catalysts. The results are reported in Figure 4.7.
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Figure 4.7: Conversion versus reaction time for ethylbenzene oxidation by using Ag2O (blue line) using a M: S ratio of 1:1000 and no catalyst (green line), autoxidation, up to 96 h. Reaction conditions: T = 130 oC, P = atmospheric pressure, M:S = 1:1000. It is interesting to observe how in the case of no metal an induction period is present. However this induction period is absence when Ag2O is introduced into the reaction mixture.
An induction period is clearly present in the case of autoxidation, but this is absent when Ag2O is used, thus suggesting that Ag+ is one of the active species of the catalytic process. 
4.5. Kinetics Studies for Ag/NbO2, Ag/Nb2O5, Ag2O and Autoxidation.
From the reagent and product evolution showed in Figure 4.8, a systematic evaluation of the formation of the products, and in turn a study of the selectivity of these materials was carried out. This was done, together with the development of a simplified, and yet useful, kinetic model, in order to explain our results and to promote further catalyst development.
The temporal profiles for reagent consumptions for Ag/Nb2O5, Ag/NbO2, Ag2O and autoxidation, as well as their fittings are reported in Figure 4.8, and they are here described and discussed in detail.
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Figure 4.8: Data interpolation for the ethylbenzene consumption (brown line), in the presence of Ag/Nb2O5 (top left), Ag/NbO2, Ag2O (bottom right) and autoxidation (bottom right). Reaction conditions: 130 oC, P = atmospheric pressure, M: S (in case of silver) 1:1000. Product evolution: green line alkyl hydroperoxide, red line 1-phenylethnaol, blue line acetophenone and pink line by-products.
4.5.1 Kinetic Modelling of Ethylbenzene Autoxidation by Supported Silver Nanoparticles
A few observations are possible by comparing all data.
1) The first observation is a clear acceleration effect by the catalyst compared to autoxidation with the disappearance of an induction time. As in the presence of Ag species this induction period is absent, this would suggest an acceleration of the initiation step R-H  R + H followed by R + O2  R-OO
2) The alkyl hydroperoxide, ROOH is quickly formed, than after a maximum in concertation the 1-phenyethyl hydro peroxide is  depleted with formation of the alcohol, ROH, and the ketone R=O. This suggests ROOH is an intermediate in this reaction, with ROH and R=O originating from ROOH decomposition. Thus would suggest a scheme like: RH + O2  ROOH  ROH + K=O.

3) The amount of acetophenone increases with time. In the first instance, as these catalysts are oxidation catalysts, and considering that, in general, an alcohol is easier to oxidize than a saturated hydrocarbon. However, control tests by using 1-pheylethnaol as a substrate did not show any appreciable conversion of the alcohol to the ketone, over our materials (with small conversion values in the range of 1-2%). This led us to conclude the ketone is obtained by a decomposition of the ROOH intermediate. 


Scheme 4.1: K is for equilibrium constants k for kinetic constants.
4) Finally, it is quite noteworthy to observe there is the absence of significant and relevant amounts of by-products when the catalysts are used. This is rather surprising after such a long reaction time, and especially because several reaction steps for the autoxidation of ethylbenzene are generating OH radicals which are very reactive [13] and one of the major cause of by-products formation. We postulate the support might be able to quench these species (see paragraph 4.5).
By combining all of these bits of information, the following reaction steps equations were considered, and afterwards simplified, with the aim to build an interpolating mathematical model to determine, and possibly quantify, the effect of the catalysts or silver species, towards ethylbenzene oxidation and its products.
Step1: Consumption of the hydrocarbon, ethylbenzene, and here denoted as RH:
R-H  R + H
R + O2  R-OO
R-OO + R-H  R-OOH + R
This set of equations was in the first instance simplified to:
R-H + O2 R-OOH
This would lead to a consumption of RH as:
 	(eq. 1)
However, as our system (performed in atmospheric conditions) was an open system continuously fed with O2 and the process is nevertheless mediated by the solubility of O2 in ethylbenzene, the amount of O2 during the process was assumed to be as a constant, and therefore k[O2]b  constant = k’. As such, eq.1 could be re-written as:
		(eq. 2)
And assuming for the consumption of RH a =1.
Step 2: Consumption of ROOH intermediate to give the ketone R=O.
Then for the consumption of ROOH this was split in two components, the one to the formation of the ketone:
ROOH  R(-H)OOH + H
R(-H)OOH  R=O + OH
OH + R-H  R + H2O
This is simplified as:
ROOH  RO + H2O
	(eq. 3)
Step 3: Consumption of the ROOH intermediate to give the alcohol ROH.
ROOH  RO + OH
RO +R-H  ROH + R
OH + R-H  R + H2O
This is simplified as:
ROOH  ROH + ½ O2
	(eq. 4)
Step 4: Formation of by-products.
ROOH  X
Simplified with a generic

In order to carry out numerical interpolations of equations, 1-4, a JAVA code was written (see Appendix 2) from open source Tenua software [14]. This method though, requires first guesses of the kinetic constants, and the ‘stiffness’ of the resulting differential equations to interpolate the experimental data. The latter is a known mathematical problem when dealing with differential equations [15] and it accounts for large variation in interpolation results from small variations of input values. However, some stable solutions were found by setting a tolerance of 10% for the kinetic constants and reported in Table 4.1 and referred in Scheme 4.2.


Scheme 4.2: Simplified kinetic scheme for the evolution of ethylbenzene to acetophenone, 1-phenyl ethanol and by-products, by means of 1-phenylethyl hydroperoxide intermediate. Others include product formations of benzaldehyde, benzoic acid and styrene.
Table 4.1: Rate values for the autoxidation process, catalysts and silver oxide, for each of the reaction pathways listed in Scheme 4.1. Due to our simplified model all k are in h-1.
	
	k’1
	k’2
	k’3
	k’4

	Autoxidation
	2.710-3
	4.610-3
	3.510-3
	1.910-3

	Ag/Nb2O5 
	2.110-2
	5.610-2
	1.510-2
	1.710-3

	Ag/NbO2 
	1.510-2
	4.310-2
	1.510-2
	1.510-3

	Ag2O 
	1.610-2
	3.410-2
	1.510-2
	4.710-4




In order to allow a better comparison for these data (although semi-quantitative with the approximations we’ve used, but yet useful to draw some conclusions), relative variations, in terms of ratio for the kinetics constants for Ag/Nb2O5, Ag/NbO2 and AgO versus autoxidation were evaluated, leading to Table 4.2. In this case k’i increment stands as the ratio of the kinetic constants for Ag/Nb2O5, Ag/NbO2 and Ag2O with respect to the kinetic contests for the autoxidation process in absence of catalysts.

Table 4.2: Ratios of rate constants with respect to the autoxidation process for catalysts and silver oxide, for each of the reaction pathways listed in Scheme 4.2.
	
	k’1 increment
	k’2 increment
	k’3 increment
	k’4 increment

	Autoxidation
	-
	-
	-
	-

	Ag/Nb2O5 1:1000
	7.8
	12.4
	4.4
	0.9

	Ag/NbO2 1:1000
	5.7
	9.5
	4.2
	0.7

	Ag2O 1:1000
	5.9
	7
	4.2
	0.3



From these data, it seems possible to draw the following conclusions: (i) the presence of silver accelerated the formation of ROOH (k’1 increment); however (ii) it is the presence of the support that drives the selectivity to the ketone formation as expressed by the k’2 increment, thus suggesting a particle support interaction, though other data suggests different Ag species on the surface of NbO2 and Nb2O5. (iii) The selectivity to the alcohol is increased in the presence of silver, but no actual differences are induced by the support. Finally the amount of by-products is always kept at a low value.
4.5.2. Integrated Rate Laws
In order to provide additional ground for the model we have proposed, another approach that is often used in kinetic studies was considered. That is to formulate integrated rate law expressions to obtain information about a reaction mechanism. As an example we focused our attention on the kinetics of Ag/Nb2O5. This approach is quite common in kinetics studies as it avoids the solution of complex differential equations, and it relies on the linear interpolation of given rate laws. On the other hand, good quality data needs to be available in to be able to discriminate between different reaction orders and in some cases this distinction cannot be obvious or possible. Besides this obviously restrict the selection of the kinetic laws to some mechanisms only, and the order of a reaction needs to be initially assumed.
In our case we tested the evolution of the decay of ethylbenzene with time against integrated rate laws for the orders: 0, 1, and 3/2. And for these a brief description of their meaning is given.
Zero order. r = kobs[RH]0 = k. In this case no dependency from the concentration is detected. This is a frequent case in heterogeneous catalysis and especially in the case of solvent-free reactions. Its frequency is due to the fact it stands for a saturation of the catalyst active sites by the substrate, and as such the rate determining step is not anymore the reaction at the catalytic surface.
First order. r = kobs[RH]. This is a frequent case in many reactions, and underlying an exponential decay of the reagent per time.
Order 3/2. r = kobs[RH]3/2 Fractional orders can be found too. An order of 3/2 is a special case in the oxidation of hydrocarbons, especially those involving radicals. This is part of a wider kinetic model known as Rice-Herzfeld mechanism [16] and it originates from reactions having: an initiation step, a propagation step, and a termination step by like-radicals produced in during initiation or propagation. In our case this could potentially fit our reaction, oxidation of ethylbenzene entirely, having an initiation R-H  R + H, a propagation: R + O2  R-OO, and termination steps involving the two: R + R  R-R or R-OO + R-OO  ROH + RO + O2 processes.
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A fitting for all these models reporting the integrated laws is reported in Table 4.3.
Table 4.3: Rate orders and differential equations for a fitting of the models reporting integrated rate laws, to determine the best fit for R2. 
	Reaction order
	Differential equation vs. reagent
	Integrated equation
	Fitting parameters
y = mx + q
	Goodness of fit R2

	0
	
	
	m = 6.8 102
q =7.8
	0.90

	1
	
	
	m = 1.1 102
q = 2.1
	0.93

	3/2
	
	
	m =  2.1 103
q = 0.36
	0.95


From these data it would appear that (at least for an interpolation time of 48 hours) that is before levelling of the catalytic activity, the best fitting (although with a small margin) is indeed for a reaction order with r = k[RH]3/2. 
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Figure 4.9: Linear regression for the consumption of ethylbenzene by using a r = k[RH]3/2 model. It is possible to observe a good agreement of the fitting of the data, suggesting a Rice-Herzfeld mechanism.

However additional investigations will be needed for longer reaction times and considering different M: S ratios, especially to address the possibility of radical termination over the catalyst surface. At present though it seems possible to conclude that the catalyst is indeed capable to accelerate the initiation step, without the presence of radical initiators.
4.6. Support as Quencher of OH Radicals?
There is, however, a further observation that deserves attention that is the formation of very small amounts of by-products (benzaldehyde, benzoic acid and styrene) when this silver supported niobium oxide catalysts are used. This is surprising because the formation of both ketone and alcohol always involve the formation of OH species (see equation steps 2 and 3 in paragraph 4.4.1). OH radicals are extremely reactive [13], and as the reaction is solvent free they would be expected to immediately attack a parent hydrocarbon molecule of ethylbenzene or the alcohol or the ketone. It is noteworthy to comment that OH radicals are also responsible for the loss of selectivity in the oxidation of cyclic hydrocarbons [17]. Therefore the fact that the amount of by-products is very low (a few per cent only) even after 96 hours of time on stream is a factor that deserves attention. At the present stage we postulate this might be due to the capability of the supports (either NbO2 or Nb2O5) to quench these radical species. The capability of a metal oxide to quench radicals has been observed for instance also in the oxidation of aldehydes to acid (which follow a pure free-radical pathways) by oxides like ZnO [18] and tentatively ascribed to the presence of oxygen vacancies capable to quench oxygen centred radicals. Oxides like MgO [19] are also known to contain oxygen vacancies capable to trap oxygen centre radicals and for Nb2O5 at present we speculate it might be able to trap oxygen centred radical species too. Diffuse reflectance ultraviolet-visible spectrophotometry is a possible method to determining oxygen vacancies. 
In order to tentatively address this question solid state EPR for NbO2, Nb2O5, Ag/NbO2 and Ag/Nb2O5 was carried out as shown in Figure 4.10.
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Figure 4.10: EPR spectra for NbO2 and Nb2O5 (blue and red line), and supported silver species Ag/NbO2 and Ag/Nb2O5 (black and pink line).  The signal at ca. 3200 Gauss is consistent with oxygen vacancies. However, the signal also present an asymmetric shape consisting of three peaks, this could also be due transition metal inclusions in the lattice. More investigations in this sense are necessary (and in progress). The board peak observed in the case of Ag/NbO2 (black line) is possible due to a ferromagnetic contaminant.
A relatively strong signal was detected at ca. 3200 gauss, which could be consistent with oxygen vacancies. However, the signal also presents an asymmetric component visually described as an asymmetric triplet on that same spectral region; this is not of immediate interpretation. To address the nature of these features, low temperature (77K) solid-state EPR experiments are in progress both in presence and in the absence of oxygen in the EPR cell to determine the nature of this feature.


4.7. Conclusion
XPS, TGA, SEM, TEM and EPR analysis was performed on Ag/NbO2, Ag/Nb2O5, NbO2 and Nb2O5. XPS analysis performed for Ag/NbO2 shows there is both Ag0 and Ag+ present on the surface of the niobium dioxide support. Ag0 may have occurred due to the reducing properties of Nb4+. To confirm this TGA and XPS analysis was performed on the supports alone, showing that NbO2 oxidises to Nb2O5, corroborating with XRD results shown in Chapter 3, and the surface of NbO2 has both Nb4+ and Nb5+ content. SEM analysis shows there are differences in morphology and grain size between Ag/NbO2 and Ag/Nb2O5 catalysts, with Ag.NbO2 having brick/platelet morphology and Ag/Nb2O5 having lobe type morphology. Grain size from SEM analysis shows that Ag/NbO2 has slightly bigger grain size than Ag/Nb2O5. TEM analysis shows the particle size distribution to be in the range of 10 nm, with larger particles around 20 nm for both catalysts. With this data, it suggests that Ag2O to be an active species in catalytic activity, this is confirmed when performing kinetics tests in comparison to autoxidation. 
Kinetics analysis was performed on ethylbenzene oxidation, from 1 to 96 hours for autoxidation, Ag2O, Ag/NbO2 and Ag/Nb2O5 as catalyst, to determine the rate of reaction, and mechanistic studies. The catalysts accelerate the oxidation of ethylbenzene compared to autoxidation, with the acceleration of the initiation step: R-H  R + H followed by R + O2  R-OO 1-phenethyl hydroperoxide is quickly formed, and then depletes to give 1-phenylethanol and acetophenone, suggesting the peroxide is an intermediate in the reaction. Acetophenone formation increases with time, due to the decomposition of the ROOH intermediate. Kinetic constants were calculated using a JAVA code written on Tenua software for autoxidation, Ag2O and catalysts. The data suggests that both the presence of silver and the support enhance the formation of ROOH and 1-phenylethanol, and acetophenone formation respectively. Rate laws were formulated for ethylbenzene oxidation using Ag/Nb2O5 kinetics. The order 3/2, being one that is particular for oxidation of hydrocarbons via radical pathways, had the best R2 fit. 
Finally, the highly reactive .OH radicals formed via the formation of acetophenone and 1-phenylethanol; maybe quenched by the support, hence the very small quantity of by-products formed. 
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Chapter 4: Mechanistic Aspects of Ethylbenzene Oxidation and Structure Activity Correlations









Chapter 5: Oxidation of Cyclohexene by Niobium Oxide-Supported Transition Metal Catalysts








5.1. Overview
In this chapter, following on from ethylbenzene oxidation, cyclohexene will be the substrate at the centre for our studies by using bulk metal or metal oxide catalysts with niobium oxide as catalyst supports. The active metal components of interest in this case are copper, iron, manganese and silver. For completeness though, it should also be added that microporous materials have also been used as potential catalysts for this substrate, but these will be discussed separately, when describing and reporting the results for these materials (see Chapter 6). 
Similarly to ethylbenzene oxidation, cyclohexene oxidation will be presented in this chapter because cyclohexene is a substrate that can be activated under relatively mild conditions, and more importantly to explore the catalyst capabilities towards an unsaturated hydrocarbon versus saturated species, especially towards vinyl and allylic C-H bonds. 
Besides, and in contrast with the studies reported in the subsequent chapter, for this particular substrate, the effect of the presence of water into the reaction system (with water present either in trace amounts, or by deliberately added to the reaction mixture) was investigated. This was done with the aim to discriminate between acid/base reaction pathways, although it was observed that this can also affect radical pathways too. 
As a consequence of these considerations, a description of the possible reaction pathways for this particular substrate will be presented to determine the route taken for cyclohexene to be oxidised to cyclohexene oxide or 2-cyclohexen-1-one, whether it was via acid/base, redox or radical processes. In addition, tests by means of TBHP and TEMPO, which were used as oxygen donor (or initiator), and radical scavenger respectively, were also carried out in order to gather further mechanistic insights for this reaction and for our catalysts. 
5.2. Introduction
It should be noted that oxygenation reactions for the epoxidation of alkenes with molecular oxygen from air, on the surface of a catalyst, has not yet been possible, except for ethylene oxidation to ethylene oxide for which a silver catalyst is used [1]. There has been limited progress in this field for aerobic oxidation of cycloalkenes. This is the major challenge; epoxidation of cycloalkenes with allylic functionalities is difficult because of the large difference in BDE with respect to the vinylic position. Therefore, conversions of less than 1% are widely observed, because of the high selectivity towards the epoxide is given. Allylic oxidation is also important in industry, especially for cosmetics and fine chemicals synthesis. 
Cyclohexene is an important substrate in industry because it generates many essential chemical intermediates, which are produced by catalytic oxidation [2]. Cyclohexene oxide is an important commodity in industry; it is used as intermediate for the synthesis of thermoplastics materials, like for example Lego®, and as an intermediate for pest control chemicals like bromodoline, which is used in rat poison. 
Current industrial synthesis routes for producing cyclohexene oxide make use of a homogeneous catalysis using trioctylmethylammonium tungstate complexed with lipophilic neutral or anionic phosphorus ligands and hydrogen peroxide, [3] or via a heterogeneous catalysis process, for example using polymer supported molybdic acid catalysts with hydrogen peroxide [4]. The use of heterogeneous catalysts is preferred because it implies a better atom economy, i.e. better conversion and selectivity towards cyclohexene oxide. However, there is one major disadvantage with current synthesis processes for cyclohexene oxidation: the use of hydrogen peroxide as the primary oxidant [5, 6], because due to its high cost, it is not economically feasible to use in large scale manufacture.  One of the themes of this project was to move away from using peroxides (for example TBHP) to using molecular oxygen from air as the primary oxidant.
The formation of cyclohexene oxide was explored for this project, examining the pathway taken to form this compound, whether by redox, acid/base or radical routes. Another aspect was the allylic oxidation of cyclohexene, which preserves the C=C bond, and allows functionalisation of the molecule, to produce 2-cyclohexen-1-ol and 2-cyclohexen-1-one. These two products are important intermediates in industry, used in pharmaceuticals, pesticides, surfactants and polymers, and in our case, we’ve paid particular attention to 2-cyclohexen-1-one as some of our catalysts appear to have a good selectivity for this product. 


The reaction route taken of cyclohexene to cyclohexene oxide could be either a redox pathway or radical process; therefore, there was the need to find the mechanisms for cyclohexene to cyclohexene oxide. 


Scheme 5.1: Oxidation of cyclohexene to cyclohexene oxide. 
However, in order to obtain cyclohexene oxide, it is important to consider not only the reactivity of the substrate cyclohexene, but also the reactivity of cyclohexene oxide itself. In fact, cyclohexene oxide can further react, it is an intermediate, leading to formation of 1,2-cyclohexanediol. Cyclohexene oxide could lead to three possible reversible routes to synthesising 1,2-cyclohexanediol, through acid/base steps, as shown in schemes 2-4. The first scheme shows one of the lone pairs of the oxygen of cyclohexene oxide attacking an H+, which induces cleavage of a C-O bond to make way for a water molecule to attack the carbocation to form 1, 2-cyclohexanediol and reproduce H+.


Scheme 5.2: A lone pair on oxygen attacked a proton to form a hydroxyl species, breaking the C-O bond, and forming a carbocation species. A water molecule attacks the carbocation, by regenerating a H+ and 1, 2-cyclohexanediol compound. 
Another possible route displayed in scheme 3 consists in a hydroxyl ion attacking a C-O of cyclohexene oxide, to break a C-O bond to make way for a water molecule to be attacked by the R-O- group, form a diol, and regenerate -OH.




Scheme 5.3: A hydroxyl ion attacked a C, breaking the C-O bond and forming an O- species. A water molecule is attacked by the O-, capturing a H+, and then reforming -OH and 1, 2-cyclohexanediol compound.
The third possible route displayed in scheme 4 shows a water molecule attacking a C-O of cyclohexene oxide from the beginning, to cleave a C-O bond and the R-O- abstracts an H+ from the bound water molecule to produce 1, 2-cyclohexanediol.  


Scheme 5.4: A lone pair on the oxygen of a water molecule attacks a carbon species of cyclohexene oxide, breaking the C-O bond. The O- attacked hydrogen connected to O+, breaking that bond to form 1, 2-cyclohexanediol. 
From 1, 2-cyclohexanediol, further acid/base reactions could take place, with 1,2-cyclohexanediol as an intermediate for the synthesis of 2-cyclohexen-1ol and 2-cyclohexen-1-one. This is shown in Schemes 5.5 and 5.6. It should also be noted that this involves the elimination of a water molecule (which can then re-start this cycle), in other words, small amounts of water could induce this parallel pathways (and therefore some of our catalytic tests were carried out in the presence of different amounts of water deliberately added to the reaction mixture). 


Scheme 5.5: A lone pair on the oxygen of a hydroxyl attacks a proton, forming H2O, which is then cleaved leaving a C+. The C-H bond from the CH2 next to the C+ bond breaks, forming a double bond, and regenerating the H+. 
2-cyclohexen-1-one is formed by the oxidation of 2-cyclohexen-1-ol.


Scheme 5.6: A lone pair on the oxygen of a hydroxyl attacks a proton, forming H2O as the leaving group, which is then cleaved leaving a C+. The C-H bond from the CH2 next to the C+ bond breaks, forming a double bond, and regenerating the H+. 2-cyclohexen-1-ol is then oxidised to form 2-cyclohexen-1-one. 
However, acid/base pathways were not the only routes taking place, radical processes were occurring also. The schemes are detailed, and the pathways follow similarly to the ethylbenzene oxidative radical processes. 
Radical pathways were explored for cyclohexene oxidation; the routes follow similar processes as that with ethylbenzene. The allylic C-H bond of cyclohexene is about 15% weaker than a C-H bond with ordinary sp3 carbon centres, therefore it is more reactive. Besides, the bond dissociation energy of the allylic C-H bond is 84 kcal mol-1 and the vinyl C-H bond of cyclohexene is 114 kcal mol-1[1]. This C-H position would be highly susceptible for hydrogen abstraction via radical processes, which could be due to autoxidation. As described in the previous chapter, an initiator is required to abstract hydrogen from the allylic C-H bond of cyclohexene. The initiator could be the walls of the reactor (either made of metal or glass), UV light or residual amounts of peroxides found in solution. Scheme 5.7 shows the formation of the allylic radical from cyclohexene. 


Scheme 5.7: initiation step of the radical pathway, with an initiator attacking the allylic position of cyclohexene to form an allylic radical. 
Then molecular oxygen can react with the allylic radical for form an allylic peroxy radical species as displayed in scheme 5.8. 


Scheme 5.8: Molecular oxygen and the cyclohexene radical react to form an allylic peroxy radical. 
Allylic peroxy radicals can take several routes from this point. 
The allylic peroxy radical can react with another cyclohexene substrate, to give cyclohexene hydroperoxide and reproduce the allylic radical, as shown in Scheme 5.9. The allylic radical will react with an oxygen molecule under diffusion control to form a new allylic peroxyl radical that can further attack a hydrocarbon molecule, and so on, thus allowing the autocatalytic (autoxidation) nature of the process. 


Scheme 5.9: the allylic peroxyl radical abstracts hydrogen from cyclohexene at the allylic position and form cyclohexene hydroperoxide and allylic radical species. 
The O-O bond of cyclohexene hydroperoxide formed could be cleaved, to form a highly reactive allylic alkoxy radical and hydroxide radical species, as shown in Scheme 5.10. 


Scheme 5.10: the O-O bond is cleaved of the cyclohexene hydroperoxide to form an allyl oxy radical species and hydroxyl radical. 
The allylic alkoxy radical can then abstract hydrogen from the allyl position of a cyclohexene molecule to for 2-cyclohexen-1-ol and an allylic radical as observed in Scheme 5.11 . 


Scheme 5.11: the allyl oxy radical hydrogen abstracts from the allyl position of a cyclohexene molecule to generate 2-cyclohexen-1-ol and an allylic radical. 
Afterwards, two allylic peroxy radicals can react to give a termination step as seen in Scheme 5.12. One of the oxygen radicals can abstract a H atom from the allylic position, and thus allowing O-O bond breaking, while the other oxygen radical forms a double bond, simultaneously O-O bond breaking, giving diradical molecular oxygen, 2-cyclohexen-1-one and 2-cyclohexen-1-ol in a 1:1 molar ratio. These two compounds are important either in industry or academia as 2-cyclohexen-1-one is used as a flavouring agent [7] and 2-cyclohexen-1-ol is often used as a substrate to probe dehydrogenation properties of catalytic surfaces [8]. The formation of these two important compounds poses a problem when desiring selectivity of cyclohexene oxide. 


Scheme 5.12: two allylic peroxy radicals react, one h-abstracts from the other, the terminal oxygen species are cleaved from the respective O-O bonds and 2-cyclohexen-1one, 2-cyclohexen-1-ol and molecular oxygen is formed. 
Besides, further propagation steps can occur (like in the case of ethylbenzene), see Scheme 5.13. 


Scheme 5.13: the allylic peroxy radical H-abstracts from cyclohexene peroxide to form a new cyclohexene hydroperoxide molecule, and generate a cyclohexene hydroperoxide radical, where the O-O bond is cleaved to form 2-cyclohexen-1-one and a hydroxide radical. 
The allylic peroxy radical can react with cyclohexene hydroperoxide, abstracting a H atom from the allylic position to form another cyclohexene hydroperoxide molecule and an allylic cyclohexene hydroperoxide radical. This new radical will cleave the O-O bond, to form 2-cyclohexen-1-one and a hydroxide radical species, as shown in Scheme 5.13. 



5.3. Results and Discussion
5.3.1. Oxidation of Cyclohexene with Catalysts
In view of all these reactions routes and their combination, we were interested to explore the reactivity of our catalysts towards this system, taking particular attention to the amount of water that can be present in the reaction mixture, and as such, we tested both anhydrous and non-anhydrous cyclohexene. Conversion of cyclohexene for autoxidation (whether the pathway is radical or acid/base, and in this context with autoxidation, we mean a reaction in the absence of any catalyst, support or reactive species), and in the presence of catalysts is displayed in Figures 5.1 and 5.2, using NbO2 and Nb2O5 as supports respectively. The conversion values for the non-anhydrous cyclohexene in the presence and absence of catalysts are the same. This indicates that the catalysts are not active in oxidising cyclohexene and the process of autoxidation route is dominant or the catalysts are inert towards cyclohexene oxidation. If anhydrous cyclohexene was used instead, the conversion is less than 2% in the case of autoxidation, while if in the presence of catalysts; the conversion is greater than 10%. This significant difference between autoxidation values for the two types of cyclohexene tested could be due to the trace amounts of water present in the non-anhydrous cyclohexene, even though water is produced during the reaction process. This contamination may be possible for catalysed reactions; further tests would include reproducibility to confirm this. A possible explanation could be water promotes an acid/base pathway, whereas in its absence, a radical pathway might be dominating and as such highlighting a difference in between these two routes. This is based on the ground that M/NbO2 species can promote radical routes, but in our case, with an initiation step at the allylic C-H bond position. In view of this, tests with deliberate addition of known amounts of water were carried out (see section 5.4.5.). 
For these tests, we used Ag, Cu, Fe and Mn supported species with silver and manganese supported catalysts showing a higher activity than the copper and iron, if in the presence of an anhydrous substrate with conversion values up to ca 20%. In this context, it is also worth noting the extremely mild conditions used to carry out these reactions, with a temperature of just 60 oC and at atmospheric pressure. 
 [image: ]
Figure 5.1: Conversion of non-anhydrous (blue) and anhydrous (red) cyclohexene in the absence (autoxidation) and different catalysts containing Ag, Cu, Fe and Mn supported over NbO2. Tests performed at 60 oC for 24 h at atmospheric pressure, at a molar ratio of 1:1000 between metal: substrate. 
Following on from Chapter 4, the use of Ag+ or Ag2O species to identify the possible active species or site for this reaction, it worth noting, the catalytic activity of Ag with Ag2O is not straightforward. Silver oxide is a micropowder, whereas, the catalyst active sites could well be Ag+ species at the interface metal (0)/metal-support nanoparticles. Or the activity to the nano-size range of Ag(0) only. 


 [image: ]
Figure 5.2: Conversion of non-anhydrous (blue) and anhydrous (red) cyclohexene in the absence (autoxidation) and different catalysts containing Ag, Cu, Fe and Mn supported over Nb2O5. Tests performed at 60 oC for 24 h at atmospheric pressure, at a molar ratio of 1:1000 between metal: substrate. 
The products synthesised from cyclohexene oxidation were cyclohexene oxide, 2-cyclohexen-1-ol, 2-cyclohexen-1-one, cyclohexene hydroperoxide and cis or trans-1, 2-cyclohexanediol. Due to their relevance in this chapter, we’ll mainly describe the selectivity towards cyclohexene oxide and 2-cyclohexen-1-one. The formation of cyclohexene hydroperoxide shows that one of the reaction pathways taking place is radical and this can lead to the formation of 2-cyclohexen-1-one and 2-cyclohexen-1-ol. However, as cyclohexene oxide is also produced, this species might also be an intermediate, which can lead to formation of these same end-products via acid/base pathways instead. This is indicative that two reaction routes are taking place in the oxidation of cyclohexene. It is yet unclear if cyclohexene oxide is obtained via oxygen transfer reactions by the alkyl hydroperoxide. At present, this question hasn’t been solved yet, and further tests will be done in the future to determine the pathway taken, for example by adding known amount of cyclohexene hydroperoxide to cyclohexene. 
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Figure 5.3: NMR spectrum for a reaction mixture after cyclohexene oxidation. a) CH of the vinyl bond of cyclohexene b) is the allylic CH2 of cyclohexene, c) is the homoallylic CH2 of the cyclohexene, d) is the allylic CH of cyclohexene hydroperoxide and e) CH of the CHO bond of cyclohexene oxide. This test was performed at 60 oC for 24 hours at atmospheric pressure, using anhydrous cyclohexene as the substrate and Mn/NbO2 as the catalysts, at a molar substrate to metal ratio of 1000:1.
The coexistence of two reaction pathways was observed in the presence of supported species, supports, metal salts and metal oxides used for this reaction. The selectivities of cyclohexene oxide and 2-cyclohexen-1-one are shown in Tables 5.1 and 5.2 for tests with anhydrous cyclohexene and non-anhydrous cyclohexene. It is interesting to note the selectivity towards cyclohexene oxide is the same for anhydrous cyclohexene as with non-anhydrous cyclohexene. Selectivity from the oxidation of anhydrous cyclohexene to cyclohexene oxide from autoxidation and silver over niobium oxides are the same (3%), while for the copper, iron and manganese supported catalysts, this increases by a factor of 3 to 6 (8-12%). Therefore, if Cu, Fe or Mn is present, an enhanced selectivity towards cyclohexene oxide occurs, while silver catalysts are the least selective. 


Chapter 5: Cyclohexene Oxidation to Cyclohexene Oxide using Niobium Oxide-Supported Transitional Metal Catalysts


Table 5.1: Conversion and selectivity of the products formed from anhydrous and non-anhydrous (labelled ‘non’ in the table) cyclohexene oxidation. This is for autoxidation and different catalysts with NbO2 as the support, tests performed at 60 oC for 24 hours at atmospheric pressure. 
	
	Conversion
	Cyclohexene Oxide
	2-Cyclohexen-1-one
	2-Cyclohexen-1-ol
	Cyclohexene Hydroperoxide
	Other

	
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non

	Auto
	1
	39
	3
	10
	0
	7
	0
	11
	97
	38
	0
	35

	Ag/NbO2
	26
	38
	3
	11
	3
	7
	6
	12
	45
	34
	42
	37

	Cu/NbO2
	11
	37
	8
	11
	2
	7
	8
	13
	42
	34
	40
	35

	Fe/NbO2
	9
	38
	11
	10
	2
	6
	10
	11
	40
	37
	37
	36

	Mn/NbO2
	23
	39
	12
	10
	4
	7
	12
	11
	37
	35
	35
	36



Table 5.2: Conversion and selectivity of the products formed from anhydrous and non-anhydrous (labelled ‘non’ in the table) cyclohexene oxidation. This is for autoxidation and different catalysts with Nb2O5 as the support, tests performed at 60 oC for 24 hours at atmospheric pressure. 
	
	Conversion
	Cyclohexene Oxide
	2-Cyclohexen-1-one
	2-Cyclohexen-1-ol
	Cyclohexene Hydroperoxide
	Other

	
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non

	Auto
	1
	39
	3
	10
	0
	7
	0
	11
	97
	38
	0
	35

	Ag/Nb2O5
	24
	36
	3
	10
	4
	6
	4
	10
	46
	37
	44
	36

	Cu/Nb2O5
	17
	36
	6
	11
	3
	11
	6
	18
	44
	29
	41
	30

	Fe/Nb2O5
	13
	36
	8
	11
	2
	7
	8
	12
	40
	34
	41
	36

	Mn/Nb2O5
	22
	39
	10
	10
	6
	9
	12
	12
	38
	36
	35
	32



With acid/base routes taking place, attention was given to the synthesis of 2-cyclohexen-1-one from cyclohexene oxide, as this is widely used in industry for its use in cosmetics and food flavourings. The selectivity of 2-cyclohexen-1-one is seen in tables 1 and 2. The selectivity of this compound in the case of autoxidation for non-anhydrous cyclohexene is 7% for all the tests, whereas when anhydrous cyclohexene is used, the selectivity is 0%. The selectivity of 2-cyclohexen-1-one is lower for the anhydrous cyclohexene oxidation than the oxidation of non-anhydrous cyclohexene when adding the catalysts to the reaction mixture. However, 2-cyclohexen-1-one is produced if compared to the autoxidation; therefore, the catalysts create this important compound. 
As selectivity towards 2-cyclohexen-1-one is observed in the presence of the catalyst, and not in its absence, this may suggest two options: a diffusion control (but this seems not to be the case as the conversion among catalysts is different) or that these catalysts are responsible for the selectivity towards this product, if traces of water are present. In this case, the formation of this product could be due to an acid/base pathway triggered by the presence of water and maybe some acidic centre over the catalyst surface. In fact, if no catalyst is present and anhydrous cyclohexene is used, no 2-cyclohexen-1-one is detected. Whereas, if a catalyst is used (under anhydrous conditions), small amounts of this product are present. 
Another option is the formation of 2-cyclohexen-1-ol which potentially leads to 2-cyclohexen-1-one, via the oxidation of the hydroxyl group to a ketone. However, cyclohexene hydroperoxide is produced during the oxidation process, which could also lead to the formation of 2-cyclohexen-1-one. Other products formed include 1, 2-cyclohexanediol. Therefore, further tests were done using the supports only to possibly determine the reaction route, either involving kinetics or radical scavengers. 





5.3.2. Control Tests for the Reactivity of NbO2 and Nb2O5 towards Cyclohexene 
In analogy that what was done for ethylbenzene oxidation, the NbO2 and Nb2O5 supports were tested without any active metal component and by using anhydrous and non-anhydrous cyclohexene as substrate. For these tests, the support as received (denoted ‘u’ for untreated), and supports calcined at 500 oC were tested. The reason for this treatment resides with the fact that thermal treatment at 500 oC is expected to remove possible acidic centres over the surface of Nb2O5 and as such, minimise or least reduce acid/base pathways. The conversion in Figures 5.4 and 5.5 for non-anhydrous and anhydrous cyclohexene shows it is the same for each of the supports, whether it is thermally treated or not. 
 [image: ]
Figure 5.4: Conversion % of cyclohexene oxidation for NbO2 as the support, along with autoxidation. Anhydrous cyclohexene (red) and non-anhydrous cyclohexene (blue) were tested at 60 oC for 24 hours at atmosphere pressure. (c = commercial, u =untreated and t = treated at 500 oC).
 [image: ]
Figure 5.5: Conversion % of cyclohexene oxidation for Nb2O5 as the support, along with autoxidation. Anhydrous cyclohexene (red) and non-anhydrous cyclohexene (blue) were tested at 60 oC for 24 hours at atmosphere pressure. (c = commercial, u = untreated and t = treated at 500 oC).
The products formed are cyclohexene oxide, 2-cyclohexen-1-one, 2-cyclohexen-1-ol and cyclohexene hydroperoxide. With, as mentioned, cyclohexene hydroperoxide comes from radical pathways, but the formation of 2-cyclohexen-1-ol could be derived from either radical or acid/base pathways. Comparing the selectivity for non-anhydrous cyclohexene with either the catalysts or supports only, the selectivity is exactly the same. And this would imply the supported metal centres don’t affect The formation of this product.
In this context and with these data, it appears the metal is not relevant in obtaining cyclohexene oxide and it seems like the reaction simultaneously present two reaction pathways a free radical and an acid/base one. To verify these hypotheses tests in the presence of supports only, NbO2 and Nb2O5 (in Tables 5.3 and 5.4 respectively) were tested in the presence of anhydrous and non-anhydrous cyclohexene. From these tests some important considerations can be obtained.


Table 5.3: Selectivity of the products formed from anhydrous and non-anhydrous (labelled ‘non’ in the table) cyclohexene oxidation. This is for autoxidation and NbO2 support was tested at 60 oC for 24 hours at atmosphere pressure. (c = commercial, u = untreated and t = treated at 500 oC).
	
	Conversion
	Cyclohexene Oxide
	2-Cyclohexen-1-one
	2-Cyclohexen-1-ol
	Cyclohexene Hydroperoxide
	Other

	
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non

	Auto
	1
	39
	3
	10
	0
	7
	0
	11
	97
	38
	0
	35

	NbO2 c
	1
	35
	15
	15
	0
	6
	20
	15
	64
	30
	0
	34

	NbO2 u
	1
	37
	12
	11
	0
	6
	15
	11
	73
	34
	0
	38

	NbO2 t
	2
	37
	13
	12
	0
	6
	13
	12
	75
	34
	0
	35



Table 5.4: Selectivity of the products formed from anhydrous and non-anhydrous (labelled ‘non’ in the table) cyclohexene oxidation. This is for autoxidation and Nb2O5 support was tested at 60 oC for 24 hours at atmosphere pressure. (c = commercial, u = untreated and t = treated at 500 oC).
	
	Conversion
	Cyclohexene Oxide
	2-Cyclohexen-1-one
	2-Cyclohexen-1-ol
	Cyclohexene Hydroperoxide
	Other

	
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non
	Anhydrous
	Non

	Auto
	1
	39
	3
	10
	0
	7
	0
	11
	97
	38
	0
	35

	Nb2O5 c
	1
	36
	15
	11
	0
	6
	23
	12
	61
	34
	0
	37

	Nb2O5 u
	1
	36
	15
	12
	0
	6
	16
	12
	69
	34
	0
	37

	Nb2O5 t
	1
	36
	18
	12
	0
	6
	18
	12
	64
	34
	0
	35





At first it appears the calcination treatment of the catalyst is not having a significant effect in terms of product distribution and rather it appears to be the presence or absence of traces water in cyclohexene to be more dominant. In particular, if anhydrous cyclohexene is used as substrate, the major product is the cyclohexene hydroperoxide, together with 2-cyclohexen-1-ol but no ketone is detected. This suggests that 2-cyclohexen-1-ol is obtained via a radical decomposition of the alkyl hydroperoxide (schemes 8 and 9). If non-anhydrous cyclohexene is used as the substrate instead, the selectivity towards the alkyl hydroperoxide is lower, but 2-cyclohexen-1-one, together with a large amount of by-products are detected. This also suggests that the 2-cyclohexen-1-one and the by-products are a consequence of an acid/base pathway instead. By combining these results altogether, this suggests that two reaction pathways are simultaneously occurring non-anhydrous cyclohexene is used as a substrate: an acid/base pathway for producing 2-cyclohexen-1-one, and a free radical to give 2-cyclohexen-1-ol. This conclusion will obviously need to be further confirmed via kinetic studies, yet it seems reasonable with the data currently available. 
5.3.3 Control Tests by using Metal Salts and Cyclohexene
As described in the previous chapters 3 and 4, an important control test in heterogeneous catalysis is to verify the possibility of leached species. As a consequence species like: metal species in solution and/or metal oxides, metal oxides (micropowders) and metal salts were tests towards the oxidation of cyclohexene, either anhydrous or not.
Figure 5.6 shows the conversion of anhydrous cyclohexene for each metal salt. The activity of either metal salt is comparable, hence, when oxidising cyclohexene, the metal salts are as active as the supported species. However, the selectivity of the products is different between the free and supported active metal species, thus showing that a metal/support interaction exists. 
In comparison to the oxidation of ethylbenzene, cyclohexene oxidation is completely different. This is due to the double bond activation in the organic molecule, which is a nucleophilic centre (unlike in the case of saturated hydrocarbons or hydrocarbon chains like the –CH2-CH3 group of ethylbenzene). The oxidation of cyclohexene may occur via epoxidation with atomic oxygen, instead of a C-H abstraction by molecular oxygen observed in alkane oxidation. Therefore, the activity of silver (either as a salt or as the active metal on the surface support) would be expected to be different for the oxidation of cyclohexene. 
 [image: ]
Figure 5.6: Conversion (mol %) of anhydrous cyclohexene oxidation for metal salts at a metal: substrate ratio of 1:1000, these were tested at 60 oC for 24 hours at atmosphere pressure, at a molar ratio of 1:1000 between metal: substrate.
In fact, the metal salts alone are not selective for the cyclohexene oxide as seen in Table 5.5; while the supported catalysts are capable of producing this valuable product with a higher selectivity. For example, the selectivity of cyclohexene oxide using manganese catalysts is double than that of manganese nitrate. The opposite occurs for the selectivity of 2-cyclohexen-1-one. The metal salts are more selective to this compound, compared to the catalysts, maybe because of the absence of acidic centres. In general, supported metal species over NbO2 were the least selective, compared to Nb2O5 supported materials in terms of selectivity for the 2-cyclohexen-1-one. While iron (either metal salts or supported onto a catalyst) has the highest conversion, it gave the lowest selectivity for this compound. 



Table 5.5: Selectivity of cyclohexene oxide, 2-cyclohexen-1-one and 2-cyclohexen-1-ol formed from anhydrous cyclohexene oxidation, comparing activity of the metal salts only with the activity of the correspondent metal when supported over on NbO2 or Nb2O5. Tests were performed at 60 oC for 24 hours at atmosphere pressure, at a M:S ratio of 1:1000. (TM = transition metal).
	
	Cyclohexene Oxide
	2-Cyclohexen-1-one
	2-Cyclohexen-1-ol

	
	Metal
Salt
	TM/ NbO2
	TM/ Nb2O5
	Metal
Salt
	TM/ NbO2
	TM/ Nb2O5
	Metal
Salt
	TM/ NbO2
	TM/ Nb2O5

	Ag
	5
	3
	3
	0
	3
	4
	8
	6
	4

	Cu
	4
	8
	6
	31
	2
	3
	35
	8
	6

	Fe
	6
	11
	8
	3
	2
	2
	7
	10
	8

	Mn
	5
	12
	10
	27
	4
	6
	23
	12
	12



Cyclohexene oxidation tests were performed at different temperatures, ranging from 60 oC to 80 oC, also using supported catalysts of silver, copper, iron and manganese on niobium oxide as shown in Figure 5.7. At 80 oC, the catalysts and autoxidation conversion values are the same, while the supports on their own show no conversion. At 70 oC, the conversion of cyclohexene is the same for autoxidation and the supports, while for the supported catalysts; the conversion is about 23%. At 60 oC, the conversion matches that as of 70 oC for the respective materials. With one difference: the conversion of the supports and autoxidation at 60 oC is 2%, and the catalysts are 24%, therefore, 12 times higher, compared with 70 oC, where the difference is about 2.5 times higher for the catalysts. A possible explanation for the decrease in conversion with increasing temperature can use similar arguments to those reported in section 3.3.5 involving a change in structure of the catalyst, and this is most likely the oxidation state of the active metals on the surface of the support, or as previously explained one the products formed could be acting as a poison, and if that is the case, further tests will be carried out in this sense. Therefore, the catalysts performed considerably better than that of the supports and autoxidation at a lower temperature of 60 oC. It is in view of these data that most of our tests were then performed at 60 oC. This to better optimise the cyclohexene oxide selectivity, and to highlight differences among supported species, and unsupported metals and autoxidation. As at 80oC, it appears autoxidation is dominant and as such covering any activity arising from any catalyst.  
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Figure 5.7: The temperature tests performed for 24 hours at atmospheric pressure: Auto (red); NbO2 (blue), Nb2O5 (yellow); Mn/NbO2 (green) and Mn/Nb2O5 (purple).  
5.3.4. Effect of Water in the Oxidation of Cyclohexene, by Adding Known Aliquots of Water into the Reaction Mixture
From the various sets of data reported so far, it appears the presence of water (about 2.6% obtained from a Karl Fischer analysis), has a large effect on the final conversion for this reaction, and it may influence also the reaction pathway. As a consequence, different and known amounts of water were deliberately added into the reaction mixture to evaluate its effects both in terms of conversion and selectivity. Figures5.8 and 5.9 show the conversion for autoxidation and catalysts. Overall, whereas small amount of water promotes the reaction, with increasing water content, the conversion of cyclohexene decreases. 
Studies by Hronec et al, for the oxidation of p-xylene to terephthalic acid using different metal salts (cobalt and manganese salts) and different concentrations of water [9] showed similar results in terms of conversion with increasing water concentration. It should be noted though that above 18000 ppm, using a volume of 0.18 mL (at a molar ratio of 1:1 for cyclohexene and water), the reaction mixture can effectively be considered as a biphasic system comprising an organic and an aqueous layer, and this can also affect out results as a consequence of partition equilibria and not just by the simultaneous presence of several reaction pathways. 
[image: ]
Figure 5.8: Conversion % of cyclohexene using different molar volumes of water. Using NbO2 supported catalysts. Auto (red); Ag/NbO2 (blue); Cu/NbO2 (yellow); Fe/NbO2 (green) and Mn/NbO2 (grey). Tests were performed at 80 oC for 24 hours at atmospheric pressure. 


[image: ]
Figure 5.9: Conversion (%) of cyclohexene using different molar volumes of water. Using Nb2O5 supported catalysts. Auto (red); Ag/Nb2O5 (blue); Cu/Nb2O5 (yellow); Fe/Nb2O5 (green) and Mn/Nb2O5 (grey). Tests were performed at 80 oC for 24 hours at atmospheric pressure.
The effect of concentration of water in our reaction mixture has been explored, in terms of both conversion and selectivity. The selectivity towards cyclohexene oxide decreases with increasing water content. This result is to some extent expected if an acid/base pathway is operating. On the other hand, a trend presenting a maximum towards the selectivity of cyclohexene oxide is present at about 10:1 molar ratio of cyclohexene to water for the autoxidation, copper and manganese catalysts. The reason behind this behaviour at present is tentatively explained assuming cyclohexene oxide is obtained by oxygen transfer by the alkyl hydroperoxide to the cyclohexene double bond. However, more tests, especially kinetic studies will be necessary to identify the actual intermediates for this process. 
However, the selectivity of cyclohexene oxide is nearly quenched for the 1:1 molar ratio. 




Table 5.6: Selectivity (%) of cyclohexene oxide and 2-cyclohexen-1-one using catalysts supported on NbO2. Tests were performed at 80 oC for 24 hours at atmospheric pressure.
	Water Content/ppm
	Conversion
	Cyclohexene Oxide
	2-Cyclohexen-1-one

	
	Auto
	Ag
	Cu
	Fe
	Mn
	Auto
	Ag
	Cu
	Fe
	Mn
	Auto
	Ag
	Cu
	Fe
	Mn

	20
	1
	26
	11
	9
	23
	3
	3
	8
	11
	12
	0
	3
	2
	2
	4

	757
	39
	38
	37
	38
	39
	10
	11
	11
	10
	10
	7
	7
	7
	6
	7

	17771
	15
	16
	19
	13
	23
	23
	9
	23
	8
	23
	4
	5
	11
	5
	7

	177715
	0
	11
	12
	12
	11
	7
	4
	2
	2
	6
	0
	5
	17
	5
	6



Table 5.7: Selectivity (%) of cyclohexene oxide and 2-cyclohexen-1-one using catalysts supported on Nb2O5. Tests were performed at 80 oC for 24 hours at atmospheric pressure.
	Water Content/ppm
	Conversion
	Cyclohexene Oxide
	2-Cyclohexen-1-one

	
	Auto
	Ag
	Cu
	Fe
	Mn
	Auto
	Ag
	Cu
	Fe
	Mn
	Auto
	Ag
	Cu
	Fe
	Mn

	20
	1
	24
	17
	13
	22
	3
	3
	6
	8
	10
	0
	4
	3
	2
	6

	757
	39
	36
	36
	36
	39
	10
	10
	11
	11
	10
	7
	6
	11
	7
	9

	17771
	15
	18
	19
	18
	23
	23
	9
	22
	8
	25
	4
	6
	14
	5
	8

	177715
	0
	12
	15
	6
	10
	7
	2
	1
	2
	6
	0
	5
	14
	3
	6



The selectivity of 2-cyclohexen-1-one increases with increasing water content, until a molar ratio of cyclohexene and water of 10:1, except for the copper catalysts which shows increase from anhydrous cyclohexene to 1:1 molar ratio of cyclohexene and water; this is the opposite trend to the conversion of cyclohexene and selectivity of cyclohexene oxide. The selectivity of 2-cyclohexen-1-one is highest with the 1:1 molar ratio of cyclohexene and water for the copper catalysts, and lowest for autoxidation. A similar trend was observed by Yang et al [10]. The researchers used a Fe–Co–g-C3N4 catalyst in the oxidation of cyclohexene with water as a solvent. They obtained a selectivity of 95% of 2-cyclohexen-1-one for a conversion of 36% of cyclohexene. 
As mentioned in other paragraphs of this chapter, the possible reaction routes for 2-cyclohexen-1one are radical and acid/base pathways, but with the latter as most likely. This hypothesis is further reinforced here as with the increase in water, acid/base pathways are most likely to be dominant for this compound, and in turn more 2-cyclohexen-1-one will be formed. Copper catalysts favour ketones and enones and this is confirmed in Tables 5.6 and 5.7 with the selectivity towards 2-cyclohexen-1-one highest for the copper catalysts. 
5.3.5. Cyclohexene Oxidation in the Presence of TBHP
Control tests by using TBHP were carried out, and for a few reasons: (i) to explore the effect that a radical initiator can have for cyclohexene oxidation and (ii) to verify if this reagent can act as an oxygen donor. Point (i) is important because, as we have seen, cyclohexene oxidation can occur in our case via at least two routes, a radical pathway. Point (ii) is also important as cyclohexene oxide could be (at least in principle) obtained by an oxygen transfer reaction between an alkyl hydroperoxide and cyclohexene and as TBHP is also capable (still in principle) to operate oxygen transfer processes, we wanted to explore this possibility too. 
Tests were done by restricting them to anhydrous cyclohexene using 5 mol% TBHP and manganese catalysts, as one of the most promising materials. The cyclohexene conversion under these conditions is shown in Figure 5.10. 
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Figure 5.10: Cyclohexene oxidation using 5 mol% TBHP. Tests were done using Mn on niobium oxide supports calcined at 500 oC for 16 hours, at 60 oC for 24 hours at atmospheric pressure. 
It seems TBHP is not having any major effect on the conversion (seen Figures 5.1 and 5.2). However, the selectivity towards cyclohexene oxide is lower when using TBHP (see Figure 5.11) and as such, could possibly be an oxygen transfer reagent. However, it is still early to rule out whether TBHP being an initiator. Either way tests using a wide range of TBHP concentrations will need to be done to gather more information in this sense.


Scheme 5.13: Cyclohexene and TBHP at 5mol% using Mn/Nb2O5 for the catalyst test were performed at 60 oC for 24 hours at atmospheric pressure. 
 [image: ]
Figure 5.11: Selectivity % of cyclohexene oxide (red) and 2-cyclohexen-1-one (blue) using TBHP 5 mol%. Tests were done using Mn on niobium oxide supports calcined at 500 oC for 16 hours, at 60 oC for 24 hours at atmospheric pressure. 
Overall, it does not seem the presence of TBHP is having any major effect. At present, we postulate this is due to the fact the TBHP used was a commercial TBHP 70%wt in water. This might alter our results due to the presence of both radical pathways enhanced by TBHP and acid/base pathways enhanced by water that might balance each other. Or with an effect of water that may be up to a much greater extent than what was originally thought and from accepted reaction models in the literature. 
However, also in this case further tests would be required to prove this hypothesis, using cyclohexene oxide, 2-cyclohexen-1ol and 1, 2-cyclohexanediol as substrates. 
Control tests were also carried out by using TBHP and NbO2 and Nb2O5 supports only, seen in Figures 5.12 and 5.13. 
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Figure 5.12: Cyclohexene oxidation using 5 mol% TBHP. Tests were done without any catalyst at 60 oC for 24 hours at atmospheric pressure, and using 4 different supports: commercial NbO2 and Nb2O5 calcined at 500 oC for 16 hours; and NbO2 and Nb2O5 pre-treated with water and then calcined at 500 oC for 16 hours (the latter to mimic a catalyst preparation but without the presence of an active metal). 
[image: ]
Figure 5.13: Cyclohexene oxide selectivity using 5 mol% TBHP. Tests were done without any catalyst at 60 oC for 24 hours at atmospheric pressure, and using 4 different supports: commercial NbO2 and Nb2O5 calcined at 500 oC for 16 hours; and NbO2 and Nb2O5 pre-treated with water and then calcined at 500 oC for 16 hours (the latter to mimic a catalyst preparation but without the presence of an active metal).

The selectivity towards cyclohexene oxide using the NbO2 or Nb2O5 only is 3 times greater (seen in Figure 5.14) for the cyclohexene oxidation using TBHP 5 mol% than the test run without any active catalyst. This may actually suggest that it is the support and not the active metal to drive the selectivity towards cyclohexene oxide. This is an aspect that will be further investigated, by subjecting NbO2 and Nb2O5 to other thermal treatments.
5.3.6. Control Tests for the Oxidation of Cyclohexene in the Presence of TEMPO
Due to the clear presence of an acid/base pathway for our reactions, and in order to determine whether radical processes were occurring in the oxidation of cyclohexene to various products, a radical scavenger (TEMPO, or 2,2,6,6-Tetramethyl-piperidin-1- oxyl) was used at 1 mol% with respect to cyclohexene. 


Scheme 5.15: The oxygen centre O. of TEMPO binds with the allylic radical to terminate the radical pathways. This then prevents further propagation radical processes.
TEMPO can form a weak bond with the allyl radical after its formation, forming a bond between the O. of TEMPO with the allylic C. of cyclohexene radical, as observed in Scheme 5.15. As shown in schemes in section 5.4.1, this allylic radical starts of a series of propagation steps to creating different radicals, such as the allylic peroxy radical, therefore, TEMPO is used to inhibit this radical. This is observed in the tests conducted using non-anhydrous cyclohexene, with a considerable decrease in the conversion from 40% to 2% after the addition of TEMPO, with or without catalysts. This proves that a major reaction routes taking place is via a radical process too. 




Scheme 5.16: The product distribution is observed for cyclohexene oxidation using TEMPO and Cu/NbO2, for cyclohexene oxide, 2-cyclohexen-1-ol and 2-cyclohexen-1-one. Conversion reduced from 40% to 2% in the presence or absence of TEMPO respectively. 
The oxidation of cyclohexene gives a different product distribution to that without TEMPO present. There is 0 % of cyclohexene hydroperoxide present, and no trans-1, 2-cyclohexanediol. The major product is 2-cyclohexen-1-ol. With the quenching of the allylic radical species, the other possible route is via acid/base for the formation of these compounds. 
By combining all of these data, it seems possible to conclude the reactions present both a radical and an acid/base pathway. A radical pathway is present to from alkyl hydroperoxide and possibly even cyclohexene oxide (see Scheme 5.17). The latter is a reaction scheme proposed by Garcia and co-workers for the formation of cyclooctene oxide from cyclooctene and we postulate it might be operating also in our case [11]. 


Scheme 5.17: The scheme which shows the formation of the allylic peroxy radical species from cyclohexene and molecular oxygen, this then goes onto to react with another cyclohexene molecule. This forms a peroxide radical species; the O-O bond is cleaved to create cyclohexene oxide and an allylic alkoxyl radical species [11]. 
Yet, once cyclohexene oxide is formed, an acid/base pathway is also operating with the formation of the 2-cyclohexen-1-ol and 2-cyclohexen-1-one. 




5.3.8. Characterisation of Catalysts
The catalysts were prepared via incipient wetness impregnation (detailed in chapter 2), and calcined at 500oC for 16 hours. Powder X-Ray diffraction was performed on the catalysts, shown in Figure 5.14. The weight loading of the active metal on the support is 1%, however, this is not detected in the XRD pattern. 
The purpose of carrying out XRD analysis on our catalysts was to estimate the particle size of the deposited metal species, and if these were identified which phase. XRD patterns don’t show any peak associated to: Ag (Ag2O), Cu (CuO), Fe (Fe2O3) and Mn (Mn2O3). This was probably due to the low wt% used in the synthesis for the catalysts compared to the surface area of the metal oxides we used. Therefore another characterisation method is required, for example, TEM. Because the amount of active metal is too small to be detected using this characterisation, it is not possible to draw conclusions (at present stage), on how the catalyst is behaving in the oxidation of cyclohexene and further analysis is needed to determine how the catalyst is operating, for example, which product is formed with the active metal, and which product is formed as a consequence of effects induced by support. 
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Figure 5.14: Powder X-Ray Diffraction pattern of Cu/NbO2, Mn/NbO2 and Cu/Nb2O5. 
Future characterisation will be performed on the catalysts, including SEM, TEM, EPR, and XPS in analogy to what was carried out for the catalysts used for ethylbenzene oxidation. 
5.3.8. ICP for Metal Leaching on Reaction Mixtures
Similarly, with ethylbenzene, leaching analysis was performed on the catalysts to determine whether the active metal component remained on the support after cyclohexene oxidation. The samples were prepared as described in Chapter 2. 
Table 8: % Leaching for the active metal on the surface of the supports of the catalysts calcined at 500oC for 16 hours.
	Catalyst
	Leaching of the active metal on NbOx support/ wt% with respect to the initial metal content

	Mn/NbO2
	0.16

	Mn/Nb2O5
	0.16

	Cu/NbO2
	0.03

	Cu/Nb2O5
	0.14

	Fe/NbO2
	0.00

	Fe/Nb2O5
	0.00

	Ag/NbO2
	0.00

	Ag/Nb2O5
	2.34



The leaching results show there is less than 2.5% of leaching of the active metals for all the catalysts. With the leaching being less than 5% for all the catalysts, the method used for synthesising the catalysts proved to be acceptable, with the active metal deposited on the surface of the support. This could lead to tests for reproducibility and reusability in determining the number of catalytic cycles the catalysts can do before they deactivate, potentially to leaching. 






5.4. Conclusion
Cyclohexene oxidation to cyclohexene oxide was explored for this chapter, with the aim to investigate and provide insights on the reaction routes that may take place in he oxidation of this compound.  And whether these are acid/base or radical. Tests were performed using catalysts, with Ag, Cu, Fe and Mn as the active metal component, and NbO2 and Nb2O5 as the catalyst support. To further explore the mechanisms, different volumes of water were explored, adding to cyclohexene during the reaction process. 
The use of anhydrous and non-anhydrous cyclohexene led to results remarkably different, both in terms of conversion and selectivity. For example, anhydrous cyclohexene demonstrated far better activity for the catalysts compared to autoxidation and supports. The conversion by using non-anhydrous cyclohexene conversion was the same whether it was autoxidation, catalysts or supports. This trend was also shown with the selectivity towards cyclohexene oxide. Other compounds were produced in the oxidation of cyclohexene: 2-cyclohexen-1one, 2-cyclohexen-1-ol, cyclohexene hydroperoxide and trans-1, 2-cyclohexanediol. The formation of the former three was indicative of allylic radical formation, from the allylic radical formed by H-abstraction, while trans-1, 2-cyclohexanediol is synthesised via acid/base pathways from cyclohexene oxide. However, 2-cyclohexen-1one and 2-cyclohexen-1-ol could be formed by acid/base treatment of trans-1, 2-cyclohexanediol. With the low selectivity given for cyclohexene oxide, 2-cyclohexen-1-one synthesis was explored instead because of its importance in industry. Tests performed using TEMPO as the radical scavenger confirmed one of the pathways to be radical, with the drop in conversion of the catalysts from 16% to 2%, demonstrating that there is more than one reaction pathway taking place. Further tests performed with TBHP to determine whether it can be an initiator or oxygen donor showed that it was an initiator, our current data would suggest it is an initiator as concluded. 
The concentration of water was also an important parameter affecting the conversion of the oxidation of cyclohexene. The tests done for anhydrous, non-anhydrous cyclohexene and 10:1 molar ratio of cyclohexene: water showed an increase in conversion, however, the conversion decreased after that for the molar ratio of 1:1 of cyclohexene: water. This will lead to further studies in the addition of water, possibly researching other hydrocarbons such as p-xylene, toluene, ethylbenzene to name a few. 
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Chapter 6: Microporous Material Synthesis for Monohydroxylation of Linear Alkanes
And Epoxidation of Cyclohexene






6.1. Overview
Linear alkane monohydroxylation to alcohols is the aim of this chapter. Microporous and mesoporous metal oxides were synthesised and used as catalysts in reactions of different linear alkanes, by using molecular oxygen as an oxidant to produce primary alcohols. In keeping with the theme of this project, niobium oxide microporous frameworks were used to incorporate copper, iron, manganese and silver as the active metal components for the catalytic reactions.
Alkanes are often named the ‘noble gases of organic chemistry’ due to their chemical inertness. However, this is not entirely correct, because there is one substance that can react with hydrocarbons readily, and that is molecular oxygen. Though this is only achieved at elevated temperatures and/or in the presence of a catalyst. The underlying factor is being able to activate a C-H bond in a selective manner to produce different oxygenated products, for example primary alcohols [1].
Primary alcohol synthesis from linear alkanes, for example octane to 1-octanol, is often considered the Holy Grail in organic chemistry because the difference in bond dissociation energy of the terminal C-H bond is at about 16 kJ mol-1 higher compared  to the secondary or tertiary positions on the linear alkanes. This difference may sound small; however it is more than enough to shift the product distribution away from primary alcohols to secondary or tertiary alcohols, ketones, acids and peroxides. In fact, the reaction can proceed from primary alcohols to acids or ketones, or the linear chain can coil to form cyclic hydrocarbons. Therefore being able to selectively functionalise the primary C-H bond is among the most ambitious of all selective oxidation processes. It is also among the most desirable process for industry, for example in the fine chemicals application, because of this primary C-H bond functionalisation. This area has been explored extensively, in being able to selectively achieve primary alcohols in a one-step reaction. One problem arising from oxidation reactions is the conversion versus selectivity. If the conversion is high, there is generally a product distribution comprising several or many products. Whereas and if the conversion is small, there is generally one major product formed, and one or two minor products. In this project, we would like to achieve high conversion, but preserving high selectivity to primary alcohols. Previous studies in this area have attempted to synthesise primary alcohols, however they haven’t been able to achieve the selectivity required, due to the presence of large amounts of by-products. These other methods include using nitric acid, hydroperoxides, alkyl peroxides, metal alkoxides, homogeneous catalysis and metal salts in solution [1]. This lack of selectivity control and a new method to synthesise these products will be explored. 
One possible solution to tackle the challenge of high selectivity would be using metal nanoparticles on a surface support, by inducing the surface-substrate interactions. For example, this is shown in this work, by using silver nanoparticles deposited on niobium oxide support. As demonstrated with ethylbenzene oxidation to synthesise acetophenone (chapter 3). However, functionalising the end chain of linear alkanes would still be an issue because the secondary and tertiary C-H bonds would functionalise instead, based on the lower energetics of their C-H bonds. Therefore, the use of bulk catalysts might lead to primary functionalisation, but in general it is not expected to be a viable solution to the challenge or primary (or terminal) functionalisation.
This leads to porous materials with channel structures and active metals in the framework as the only viable, or expected, option left to obtaining primary alcohols from linear alkanes, by driving the CH3 part of the chain to oxidise, by shape selective catalysis, as seen in Scheme 6.1.O2 +
+ ½O2


Scheme 6.1: Octane monohydroxylation to 1-octanol using molecular oxygen, this is occurring in a channel structure. The channel structure activates the terminal C-H bond; therefore it can then react with molecular oxygen, forming a primary alcohol. 
The method of synthesis for microporous materials is via a surfactant method (explained in detail in Chapter 2) for this project. The aim is to synthesise an inert microporous metal oxide framework, which has an M-O-M arrangement [3]. This involves specific interactions between molecules through non-covalent bonding for example hydrophobic forces, which rests on the molecular information stored in the interacting species. This requires the design of molecular components performing a given function and suitable for assembly into an organised array. [4] The selective binding of a metal alkoxide by a molecular receptor (in this case, the surfactant) is to form micelles. For example, in the case of hexylamine (a template widely used in this project), this template can form micelles by virtue of a hydrocarbon (hydrophobic) chain and a terminal (hydrophilic) NH2 group. Micelles are aggregates which can grow on increasing surfactant concentration. [3] The micelles act as a template for the metal alkoxide (in the case of this project, niobium ethoxide), to form around the hydrophilic end of the chain due to the intermolecular binding interactions. [4] This occurs in an aqueous medium, with the hydrogen bonds from water to help facilitate the interactions. Channel structure templates, such as the one shown in figure 1, are a formation of an orientated phase. The rules of solubility and stability of the heterophase system applies here to the colloid synthesis. 
It should be highlighted that the materials synthesised for this chapter have received limited attention as frameworks in heterogeneous catalysis. The method used to synthesis the microporous and mesoporous materials were hydrothermal synthesis (as described in Chapter 2). Different surfactants were used, from butylamine to decylamine; and copper, iron, manganese and silver were used as the active metal components in the framework to form an M-O-TM-O-M arrangement, where M is niobium and TM are copper, iron, manganese or silver. This is shown in Figure 6.1. Template removal was performed next, employing different methods, such as calcining the material to acid treatments as protocols often used to remove a template, and the pore framework remaining. 



Figure 6.1: A channel structure of M-O-M synthesised via the use of a metal alkoxide and surfactant, forming self-assemblies of metal oxide nanorings bound via a template. 
The use and synthesis of these microporous materials were inspired by a class of enzymes called alkB hydroxylases which consist of hydrophobic pockets and metal centres that have M-O-M active sites, and are capable of converting linear alkanes, especially octane, into primary alcohols by using molecular oxygen from air as the oxidant, with selectivities of over 95%. These enzymes are part of a larger family responsible for redox reactions and electron transfer in metabolic processes. Our materials were tested using octane, decane, dodecane and cyclohexene as substrates. 

6.2. Introduction
From 1-pentanol to 1-dodecanol, primary alcohols are used in the manufacturing of flavours such as artificial lemon oil, plasticisers, surfactants, perfumes, to the synthesis esters due to the aromas produced, solvents for coating of CDs and DVDs, cardiac electrophysiology experiments and a replacement for gasoline to name a few [5]. The importance of primary alcohols is great in all types of industry. The current synthetic routes to producing primary alcohols are: hydroformylation, Ziegler alcohol process and Shilov system. 
6.2.1. Hydroformylation
Hydroformylation is one of the routes used in industry for primary alcohol synthesis. It is a homogeneous catalysis process. A linear chain alkane is cracked to obtain an olefin, converted into an aldehyde via the Fisher-Tropsch process [6] to produce an alcohol. The disadvantages are that it is an expensive route, energy demanding, and two-step process and produces low yields (below 15%) [7]. Scheme 6.2 demonstrates the pathways taken using cobalt catalysts, for example cobalt tetracarbonyl hydride. Cobalt catalysts were used to help facilitate hydroformylation, but Rh catalysts took over for this process in the 1970s. Being a homogeneous catalysis process, separating the product mixture from the catalyst at the end of the reaction is difficult and time consuming. Distillation is one possible method, though the catalyst could be decomposed, therefore the temperature is kept below 120 oC during the distillation process and by reducing the pressure of the distillation. [7]


Scheme 6.2: Hydroformylation is shown for an alkene oxidation to synthesising a primary alcohol. In this example: propylene to butanal, using cobalt tetracarbonyl hydride as the catalyst [7]. The aldehyde will then be reduced to give the corresponding alcohol. 
Another issue with hydroformylation is the selectivity with the product formation, to give two types of aldehyde, for example, if butane is considered as the original hydrocarbon substrate to n-butanal and iso-butanal. This isn’t favourable because only isomer is required upon reduction to give the correspondent alcohol. Besides steric effects come into play when a hydrogen species is transferred to the carbon atom bearing the most number of hydrogen atoms (Markovnikov addition) [7], which results in the alkyl group having the most steric bulk close to the ligands of the cobalt catalyst. As the ligands are bulky, there is an increased steric effect; therefore it is more selective of linear chain product formation. Similarly, the metal centre of the catalyst becomes more electron rich due to the electronic effects which favour the Markovnikov addition, hence selectivity to the straight chain products [7]. 





6.2.2. Ziegler Alcohol Process
The Ziegler alcohol process is based on the polymerisation of ethylene over a triethyl aluminium catalyst, Al-(C2H5)3, to form carbon chains, which can then lead to primary alcohol products, as shown in Scheme 6.3. 


Scheme 6.3: Ziegler alcohol process: this is a scheme using triethyl aluminium as a catalyst for the formation primary alcohols from ethylene [8]. 
The introduction of oxygen into the system and water lead to the formation of a primary alcohol and the catalyst by product aluminium hydroxide, which can be then, be dehydrated to form Al2O3. 
Whereas this process does lead (in a way by definition) to primary alcohols, there are several drawbacks to this system: polymerisation to even number carbon chains only, the multi-step reaction sequence and the catalyst is converted to alumina at the end of the process. Thus, the catalyst would have to be regenerated and this would hinder the manufacturing process [8].
6.2.3. Shilov System
The Shilov system uses a platinum complex, PtII[Cl2][H2O]2, as the catalyst, in the reaction process of converting linear chain hydrocarbons to primary alcohols. This method was developed in the 1970s by Shilov and Shul’pin [9]. The catalyst can selectively drive the formation of primary alcohols by means of an electrophilic alkane activation that occurs in a highly polar medium. This process occurs in three stages: (1) the electrophilic activation of the C-H bond; (2) the oxidation of the complex and (3) the nucleophilic oxidation of the alkane substrate. The platinum complexes exhibit the properties of being both electrophilic and nucleophilic; therefore they do not operate via typical oxidative addition [10]. The main disadvantages of this system are: it is unsuitable for scale-up as a metal salt which is soluble in an aqueous medium, should react with a principally immiscible in water alkane. Therefore it is not feasible because of the lack of solubility and the use of an expensive catalyst. Thus, this process has only ever been limited to the laboratory-scale experiments since its discovery [9].


Scheme 6.4: This is the functionalisation of an alkane in the Shilov system, using platinum chloride as the catalyst via a biphasic system comprising the hydrocarbon and water [9]. 
For this chapter, a novel way towards direct hydrocarbon monohydroxylation was explored to overcome the barriers of these well-known techniques. The materials synthesised will be discussed in detail in the following sections, and the results obtained for the oxidation of linear alkanes. 





Autoxidation is an important background process that occurs for all hydrocarbon oxidations as illustrated in Chapters 3 and 5 for ethylbenzene and cyclohexene, respectively. The bond dissociation energy of the secondary and tertiary position of dodecane for example is 104 kcal mol-1 compared to the primary position is 98 kcal mol-1. It follows that forming an excess of primary alcohol by the monohydroxylation at the terminal position is precluded if autoxidation is operating, unless a form of selectivity control (either surface/substrate interaction or shape selective catalysis) is present [1]. In order to just give an idea of the possible product distribution for a linear hydrocarbon if autoxidation is operating, the use of an initiator (either a peroxide or a metal nanoparticle) is schematised to activate the C-H bond, and as an example for this discussion, activation of C-H bonds in position 2 or 3 will be considered (although bearing in mind that differences in the C-H bond activation energy beyond position 4 along the hydrocarbon chain are undistinguishable with respect to all other carbon positions but C1). 


Scheme 6.5: Initiation step for the formation of an alkyl radical species from dodecane, by means of an initiator X., this could be a trace amount of metal present in the glassware or peroxides present in solution. The initiator is seen H-abstracting in the secondary and tertiary positions of the linear alkane. 
After the formation of the alkyl radical, it can react with the molecular oxygen, (which in its ground state is a molecule in a triplet electron spin state) from air to form a peroxyl radical as seen in Scheme 6.6, in a process limited by diffusion only, and as such it is a very fast step. 


Scheme 6.6: Propagation step: reaction of the alkyl radical (R.) with molecular oxygen (which is in its ground state is a diradical species) to form a peroxyl radical species.
From this point on, peroxy radicals can take several routes. The first, as described in previous chapters, is the termination via condensation (a route known as the Russel mechanism), in which two alkyl peroxy species arrange in a coil to lead to an alcohol, a ketone and a new molecule of molecular oxygen. 


Scheme 6.7: Termination step: reaction between two alkyl peroxy radical species to give a 1:1 molar ratio of ketone, alcohol, and molecular oxygen. 
Two peroxy radicals can react in give a termination step as seen in Scheme 6.7. One of the oxygen centred radicals can abstract a H atom from the C2 position, and thus allowing O-O bond breaking, while the other oxygen radical forms a double bond, simultaneously O-O bond breaking, giving molecular oxygen, producing secondary products in a 1:1 molar ratio. The formation of these two important compounds in a 1:1 molar ratio poses a problem when desiring selectivity of one compound. However, there are further propagation reactions involving radicals that can take place.


Figure 6.2: (from left to right) some oxidation products from dodecane, both secondary or tertiary alcohols and ketones. 
The alkyl radical can react with any of the compounds from then on, to give a wide range of new products, as seen in Figure 6.2. This creates an obvious challenge with the aim to obtain one specific product, as the C-H bond dissociation energy of each of products formed are lower than in the parent dodecane molecule, and as such they are in principle easier to oxidise. Therefore, even more by-products could then be formed and so on. 


Scheme 6.8: The breakdown of the O-O bond of the alkyl peroxide to form an alkoxyl radical and hydroxyl radical.



Scheme 6.9: The alkoxyl radical attacks a linear alkane in the secondary position to form a secondary alcohol and an alkyl radical species, which is regenerated and can start a new oxidation cycle. 
These two schemes imply that if the catalyst operated a cleavage the O-O bond, then an excess of alcohol is achieved. 


Scheme 6.10: Propagation step: reaction between a peroxyl radical species and linear alkane to give alkyl peroxide and reproduce the alkyl radical species. 
Scheme 6.10 shows the alkyl peroxy radical can react with a linear alkane, hydrogen abstracting from the C2 position, to give an alkyl hydroperoxide (an intermediate) and reform the alkyl C-centred radical species that will then react with an oxygen molecule under diffusion control. This will form a new alkyl peroxy radical that will further attack a hydrocarbon molecule, and so on, thus showing the autocatalytic nature of the process. Another reaction is shown in scheme 11, whereby the peroxyl radical H-abstracts from an alkyl hydroperoxide species, to generate a new alkyl hydroperoxide species and peroxyl radical. The O-O bond of the new peroxyl radical cleaves, forming a ketone and hydroxyl radical. However, by using a catalyst, this can operate a cleavage of the C-H (in alpha position) therefore giving an excess of the ketone. 


Scheme 6.11: the peroxyl radical species H-abstracts from the secondary position of the alkyl peroxide, then the O-O bond cleaves to leave a secondary ketone and hydroxyl radical species.
So far, with the schemes shown, the chances of obtaining primary alcohols via radical pathways are negligible. This is shown in Table 6.1, the longer the linear alkane chain, the less chance of obtaining terminal activation. This illustrates the problem with selectively driving the reactivity of a terminal C-H position, especially with the aim of this project to form primary alcohols. 
6.3. Results and Discussion
Autoxidation of linear alkanes, specifically octane, decane and dodecane, were explored for this project, to determine a product selectivity background for the products formed, the major compounds being secondary and tertiary alcohols and ketones. This is to provide a benchmark in the presence of catalysts. Tests were conducted at different temperatures ranging from 130 oC to 160 oC both in air and in molecular oxygen atmosphere. This with the aim to find the optimal or suitable reaction conditions, especially when comparing results when in the presence of or absence of a catalyst.
Table 6.1: The maximum statistical only threshold for primary alcohol selectivity of different linear alkanes tested without catalysts.  
	Linear Alkane
	Number of Primary C-H Bond
	Total number of H of alkane
	Statistical % Selectivity threshold for terminal activation

	Pentane
	6
	12
	50

	Hexane
	6
	14
	43

	Heptane
	6
	16
	38

	Octane
	6
	18
	33

	Nonane
	6
	20
	30

	Decane
	6
	22
	27

	Undecane
	6
	24
	25

	Dodecane
	6
	26
	23


6.3.1. Dodecane Oxidation
The first substrate investigated in this study was dodecane. Oxidation of n-dodecane was explored using the microporous niobium based catalysts, mainly microporous niobium oxides, and comparing their activity with bulk catalysts, demonstrating their activity along with autoxidation. Figure 6.3 shows the conversion of dodecane comparing silver-based catalysts (both bulk and microporous catalysts). The tests were done in 2 bar O2, with or without initiators (such as H2O2 or TBHP) present. Conversion values for autoxidation of dodecane were around 15% without any initiator present, in oxygen atmosphere. 
The conversion of dodecane in the absence or presence of TBHP is very similar, within experimental error; however the conversion of dodecane with H2O2 is less than half of the other two. A possible reason for this apparent discrepancy might be due to different amounts of water content present in the reaction mixture. With hydrogen peroxide having 70% water and TBHP having 30% water from the original mixture, this could be a contributing factor in the reduction of activity, with water being a quencher for some radical species like O-centred radicals. 
Ag based catalysts were then tested for linear hydrocarbon oxidation, and these were the same as those used for ethylbenzene oxidation, namely Ag/NbO2 and Ag/Nb2O5. With the further use and comparison of microporous based materials. It should be noted that the use of Ag/NbOx lead to a lower activity than in the presence of autoxidation, however, the activity of Ag/Nb2O5 with and without H2O2 is the same. Autoxidation and the bulk silver catalysts show higher activity for the oxidation process than the microporous materials. It was found that the lack of activity could come from the pores still having template present (the pore size and volume were measured using the BET method, detailed in section 6.3.3.1.), therefore preventing any oxidation of dodecane taking place, if the oxidation reaction takes place inside the pores, and not outside i.e. on the external surface of microporous framework crystals.
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Figure 6.3: Conversion (%) of dodecane performed at 150 oC for 24 hours in 2 bar O2 atmosphere, with or without bulk (Ag/NbO2 and Ag/Nb2O5) or microporous (Ag/Nb2O5 –BA - butylamine and HA – hexylamine) doped catalysts in the presence or absence of initiators (Red - no oxidant, blue – H2O2 and yellow – TBHP). 
The selectivity towards 1-dodecanol is shown in Table 6.2. The values of selectivity are the same for autoxidation and for the bulk catalysts, with or without any initiator present. Thus showing no actual surface induced selectivity control at this stage. There is no 1-dodecanol produced using the silver microporous catalysts in the absence or presence of H2O2 as the initiator. The use of TBHP shows some formation of 1-dodecanol instead. With the selectivity towards 1-dodecanol around 10% for the majority of tests performed, other products synthesised, for example 2-dodecanol, 3-dodecanone and 3-dodecanyl hydroperoxide are more dominant in the oxidation of dodecane. One possible reason for the lack of selectivity towards 1-dodecanol from dodecane oxidation could be the template still presiding in the pore of the microporous materials. 
As the conversion of dodecane is below 4% for the microporous materials, a selectivity comparison cannot yield to a significant interpretation of the results because the error associated to the NMR integration for small peaks is large. For example a limit case of 4% conversion could statistically be 0%, and therefore any selectivity value is purely apparent.
Table 6.2: Selectivity (%) of 1-dodecanol at 150 oC for 24 hours in 2 bar O2, with or without silver doped catalysts (if a catalyst is present at M: S ratio = 1:2000) and with or without initiators (molar ratio versus substrate of 1:10). 
	Catalyst
	1-Dodecanol Selectivity/%

	
	No initiator
	H2O2
	TBHP

	Autoxidation
	11
	4
	8

	Ag/NbO2 (1%wt)
	8
	14
	7

	Ag/Nb2O5 (5%wt)
	11
	10
	7

	Ag/Nb2O5-BA (1%wt)
	0
	0
	18

	Ag/Nb2O5-HA (1%wt)
	0
	0
	9



Tests were performed in air and in oxygen at 2 bar of pressure, using dodecane as the substrate with and without the microporous materials which used hexylamine as the template. The conversion for the tests is shown in Figure 6.4. The tests performed in air showed a lower conversion than the tests done in oxygen. However, the difference between the use of air and pure O2 does not appear to be particularly marked, which might suggest a zero order dependency of the reaction rate from the oxygen concentration. This would actually be consistent with the initiation step to be the rate determining step of the overall autoxidation process, whilst in oxygen atmosphere. The autoxidation tests have a higher conversion than the tests with the microporous catalysts, especially the test performed in 2 bar O2. The conversion for the autoxidation in oxygen atmosphere could be due to the trace metals present in the reactor and the activation of the oxygen only with the substrate C-H bond on the primary, secondary and tertiary position at 150 oC. With the lack of activity present using the catalysts, this is possibly due to the template present in the pores of the microporous materials. The selectivity towards 1-dodecanol was examined, and shown in Figure 6.5 for the tests done in air and oxygen. Overall, the selectivity of the tests done in air for dodecanol is higher for both the autoxidation and microporous catalysts, compared to the oxidation carried out in the presence of solely oxygen.
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Figure 6.4: Conversion (%) of dodecane performed at 150 oC for 24 hours in 2 bar air (red) and O2 (blue), with or without catalysts, at a molar ratio of M:S 1:2000, using 5 mol% of TBHP. 
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Figure 6.56: Selectivity (%) of 1-, 2- and 3-dodecanol performed at 150 oC for 24 hours in 2 bar air (red) and O2 (blue) atmosphere, with or without catalysts, at a molar ratio of M:S 1:2000, using 5 mol% of TBHP.
Tests were performed for dodecane in oxygen atmosphere at 2 bar, at 150 oC with and without an initiator present at a molar ratio of M:S 1:2000, seen in Figure 6.6. The conversion for the autoxidation was between 27-32% for without and with TBHP, respectively. The tests done using the bulk silver doped catalysts with niobium oxide supports showed a conversion between 32-47% without and with TBHP, respectively. The conversions for the microporous and mesoporous catalysts are zero when there is no initiator present, and there is a conversion of dodecane from 5-10% when using 5 mol% of TBHP. There is an exception of the iron doped microporous material, with butylamine as the template, which shows some activity of partial oxidation of dodecane for both tests. 
The selectivity of 1-dodecanol over total % of 1-, 2- and 3-dodecanol (total dodecanol, here reported as ‘T-ol’) is observed in Figure 6.7. As with the dodecane conversion, there is no selectivity towards this alcohol when there is no oxidant present. With the presence of TBHP at 5mol%, there is 1-dodecanol selectivity of 15% or more for each of the tests (excluding the test using iron doped on mesoporous material using decylamine as template). TBHP could produce the free radical ROO., which initiates the oxidation of dodecane. The formation of the free radicals and their reaction with molecular oxygen may go via a Russell-type termination, producing equal amounts of dodecanol and dodecanone, along with molecular oxygen, as shown in Scheme 6.7. Therefore 1-dodecanol is produced, but there being no selectivity control. 
Due to the obvious effect that a template can have inside the microporous framework, removing the template is discussed later in the chapter. 
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Figure 6.6: Dodecane conversion (%) in O2 at 2 bar, for 150 oC with (blue) and without (red) TBHP. The tests were performed for 24 h and at a M: S ratio of 1:2000. 
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Figure 6.7: 1-Dodecanol/ 1-, 2-, and 3- dodecanol (T-ol) selectivity (%) in O2 at 2 bar, for 150 oC in the presence (blue) and in the absence of (red) TBHP. The tests were performed for 24 h and at a M: S ratio of 1:2000.
6.3.2. Pressure Tests with Octane
Octane was investigated in oxidation reactions in a temperature range between 110-120 oC, and pressures of 2-10 bar. This is to explore possible effects of diffusion limitations, (expected to be lower for octane compared to dodecane) as well as if it was possible to activate the hydrocarbon at a lower temperature by means of a higher pressure. Catalytic tests were performed for 24 hours. The tests were done in the presence and in the absence of catalysts, supports and metal salts. The conversion of these tests was below 2%, as shown in Table 6.3. The conversion of octane is very low, almost no conversion, with or without catalysts (whether bulk or microporous catalysts). 
Table 6.3: Catalyst conversion of octane, the temperature used for the reaction and the metal: substrate ratio between the metal salt/oxide and octane.
	Catalyst
	Conversion/%
	Temperature/oC
	M:S ratio

	Autoxidation
	0
	110
	-

	Autoxidation
	0
	120
	-

	Nb2O5
	0
	110
	1:100

	Microporous HA-Nb2O5
	0
	110
	1:100

	Fe/Nb2O5 microporous
	0.13
	110
	1:100 (1:10000*)

	NbO2
	0.88
	110
	1:100

	Fe/Nb2O5
	0.53
	110
	1:100 (1:10000*)

	Microporous OA-Nb2O5
	0
	110
	1:100

	Cu(NO3)2
	1.64
	110
	1:100

	Cu(NO3)2
	1.63
	120
	1:100

	Fe(NO3)3
	1.45
	110
	1:100

	Fe(NO3)3
	1.89
	120
	1:100

	MoO2.acac2
	0
	110
	1:100

	MoO2.acac2
	0
	120
	1:100


(*) the ratio of 1:10000 refers to the molar ratio of substrate with respect to the active metal component (Fe in this case). 





6.3.3. Synthesis and Structural Properties of Microporous and Mesoporous Materials
The microporous synthesis method used for this project was first developed by Sun and Ying [6]. Microporous or mesoporous catalysts was synthesised via a hydrothermal method that makes use of a template protocol from using different linear amines in a 1:1 molar ratio.  The procedure was used to prepare the mesoporous / microporous materials using butylamine, hexylamine, octylamine, or decylamine, to tune the final diameter of the microporous framework, always preserving a 1:1 molar ratio between niobium and the linear amine template. The four different linear amines are listed in Table 6.4, along with the yield of the micro/ mesoporous material, the (100) peak appearing in low angle powder X-ray diffraction, and the size of the pore size calculated from the Bragg equation. 
In this protocol that we’ve modified and extended to templates beyond hexylamine, particular attention was given to the yield of microporous framework formation. For the mesoporous materials, this shows a yield of product (metal oxide) greater than 100% when octylamine and decylamine are used as templates, which implies the presence of template left after the synthesis. Conversely, when butylamine and hexylamine are used as templates, the yield is always below 100%, which might suggest a lack of condensation of the ethoxides to completeness, due to tensioned (smaller) niobium oxide nanorings, during the microporous material formation process. The net result could be some ethoxide precursor remains in solution rather than condensing to form an extended channel. 
Table 6.4: Yield (%), 2θ position of (100) peak and inferred pore size of microporous niobium oxides obtained using alkyl amine templates having a different carbon chain length. Pore size was calculated using the Bragg equation via low angle PXRD. 
	Surfactant
	Abbreviation
	Yield/%
	2θ
	Pore Size (nm)

	Butylamine
	BA
	57
	5.3
	1.7

	Hexylamine
	HA
	85
	4.6
	1.9

	Octylamine
	OA
	112
	4.2
	2.2

	Decylamine
	DA
	135
	3.6
	2.5





Figure 6.8: Mass of microporous and mesoporous niobium oxides after the hydrothermal synthesis followed by a drying step at 150 oC. The four coloured bars for each material represent each of the templates used to prepare the materials: blue – butylamine-Nb2O5; red- HA; green – OA and purple –DA, while the x-axis shows the metal precursor used for the catalyst. The black horizontal line represents the expected value of Nb2O5 to be formed, which is 1g for a 100% yield of microporous material.
The mass of the microporous and mesoporous niobium oxides may include the amine template still residing in the pores. This is partially confirmed by the yield of the materials; further confirmation is displayed by thermal gravimetric analysis (TGA) results. The yield considering the template presence and its removal (corrected yield) is shown in Table 6.5. 
Table 5:  This shows the weight loss during the TGA, and the potential corrected yield of the materials, in relation to the initial yield of the microporous materials.  
	Surfactant
	Weight Loss/%
	Corrected Yield/%

	Butylamine
	23
	34

	Hexylamine
	29
	56

	Octylamine
	35
	77

	Decylamine
	39
	95



This data further show that the longer is an amine the higher is the yield, possibly as more stable nanorings are obtained prior to their condensation to form a channel (extended pore) like structure.

Figure 6.9: TGA of the non-doped microporous and mesoporous Nb2O5 frameworks. The lines represent different linear amines used as the template: green – BA, purple – HA, blue – OA and red – DA. 
TGA was carried out on all the materials, and all showed a weight loss. The analysis was done in air from 25 oC to 700 oC, at a rate of 10 oC min-1, before cooling down. Around 200 oC, there starts to be a weight loss for all the materials, and this could be attributed to the loss of the linear amine template. In our case combustion as the TGA analysis was carried out using O2/N2 mixture. This is further demonstrated in the difference between each template loss for the microporous materials, from butylamine to decylamine.
In view of these TGA trends, and in order to assess the thermal stability of these materials, (although in the presence of a template), the possibility to eliminate the template by combustion (as typically done for zeolites) was considered. In situ PXRD was performed on iron doped microporous Nb2O5 with HA as the template, by treating the microporous the microporous material under the flow of air (10 mL min-1 2 bar). The results are shown in figure 16, with each pattern corresponding to a step by step temperature increment of 10 oC for heating from 50 to 330oC. It is possible to observe the porous structure starts to be lost at around 190-200 oC and it is completely lost at around 300 oC. Interestingly, this is the same region where the loss of template was detected by TGA (which was also carried out in the presence of air). The overlap of these two temperature regions and the sensitivity of the two techniques to pore size/presence, and the template loss (for XRPD and TGA respectively), would suggest that when the template is removed (thermally in this case) this also induces the collapse of the pores. A common feature in many microporous materials protocols and also implying removal methods different from calcination will need to be used to remove the template. 
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Figure 6.10: In situ PXRD pattern, from 50 to 330 oC at 10 oC increments, in the flow of air at   10 mL min-1 at 2 bar pressure.
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Figure 6.11: PXRD pattern comparison between commercial Nb2O5 (blue) and microporous Nb2O5 (red). The peak appearing at 4.6 o is identified as corresponding to a micropore. As the pore size is calculated via the Bragg angle, showing the pore size to be 1.9 nm for the microporous material. 
The lattice structures between the microporous Nb2O5 and bulk Nb2O5 are remarkably different, as seen in Figure 6.12. The microporous material has two peaks, one which is observed at low angle PXRD (at 4.6 o 2θ) indicating pore channels of a microporous material and the other occurring at 27o 2θ, and these patterns are absent for the bulk Nb2O5. The bulk niobium oxide has an orthorhombic crystal structure for the commercial sample used for this study, compared to the hexagonal crystal structure for the microporous/mesoporous material [11]. 
With increasing linear amine chain, the pore size of the microporous material increased, going into mesoporous materials with a pore size a bit greater than 2 nm. The values shown are from low angle powder X-ray diffraction patterns for the materials without any active metal component present. With increasing linear amine chain, an expected increase in pore size diameter for the porous framework is expected, and as confirmed by the shift in low angle PXRD for the microporous peak from right to left 2θ. It also occurs, that the longer the template chain and in turn the pore size, the more intense is the corresponding diffraction peak, thus indicating an increase in crystallinity as shown in figure 13. 

Figure 6.12: XRD patterns of all microporous materials, blue – butylamine, green – hexylamine, red – octylamine and purple – decylamine. 
Low angle PXRD was carried out for all the microporous and mesoporous materials, including the addition of active metals into the framework. The pore size for each of these materials is represented in Figure 6.13. 
The micro and mesoporous materials with transition metals in their framework are like their counter non-doped materials, showing either a very small increase or decrease in pore size, thus showing that the overall framework remains unaltered with the active metal loading in use (1 mol% with respect to Nb). Small variations are present, but these are not statistically relevant and as such, it appears the framework is stable upon metal incorporation from the nematic phase. 
There is however, an apparent trend, as the larger the pore sizes with its corresponding template, the lesser the pore size variation, as observed in Figure 6.14. This further supports the stability of the pores based on their size, possibly because the pores are less tensioned due to their larger size. 

Figure 6.13: The pore sizes of the microporous and mesoporous Nb2O5 frameworks in the absence or presence of a metal dopant. Pore sizes calculated from low angle powder X-ray diffraction patterns by using the Bragg equation. Blue – non-doped; red - Fe; green – Cu; purple – Mn and teal – Ag. 

Figure 6.14: Pore size comparison/% to that of the non-doped material (the black line) with that of the doped microporous and mesoporous materials. Blue – Fe; red- Cu; green – Mn and purple –Ag.
The principle behind the preparation of these materials is to have a Nb2O5 microporous matrix which is expected to be inert during the oxidation of linear hydrocarbon and molecular oxygen reactions; and yet to have a resultant material that is active by the insertion of active centres of metals like iron, copper, manganese or silver and in essence to have a material that would be active by shape selective catalysis. Iron ethoxide, copper ethoxide, manganese methoxide or silver acetate was used as the precursors in the hydrothermal synthesis process together with niobium ethoxide. It is yet unknown how the active metal and niobium oxide structure is ordered in the channel structure. However, as the doping metal was added from the beginning of the synthesis, we postulate this assembles together with Nb, and as such leading to an Nb-O-TM-O-Nb type structure (in analogy to protocols for the formation of aluminium silicates). Clearly this would not be the case if the active metal would be added after the microporous framework is formed. Low angle PXRD patterns for Nb2O5 microporous frameworks containing a doping metal are reported in Figure 6.15. They show minimal variations with respect to undoped frameworks, and that microporosity is retained with an average pore size of 1.9 nm for each of the catalysts when hexylamine is used as the template. In turn, this shows that the introduction of an active metal did not disrupt the microporosity structure, at least, at this molar ratio level (TM: Nb 1:100). This is an important aspect for the development, present and future, of these materials.


Figure 6.15: Low angle PXRD of HA templated microporous materials. 
6.3.3.1. Surface Area Determination by BET Method
Porosimetry and BET surface measurements were performed on the micro and mesoporous materials, to estimate the pore size, surface area and the pore volume for our materials. The results are shown in Figure 6.16 and 6.17 for the hysteresis of the microporous materials and the pore volume respectively. The bulk niobium oxides have a surface area that is around 60 m2 g-1, while the microporous materials have a surface area that is roughly 200 m2 g-1, as shown in Table 6.8. The pore size was also estimated, and it was found that the pores were a bit larger, compared to that determined from the low angle PXRD analysis. For example, HA-Nb2O5 has a pore size of 1.9 nm when calculating it from the Bragg equation, while BET leads to an estimate of 2.2 nm making this material technically a mesoporous material rather than microporous. To confirm this, these results will be reproduced. However, this discrepancy can be accounted for the following factors: the pore size by XRD is a direct measurement, whereas values of pore size below 4 nm from BET are obtained via interpolation, and this can induce some bias into our data, as well as the presence of some template trapped in the smallest pores. Yet given these limitations, the agreement between the two methods has to be considered acceptable. 
Table 6.8: Surface Area determined by BET method
	Sample
	SBETa (m2g-1)

	NbO2 Bulk
	60

	Nb2O5 Bulk
	56

	BA-Nb2O5
	193

	OA-Nb2O5
	183




Figure 6.16: N2 Isotherm of BA-Nb2O5 and OA-Nb2O5. The analysis was performed at 150 oC, to coincide with the temperature used after hydrothermal synthesis (see Chapter 2).
In this context, it might be worth noting that there are six types of hysteresis loops, labelled H1 to H4, described briefly in table 7, Figure 6.16 represents a H4 type hysteresis loop, the more pronounced uptake at low p/p0 being associated with the filling of micropores. H4 loops are often found with aggregated crystals of zeolites, some mesoporous zeolites, and micro-mesoporous carbons. However, as mentioned, the possibility of template presence on both samples might cause inaccuracy. However these data, although in terms of surface areas, are consistent with the expected range and order of magnitude of ca. 200 m2g-1 for microporous niobium oxides.

Figure 6.17: NLDFT Pore Size Distribution of BA-Nb2O5 and OA-Nb2O5.
There is a similar pore size distribution for both templates demonstrated in Figure 6.16. A small fraction of pores is in the microporous range (< 2 nm), whereas most of the pores appears to be in the mesoporous range (2 nm < pore width < 50 nm) with the remaining fraction being macroporous (> 50 nm). 
6.3.3.2. Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) was performed on HA-Nb2O5 to gather information on the fine structure of microporous materials. Aberration corrected high resolution transmission electron microscopy was used. This allowed the actual image and detection of the channels present in the microporous niobium oxide. Figure 6.18 shows the TEM images of the microporous HA-Nb2O5 catalyst support. Figure 6.18a shows the material at 50 nm zoom. Figure 6.18 shows the overall morphology of the metal oxide, whereas in Figure 6.18b the channel structures appear. It is possible to observe that this propagates for some hundreds of nm within the metal oxide framework. Expanding the scale up to 5 nm the fine structure of the nanochannels is observed, and this corroborates the results obtained via XRD. 
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Figure 6.18: TEM images of the microporous material Nb2Ox. top left) 50nm scale; top night) 10nm scale; and bottom left) 5nm scale.









6.3.3.3. Electron Paramagnetic Resonance
EPR spectra for some of the microporous materials that were synthesised were collected at different temperatures, from 100K to 400K. An increase in temperature led to a line broadening, and this is  due to a reduced population of Nb4+ species in their ground state, together with changes in relaxation time spin – lattice in this case, and in turn the broadening. Besides as the spin of niobium is 9½ and has an isotope of 93Nb at 100% abundance the EPR spectrum should consist of 10 peaks, however, only 4 peaks are observed in Figure 6.19. This can be interpreted as a consequence of a large amount of Nb4+ centres in the sample, which are also constrained in close proximity (pore diameter ca 2 nm) [13]. The combination of these two factors make the Nb4+ paramagnetic centres not isolated each other, thus leading to dipolar coupling interactions [12] and in turn to line broadening and unresolved spectra. Although these spectra have been collected with a template still present, while microporous materials without template are still being researched, we consider this does not compromise their validity, (last but not least because the EPR method we’ve used is not sensitive to the presence of the template). Yet comparisons with materials that do not contain a template will need to be carried out, in case this should induce oxygen vacancies.
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Figure 6.19: Electron Paramagnetic Resonance (EPR) for a sample of HA-Nb2O5 performed at different temperatures, from 100K to 400K. 
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Figure 6.20: Electron Paramagnetic Resonance (EPR) of Fe-HA-Nb2O5 performed at different temperatures, from 100K to 400K.
Iron clusters or iron centres were observed in Figure 6.20, which may indicate incorporation in the Nb2O5 has occurred. However, further analysis of this will need to be done to confirm this, which includes TEM and EXAFS. 
6.3.4. Template Removal
Removal of the template without destroying the microporous structure of the metal oxide framework was one of the major tasks of this part of project. In general, a challenging one is the development of novel microporous materials. Different methods were attempted to successfully remove the alkyl amines, from calcination to acid treatments. Powder ATR-FTIR and X-ray diffraction were performed to confirm the template removal and the pore remaining respectively, and different calcination temperatures were used, from 250 oC to 500 oC, at varying times, from 1 minute to an hour. Different acid treatments were employed, from nitric acid in water or ethanol, to p-toluenesulfonic acid with sodium tetraphenylborate in methanol. As data from calcination and in situ XRPD both showed thermal instability of the material above 300 oC, ‘softer’ methods of template removal, in this case, by means of acid treatment, were explored.
The principle of acid-based protocols of template removals relies in the protonation of the -NH2 end of the template to form NH3+, which will then transfer as R-NH3+ in solution. Tuning in acidity strength, as well as solubility of the template (either in protonated form or not), can be done by using acids in water, or by using alcohols like methanol, ethanol or isopropanol as solvents or co-solvents. A large set of combinations of template removals by changing acids or solvent and their proportions were explored. 
Sun and Ying [14] reported they had successfully managed to remove the template using low pH of nitric acid in ethanol solution, followed by repeated washes with ethanol and this was the first method attempted also in the current work. Although it might be worth noting no XRD, BET or FTIR data was reported for comparison after their claimed removal. Microporous Nb2O5 was added to a solution of nitric acid in ethanol at a pH of 2, and left stirring at 70 oC for 1 hour. Analysis of the solid shows that the template was successfully removed, seen in Figure 6.22; however, the pore had collapsed. 
Similar methods were attempted at for nitric acid in methanol, ethanol and isopropanol, as well as hydrochloric acid, acetic acid, all done at a pH of 2 or above, either at room temperature or higher, going up to 80oC, and at varying times, from 1 hour to 24 hours. Comparable results were achieved as the method suggested by Sun and Ying [14]. 
Antonelli et al, [15, 16] has studied the template removal of these microporous and mesoporous niobium oxides extensively. The development of the microporous, mesoporous and microporous niobium oxides was developed by these researchers, and the template removal reported to be successfully removed, after different methods studied by trial and error. A method proposed was the use of p-toluenesulfonic acid in sodium tetraphenylborate and methanol at a low pH, followed by repeated washes with methanol.. In our case, we used ATR-FTIR to probe the presence of residual organic species in the microporous materials, and this method shows the presence of a C-H stretching band in between 3000-2700 cm-1, while the low angle PXRD pattern shows the pore has collapsed. Figure 6.21 shows ATR-FTIR of the micro and mesoporous materials and commercial NbO2 and Nb2O5 before template removal. 
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Figure 6.21: ATR-FTIR of the as prepared non-doped microporous and mesoporous materials, after drying for 16 hours at 150 oC, in comparison with the bulk niobium oxides. The C-H stretches are observed around 2870 cm-1 indicating presence of a template. BA-Nb2O5 (red), HA-Nb2O5 (teal), OA-Nb2O5 (yellow), DA-Nb2O5 (green)  bulk niobium oxides (NbO2 grey and Nb2O5 blue). 
Template removal has been successful, as demonstrated in Figure 6.22. Methods developed by Antonelli et al [15, 16] all state a pH of 1 or lower required to removing the amine template, later confirmed with PXRD. However, it was also observed that pH of 2 or higher has tried and tested for this project, without much success in template removal. Either the template is removed, but the pore has collapsed, or the template is present, and the pore remained, or the template is present, and the pore collapsed. 
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Figure 6.22: ATR-FTIR of the template removal for HA-Nb2O5 (black) template removal using ethanol and nitric acid, in comparison before and after treatment, and with the bulk niobium oxides (NbO2 green and Nb2O5 red). 
The pH of the acid is an important in removing the template; however, the acid could destroy the pore, as the intensity of the peak has reduced compared to the material before template removal. This is demonstrated in Figure 6.23. Further analysis of the materials after template removal is required, including XPS and EDX to determine the oxidation state of niobium and to carry out a chemical mapping of these materials respectively. 
[image: ]
Figure 6.23: Low angle PXRD patterns of template removal. The patterns show the disappearance of the peak between 3-6 2theta. 
In order to by-pass the discrepancies with literature as well as evident difficulties to remove the template without the collapse of the pores a significantly different route for template removal is currently being investigated within the research group and involving oxidation in the liquid phase of the template by means of peroxides. At present, this has been proved successful for titanium based microporous materials, and attempts will be done in this sense for these niobium oxide microporous frameworks. 
6.3.5. Cyclohexene Oxidation
Due to the limited reactivity of the microporous Nb2O5 based materials incorporating an active metal towards oxidation of linear alkanes, and with the aim to identify other substrates for which these materials can be active as a catalyst; the oxidation of cyclohexene was investigated. [17, 18]
This selection for this alternative reaction and substrate was based on the following grounds: (i) the capability of Nb2O5 micro/mesoporous materials to fit six carbon member rings species inside their pores, as observed for isomerisation reactions (like sugars), (ii) carry out a comparison with the bulk counterparts, for the tests showed in Chapter 5, and gather some information (although preliminary) if these materials could work for this alternative useful reaction using a C=C bond containing substrate.
Tests were performed at 60 oC for 24 hours in atmosphere, cyclohexene. The conversion of cyclohexene is shown in Figure 6.24. The black line represents the autoxidation of cyclohexene to be used as a benchmark for comparison if a catalyst is active or not (or even an inhibitor). The copper and manganese catalysts show the best activity in converting cyclohexene (in the range of 8-16%), compared to the micro/mesoporous Nb2O5 supports only, iron and silver microporous and mesoporous catalysts. 

Figure 6.24: Conversion (%) of cyclohexene, tests performed at 80 oC for 24 hours at atmosphere (black line represents the autoxidation value; BA-butylamine, HA-hexylamine, OA-octylamine and DA-decylamine). 
The selectivity towards the cyclohexene oxide is shown in Table 6.9. The selectivity values are all below the autoxidation value, however, for the microporous materials (BA and HA), they are more selective towards cyclohexene oxide, compared to the mesoporous materials (OA and DA). Manganese containing catalysts are shown to be most selective for all the microporous catalysts. 
Table 6.9: Selectivity (%) of cyclohexene oxide, tests performed at 80 oC for 24 hours at atmospheric pressure for a M: S ratio of 1:1000. 
	
	Non-doped
	Ag/Nb2O5 micro
	Cu/Nb2O5 micro
	Fe/Nb2O5 micro
	Mn/Nb2O5 micro

	BA
	38
	21
	26
	0
	39

	HA
	19
	14
	42
	30
	33

	OA
	0
	11
	17
	24
	29

	DA
	21
	19
	6
	22
	28





The selectivity towards 2-cyclohexen-1-one, Table 6.10 highlights a different behaviour between these two classes of compounds instead. The catalysts and supports are more selective towards this enone, than the autoxidation of cyclohexene. Cu-DA-Nb2O5 is most selective at 44%, compared to Fe-BA-Nb2O5 at 0%. Silver catalysts are shown to be most selective towards 2-cyclohexen-1-one for the all microporous catalysts. 
Table 6.10: Selectivity (%) of 2-cyclohexen-1-one, tests performed at 80 oC for 24 hours at atmospheric pressure, for a M: S ratio of 1:1000.
	
	Non-doped
	Ag/Nb2O5 micro
	Cu/Nb2O5 micro
	Fe/Nb2O5 micro
	Mn/Nb2O5 micro

	BA
	11
	29
	23
	0
	12

	HA
	36
	33
	13
	19
	16

	OA
	0
	33
	31
	22
	17

	DA
	26
	27
	44
	20
	19



Comparing the conversion of cyclohexene for bulk versus porous materials, the porous materials show similar activity to that of anhydrous cyclohexene, however, the bulk catalysts can oxidise cyclohexene better on the surface, rather than within the pores of the porous materials. In terms of selectivity, the porous materials produce cyclohexene oxide and 2-cyclohexen-1-one more than the bulk counterparts. One thing to note however, is the temperature used for the oxidation of cyclohexene, for the bulk catalysts, it was 60 oC, while for the porous catalysts, it was 80 oC. Future tests of cyclohexene could be explored at 60 oC for 24 hours using the porous catalysts, to compare alongside the bulk counterparts.
6.3.5.1. Cyclohexene Oxidation by Adding Known Aliquots of Water in the Reaction Mixture
As described in Chapter 5, the presence of water has a profound effect on the final conversion of cyclohexene, even with a 2.6% of water content present, and may influence the reaction pathway. A similar kind of analysis and comparison was done also in the case of microporous materials for cyclohexene oxidation and known amounts of water were added to the reaction mixture to evaluate the effect both in terms of conversion and selectivity. Also, this was to explore a comparison with the bulk metal oxide catalysts in terms of the conversion and selectivity. Figures 6.25-6.27 show the conversion of the microporous catalysts, from non-anhydrous cyclohexene, 1:1 molar ratio of cyclohexene: water and 10:1 molar ratio of cyclohexene: water respectively. 
Comparing the catalysts performance to the bulk counterparts (as shown in Chapter 5, section 5.4.5.), the conversion of non-anhydrous cyclohexene using the microporous catalysts is much lower, shown in Figure 6.25 (while the conversion for the bulk counterparts were around 40%). The microporous catalysts show some activity to converting cyclohexene, which may indicate that the reactions are taking place on the surface of the microporous materials. 
The best catalysts for converting cyclohexene are the copper and manganese microporous catalysts, while iron catalysts are the worst, when the water content is minimal. With increasing water present, the copper catalysts remain being the best catalysts, while the iron catalysts improve in converting cyclohexene into its oxygenated products. The conversion of cyclohexene using silver catalysts with increasing water amount decreases. 
[image: ]
Figure 6.25: Conversion % of non-anhydrous cyclohexene. Non-doped (red); Ag (blue); Cu (yellow); Fe (green) and Mn (grey). Tests were performed at 80 oC for 24 hours at atmospheric pressure.
[image: ]
Figure 6.26: Conversion % of cyclohexene a molar ratio of 1:1 with water. Non-doped (red); Ag (blue); Cu (yellow); Fe (green) and Mn (grey). Tests were performed at 80 oC for 24 hours at atmospheric pressure.
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Figure 6.27: Conversion % of cyclohexene a molar ratio of 10:1 with water. Non-doped (red); Ag (blue); Cu (yellow); Fe (green) and Mn (grey). Tests were performed at 80 oC for 24 hours at atmospheric pressure.
Water affects the selectivity towards cyclohexene oxide. As with the selectivity of cyclohexene oxide using bulk catalysts in Chapter 5, cyclohexene oxide selectivity decreases with increasing water content. This is seen in Table 6.11. This shows that the results could be derived from acid/base pathways. The highest selectivity towards cyclohexene oxide is for the anhydrous cyclohexene oxidation for all microporous catalysts, which can have an effect on the reactivity. As with the bulk catalysts, kinetics studies will need to be further explored to determine the reaction intermediates, to find out the actual behaviour of how cyclohexene oxide is obtained. 
2-cyclohexen-1-one was considered as a potential candidate for optimising the selectivity, as seen in Table 6.12, because it shows with increasing water content, increasing selectivity, similarly to the bulk catalysts in Chapter 5. This trend is again, opposite to cyclohexene oxide, however, the selectivity is highest for the non-doped microporous materials, and lowest for manganese catalysts. With the possible reaction routes of 2-cyclohexen-1one being acid/base or radical, with increasing water content, it is likely that acid/base pathways are dominant. 
As with the bulk catalysts, this confirms that water concentration does affect the conversion and selectivity of cyclohexene oxidation during the reaction process. 
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	Non-doped
	Ag
	Cu
	Fe
	Mn

	
	None
	10:1
	1:1
	None
	10:1
	1:1
	None
	10:1
	1:1
	None
	10:1
	1:1
	None
	10:1
	1:1

	BA-Nb
	23
	18
	1
	21
	9
	0
	19
	11
	0
	0
	0
	0
	28
	16
	0

	HA-Nb
	19
	0
	0
	14
	10
	0
	32
	7
	0
	17
	0
	0
	22
	20
	0

	OA-Nb
	18
	8
	0
	11
	7
	0
	12
	10
	0
	13
	0
	1
	21
	18
	1

	DA-Nb
	21
	8
	0
	14
	0
	2
	5
	4
	0
	13
	0
	2
	20
	0
	0


Table 6.11: Selectivity (%) of cyclohexene oxide, with different of hydrocarbon to water ratio, tests performed at 80 oC for 24 hours at atmospheric pressure. 






Table 6.12: Selectivity (%) of 2-cyclohexen-1-one, with different of hydrocarbon to water ratio, tests performed at 80 oC for 24 hours at atmospheric pressure.
	
	Non-doped
	Ag
	Cu
	Fe
	Mn

	
	None
	10:1
	1:1
	None
	10:1
	1:1
	None
	10:1
	1:1
	None
	10:1
	1:1
	None
	10:1
	1:1

	BA-Nb
	6
	9
	7
	29
	21
	0
	16
	20
	0
	0
	0
	0
	9
	13
	0

	HA-Nb
	36
	0
	55
	33
	29
	52
	10
	30
	19
	19
	0
	44
	10
	7
	12

	OA-Nb
	22
	23
	48
	33
	33
	0
	22
	21
	0
	45
	0
	10
	12
	13
	11

	DA-Nb
	26
	22
	63
	21
	0
	36
	35
	29
	17
	12
	0
	12
	14
	0
	13





6.4. Conclusion
Novel microporous and mesoporous niobium oxide materials have been developed for catalysis. The method used to prepare the materials was hydrothermal synthesis, whereby the metal alkoxide and linear amine template (surfactant) formed micelles. The micelles aggregated together to generate channel structures, which stack during the hydrothermal treatment, forming a colloid network. These materials were characterised using PXRD, in situ PXRD, TEM, FTIR, TGA, EPR and BET methods. The analysis shows a pore size ranging from 1.6 nm to 2.6 nm and channel structures formed, with the pore size increasing with increasing the length of linear amine template. The materials are stable to 250 oC before the pores start collapsing, and have an increased surface area of its bulk counterpart. 
These materials were tested for the monohydroxylation of linear alkanes, focussing on dodecane, and for the epoxidation of cyclohexene. Tests were performed using dodecane as the substrate, using 2 bar O2 or air, at 150 oC, with or without TBHP/H2O2 as initiators. The results showed the conversion to be between 15-20% for autoxidation, and 0% conversion for the microporous materials, which was attributed to the template still residing in the pores of the catalysts. With the use of initiators, such as TBHP, instead a conversion was detected, but by altering the selectivity of the products formed. 
Template removal was attempted, using a soft technique, whereby acid treatments were done, in order to protonate the hydrophilic part of the amine chain, and dissolve it in an alcohol (for example ethanol or iso-propanol). Several attempts were done in order to remove the template, characterised via PXRD and ATR-FTIR, but the template is either removed, or the pore structure isn’t retained. Further research will be explored within the group to find the optimal way of removing the template and retaining the pore structure. 
Cyclohexene oxidation was explored, for comparative studies with chapter 5 results, to obtain either cyclohexene oxide or 2-cyclohexen-1-one. The microporous or mesoporous materials converted cyclohexene less than the bulk counterparts, but the selectivity was different for 2-cyclohexen-1-one, from 6-63% depending on the catalyst used. Tests were performed using different concentrations of water, and comparing with the bulk catalysts, with increasing water content, cyclohexene oxide decreases, and 2-cyclohexen-1-one increases. 
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7. Closing Remarks and Future Work
This research work was centred in the preparation of novel catalysts capable to selectively oxidise hydrocarbons under relatively mild conditions, i.e. low pressure (< 5 bar) and temperature (T < 150 oC). For this work substrate of choice were: ethylbenzene, octane, dodecane and cyclohexene the scope was to be able to identify catalysts capable to selectively oxidise a hydrocarbon to a ketone or an alcohol (ethylbenzene) or to a primary alcohol (octane and dodecane) or to explore the reactivity to unsaturated species for enones formation (cyclohexene). These reactions are summarised in Scheme 7.1


Scheme 7.1: the four different substrates used for partial oxidation: a) ethylbenzene to acetophenone; b) octane to 1-octanol; c) dodecane to 1-dodecanol, and d) cyclohexene to 2-cyclohexen-1-one. 
Two types of catalysts were primarily developed for this project: metal nanoparticles supported on metal oxides, and metal centres embedded in a microporous framework. In both cases support and frameworks comprising niobium oxide (mainly Nb2O5) were used. Supported nanoparticles were developed to investigate the activity of novel metals for catalysis, like silver. Microporous materials (together with single site isolation concepts) were synthesised to introduce elements of shape selective catalysis with the aim of high selectivity control. Schematics for these materials are summarised in Figure 7.1.
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Figure 7.1: two types of catalysts developed for this project: left) an active metal added into the support and right) channel structures synthesised with active metals incorporated into their framework. 
Chapter 1: 	The background behind this project was explored and described. The importance of heterogeneous catalysis, specifically single site catalysis is detailed, along with how it can be used for C-H activation to overcome the barriers currently present. Examples of catalysts being used for this are explained in some detail, for example Mn-TUD-1 for ethylbenzene oxidation. 
Chapter 2:	The synthesis of catalysts used for this project is explained and the preparation methods utilised, for example hydrothermal synthesis, along with the catalytic tests and their analysis using NMR. The characterisation techniques are explained in this chapter, also. 
Chapter 3: The oxidation of ethylbenzene to 1-phenyl ethyl hydroperoxide, acetophenone and 1-phenyl ethanol was investigated in detail. This made use of silver doped catalysts on niobium oxide supports. An enhanced selectively to acetophenone was observed and the reaction was established to occur (chapter 4) via a free-radical pathway. An array of metals and different support were also used, however when niobium oxide was used as support, enhanced selectivity to the ketone was also observed. This could lead to a future work with metal nanoparticles supported on metal oxides with similar properties, i.e. covalent metal oxides like MoO3 or V2O5. On the other hand the use of Ag also showed to be a factor to obtain more ketone with respect to an alcohol. In this sense different preparation methods like deposition immobilization or sol-immobilization should also be explored. These methods are expected to lead to a smaller particle size which might affect the reactivity of these materials.
Chapter 4: This chapter included an extensive study of the reaction mechanism by means of structure-activity correlations and kinetics studies to identify the possible reaction mechanism for the reaction. It was concluded that Ag/Nb2O5 preserves a free-radical mechanism as in the case of autoxidation, but acting on the acceleration of the initiation step involving the C-H cleavage and formation for a peroxide species. With the data available it seems also possible to conclude that the metal nanoparticles operate a selective C-H (alpha) cleavage on the alkyl hydro peroxide intermediate, and this, in turn would lead to the ketone. This will provide a platform for the investigation of cyclic hydrocarbons, or species like p-xylene, where this reaction scheme would be relevant for the manufacture of precursors for fibres.
Chapter 5: This chapter was centred to explore cyclohexene oxidation using various active metals (Ag, Cu, Fe or Mn) deposited onto niobium oxide supports, to produce cyclohexene oxide. The main scope was to contrast the reactivity of our catalysts from saturated hydrocarbon substrates to unsaturated species. Furthermore the effect of the presence of water was also investigated as oxidation reactions of double bonds can occur via free-radical, redox or acid-base pathways. It was found that when
Anhydrous and non-anhydrous cyclohexene were used as substrates, an enhanced conversion and selectivity control was observed when anhydrous cyclohexane was used. And the existence of both a free-radical and acid-base pathway was observed. In this context one of the most promising active metals was manganese and this should be investigate a further by considering the array of metal oxides species that this metal can generate.
Chapter 6: In this chapter the synthesis of novel microporous materials comprising an inert framework of Niobium oxide incorporating active metal centres was described in detail. The aim was to have materials capable to selectively oxidize a linear hydrocarbon to a primary alcohol.
Characterisation of these materials included PXRD, TGA, TEM and BET. The synthesis of these materials proved to be challenging as template removal was attempted to remove the surfactant without destroying the structure. However, further research will be done in the future to continue this area within the group, especially by using chemical ‘soft’ methods but by oxidant the template. Nevertheless an array of microporous materials ranging from 1.6 nm to 2.5 nm and incorporating metals like copper or manganese was prepared. 
Chapter 7: Closing Remarks and Future Work





Appendices
























Appendix 1
The selectivity of the autoxidation of ethylbenzene is shown in Appendix Table 1.1. There is an increase in acetophenone and 1-phenylethanol with increased air flow. 
Appendix Table 1.1: Selectivity (%) of ethylbenzene oxidation. Tests were performed at 130 oC for 24 hours and inlet PAir = 2 bar.
	Air Flow/ mL min-1
	Acetophenone
	1-Phenylethanol
	1-Phenetyhl Hydroperoxide
	Others

	0
	5.6
	2.7
	91.7
	0

	10
	19.1
	20.9
	57.5
	0

	20
	28.3
	28.3
	32.9
	9.8



The selectivity of the catalytic test of ethylbenzene is shown in Appendix Table 1.2. There is an increase in acetophenone and decrease in1-phenylethanol with increased air flow. 
Appendix Table 1.2: Selectivity (%) of ethylbenzene oxidation with Ag/Nb2O5. Tests were performed at 130 oC for 24 hours and PAir = 2 bar, with molar ratio of 1:2000 between metal to substrate.
	Air Flow/ mL min-1
	Acetophenone
	1-Phenylethanol
	1-Phenetyhl Hydroperoxide
	Others

	0
	35.4
	36.3
	23.4
	4.8

	10
	65
	21.2
	1.5
	9.5

	20
	67.1
	19.6
	0.4
	10.9

















Appendix 2

Java Script for Tenua software for kinetics

// Prea AgNb2O5 1 to 1000 ratio data up to 96h 4 h step to 48h with ROOH intermediate to alcohol and ketone
//Oxygen amount constant
// values in concentration constant volume for all
//use stiff algorithm
RH <-> ROOH;
ROOH <-> KO;
ROOH <-> ROH;
ROOH <-> PX;
//k(+1)=0.015081475843503302;
//k(-1)=0.0115;
//k(+2)=0.043347976311233424;
//k(+3)=0.014648272428057474;
//k(+4)=0.001457640305595847;
k(+1): 1.54E-2; k(-1): 1.15E-2;
k(+2): 4.42E-2; k(-2): 0;
k(+3): 1.47E-2; k(-3): 0;
k(+4): 6.48E-3; k(-4): 0;
startTime: 0;
endTime: 48;
timeStep: 4;
epsilon: 0.1;
RH: 8.157;
O2: 8.157;
ROOH: 0;
KO: 0;
ROH: 0;
PX: 0;
*output
RH; ROOH; KO; ROH; PX;
*script
mechanism.solver = "stiff";
dataTable.addColumn ("CRH");
data("CRH").insert(0, 8.157);
data("CRH").insert(1, 7.81);
data("CRH").insert(2, 7.72);
data("CRH").insert(4, 7.650);
data("CRH").insert(8, 7.31);
data("CRH").insert(12, 6.75);
data("CRH").insert(16, 6.81);
data("CRH").insert(20, 6.36);
data("CRH").insert(24, 5.67);
data("CRH").insert(48, 5.41);
data("CRH").insert(72, 5.41);
data("CRH").insert(96, 4.91);
dataTable.addColumn ("CROOH");
data("CROOH").insert(0, 3.35E-2);
data("CROOH").insert(1, 9.71E-2);
data("CROOH").insert(2, 1.75E-2);
data("CROOH").insert(4, 3.28E-1);
data("CROOH").insert(8, 5.14E-1);
data("CROOH").insert(12, 7.76E-1);
data("CROOH").insert(16, 7.59E-1);
data("CROOH").insert(20, 9.83E-1);
data("CROOH").insert(24, 8.47E-1);
data("CROOH").insert(48, 1.01E-1);
data("CROOH").insert(72, 1.01E-1);
data("CROOH").insert(96, 0.0E0);
dataTable.addColumn ("CKO");
data("CKO").insert(0, 0);
data("CKO").insert(1, 8.15E-2);
data("CKO").insert(2, 9.97E-2);
data("CKO").insert(4, 1.19E-1);
data("CKO").insert(8, 1.67E-1);
data("CKO").insert(12, 3.40E-1);
data("CKO").insert(16, 2.69E-1);
data("CKO").insert(20, 3.67E-1);
data("CKO").insert(24, 9.95E-1);
data("CKO").insert(48, 1.43E0);
data("CKO").insert(72, 1.43E0);
data("CKO").insert(96, 2.10E0);
dataTable.addColumn ("CROH");
data("CROH").insert(0, 0);
data("CROH").insert(1, 1.23E-1);
data("CROH").insert(2, 1.18E-1);
data("CROH").insert(4, 1.15E-1);
data("CROH").insert(8, 1.22E-1);
data("CROH").insert(12, 1.72E-1);
data("CROH").insert(16, 1.51E-1);
data("CROH").insert(20, 1.95E-1);
data("CROH").insert(24, 3.09E-1);
data("CROH").insert(48, 4.21E-1);
data("CROH").insert(72, 4.21E-1);
data("CROH").insert(96, 2.93E-1);
dataTable.addColumn ("CPX");
data("CPX").insert(0, 0);
data("CPX").insert(1, 3.89E-2);
data("CPX").insert(2, 3.13E-2);
data("CPX").insert(4, 2.41E-2);
data("CPX").insert(8, 1.01E-2);
data("CPX").insert(12, 5.33E-2);
data("CPX").insert(16, 1.48E-2);
data("CPX").insert(20, 3.41E-2);
data("CPX").insert(24, 1.74E-2);
data("CPX").insert(48, 7.15E-2);
//data("CPX").insert(72, 7.15E-1);
data("CPX").insert(96, 8.44E-1);
fit ("RH", "CRH");
go varying k(+1);
fit ("ROOH", "CROOH");
go varying k(+1), k(+2);
fit ("KO", "CKO");
go varying k(+2);
fit ("ROH", "CROH");
go varying k(+3);
fit ("PX", "CPX");
go varying k(+4);
note variables k(+1), k(-1),k(+2), k(+3), k(+4);

Cu(NO3)2	90	100	110	120	130	15.8	18.7	18.3	18	18.7	Fe(NO3)3	90	100	110	120	130	3.3	5.4	41.6	29.2	31.8	AgNO3	90	100	110	120	130	2.2999999999999998	2.2000000000000002	10.7	19.3	12.8	Temperature/oC
Conversion/%

Nb (IV)	100	200	300	400	500	600	24	14	3	0	0	0	Nb (V)	100	200	300	400	500	600	76	86	97	100	100	100	
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Weight loss/%
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Non Doped	BA	HA	OA	DA	1.65	1.92	2.15	2.5299999999999998	Fe	BA	HA	OA	DA	1.55	1.9	2.12	2.5499999999999998	Cu	BA	HA	OA	DA	1.77	2.04	2.17	2.5	Mn	BA	HA	OA	DA	1.6	1.92	2.17	2.46	Ag	BA	HA	OA	DA	1.68	1.96	2.12	2.54	Pore Size (nm)
Fe	BA	HA	OA	DA	-6	-1	-1.4	0.8	Cu	BA	HA	OA	DA	7	6.3	0.9	-1.2	Mn	BA	HA	OA	DA	-3	0	0.9	-2.8	Ag	BA	HA	OA	DA	1.8	2.1	-1.4	0.4	Pore Size Comparison/%
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BA-Nb2O5	3.8549769669771194E-5	2.3800384311856022E-4	8.0397459894912039E-4	1.7424363542816418E-3	2.0403815289913021E-3	2.8902314533698001E-3	3.9783432851064667E-3	4.9178321661177615E-3	5.9390457127084014E-3	6.9505888177114547E-3	7.9594967242924818E-3	8.9097834118548203E-3	9.9478523995160367E-3	1.9595357720574073E-2	2.9350447836538441E-2	3.8957760448227151E-2	4.9252029803688542E-2	6.4683672894102998E-2	6.8783320346223267E-2	7.9126511663964796E-2	8.8992504828696209E-2	9.8894659893904141E-2	0.14928620455926828	0.19493925606157747	0.24499345534010603	0.29503124659043994	0.34588012397818463	0.3946197277636776	0.44439581557990304	0.49457260164408051	0.54478797733692441	0.59495109012284175	0.64542658922944085	0.69518041288950938	0.7453063592476713	0.7957462912831359	0.8462804835925114	0.89638752373613495	0.94608059451199722	0.98626873265227999	0.99362648913468221	0.95605713505330925	0.88917584833131014	0.83741661227647157	0.78718864125066401	0.73782108209314101	0.68786733712613468	0.63796719292235815	0.58813964990465262	0.53851846348216148	0.48896650939517239	0.44930850405605383	0.39441764458459377	0.34184945868725741	0.29144616111142813	2.5623793318872057	4.9064793647421263	6.8521674807965987	8.404430626316346	8.6876846409957125	9.4264558066585646	10.231959668693309	10.862679081538882	11.498151285843091	12.085036960788349	12.597639466175201	13.060960369671678	13.548640864158902	17.240261247272461	20.184686325291231	22.79284504636696	25.349649367847647	28.655400093108614	29.624001109683459	31.696889770438545	33.575676090400634	35.383828304139243	42.111993113140421	47.132423386030965	51.986922262563972	56.514113068254787	60.879998699700081	64.999502961569689	69.149582193645884	73.380982124748158	77.698900784813091	82.173009907429645	86.86623435663644	91.748866544806674	96.82675951601405	101.89625317434533	106.51059899755549	110.26816922735594	113.64100634458639	117.09323223121979	118.44818607782918	115.14676480536551	111.21613017809335	108.35452022403948	105.62566510274942	103.01854930546811	100.30825951714384	97.563927947760845	94.787076994840689	91.930867431009915	88.939264649370187	75.677243560345957	67.788137662709602	62.046144052112361	56.319599288863436	OA-Nb2O5	2.8234148258070128E-4	1.0036283091892466E-3	1.9009224680266528E-3	3.079167561673023E-3	3.9048289422397913E-3	4.9486851161712701E-3	5.9192889254295845E-3	6.9399474530015982E-3	7.9196422722385956E-3	8.9623467130774907E-3	9.8887712382408136E-3	1.944024313074522E-2	2.9373280786053713E-2	3.896149373086788E-2	4.9132297785822891E-2	6.4600223580786306E-2	6.8827184592569882E-2	7.9186450968080024E-2	8.8986872831755048E-2	9.8874550095397931E-2	0.14943968080145267	0.19493931358783609	0.2447483988507714	0.2950187080991481	0.34440961355099675	0.39447787914473242	0.44469671517039677	0.49461431129191774	0.54491873362062571	0.59505593373461874	0.64506855503094163	0.69559696846258334	0.74512971688852558	0.79541285594594235	0.84546486508099117	0.89585823602006331	0.94731256953345466	0.98709116514583339	0.99341849717651731	0.95511898939930684	0.88931385959804532	0.83798520384726249	0.78771908645122468	0.73776163441822218	0.68824101129720427	0.63842915227658936	0.58866319855114868	0.53905252536305048	0.48951322958068055	0.44897214730891982	0.39305378946062536	0.34130481877872909	0.29116171025005994	0.24115703634971436	0.19173712746112265	2.1359160615215798	3.8926156230386559	4.833381435649776	5.8599058714695138	6.5071221607591241	7.2316759214018935	7.857762754279916	8.4661516610005627	9.0357588332270549	9.5467213963155952	9.9996979927861602	13.804433057615435	16.876082408172373	19.537790738085931	22.083734022399749	25.40597156438	26.404174580358518	28.47634061398249	30.31157118392483	32.087492433264941	38.665280292886195	43.542014268679722	48.253189906456612	52.726700819359003	56.922848170821439	61.044487799690003	65.11089322011874	69.142799769260819	73.217449694262029	77.344358888609946	81.58858685346388	86.082305780612003	90.82039003845793	96.177029078140194	102.30242037021765	109.34744921708845	115.72	119.78075293942663	120.87689515668445	118.18291323434121	114.13310168328499	110.76974427805551	107.43381649326783	104.17380981213975	101.03040319178027	97.8038527087961	94.514116243681158	91.138966691059096	87.095620472235652	74.05996886733675	67.485740626114392	62.177153389460791	56.684964703714549	50.487074679567243	43.027788499422535	P/Po

Quantity adsorbed (cm3/g)



BA-Nb2O5	5.2189160000000001	5.9338360000000003	6.291296	6.6487560000000006	7.3636760000000008	7.7211360000000004	8.4360560000000007	8.7935160000000003	9.5084359999999997	10.223356000000001	10.938276	11.653195999999999	12.368116000000001	13.083036000000002	13.797956000000001	14.870336000000002	15.585256000000001	16.657636	17.73	18.444936000000002	19.874776000000001	20.947156000000003	22.019536000000002	23.449376000000001	24.521756000000003	25.951596000000002	27.381436000000001	29.168736000000003	30.598576000000001	32.385876000000003	34.173176000000005	35.960476000000007	38.105236000000005	40.249996000000003	42.394756000000001	44.539516000000006	47.041736	49.543956000000001	52.046176000000003	54.905856	57.765536000000004	60.982675999999998	64.199816000000013	67.416955999999999	70.991556000000003	74.566156000000007	78.498216000000014	82.78773600000001	87.077256000000006	91.366776000000002	96.371216000000004	101.37565600000001	106.38	112.099456	117.81881600000001	123.895636	130.329916	136.764196	143.91339600000001	151.06259600000001	158.926716	167.14829600000002	175.72733600000001	184.663836	193.957796	203.96667600000001	0	0	0	0	0	3.319980573008534E-3	4.4493169060872287E-3	2.0857607615360585E-3	4.1315777498780529E-3	2.8588732960032619E-3	0	1.0113001938336292E-3	0	0	0	0	0	0	0	0	0	6.6369289712507008E-3	5.412171380538745E-3	5.2420282517184474E-3	3.2458830542253067E-3	4.5534148691427148E-3	2.400204180234716E-3	3.4604887423716323E-3	2.2758036152432811E-3	2.6183087342498091E-3	2.9064465090810382E-3	1.6908769848808696E-3	1.7941214047999436E-3	1.2434776064192065E-3	1.6731946144822362E-3	1.220399026980686E-3	1.5039737784332753E-3	1.4669905538332486E-3	1.040935932760231E-3	1.5567045334080821E-3	1.3912908207032997E-3	1.3028136982185486E-3	1.3097837659467445E-3	7.2573096860402918E-4	1.0504927430292441E-3	9.7049889441144506E-4	5.7896429168647462E-4	8.4573952946776659E-4	8.3362970401380917E-4	5.0259448323153549E-4	4.5759521807850202E-4	6.6319442063988575E-4	5.9112618869037949E-4	3.4926475891415652E-4	3.3061965248069603E-4	4.2933720434008333E-4	4.1073633237762486E-4	2.2218651021588357E-4	1.9798170326531725E-4	1.729651132296749E-4	1.5084676152277247E-4	1.944331367808148E-4	1.7022124273794909E-4	9.746733121573925E-5	8.4009254351258278E-5	7.1801943704485893E-5	OA-Nb2O5	8.4360560000000007	8.7935160000000003	9.5084359999999997	10.223356000000001	10.938276	11.653195999999999	12.368116000000001	13.083036000000002	13.797956000000001	14.870336000000002	15.585256000000001	16.657636	17.73	18.444936000000002	19.874776000000001	20.947156000000003	22.019536000000002	23.449376000000001	24.521756000000003	25.951596000000002	27.381436000000001	29.168736000000003	30.598576000000001	32.385876000000003	34.173176000000005	35.960476000000007	38.105236000000005	40.249996000000003	42.394756000000001	44.539516000000006	47.041736	49.543956000000001	52.046176000000003	54.905856	57.765536000000004	60.982675999999998	64.199816000000013	67.416955999999999	70.991556000000003	74.566156000000007	78.498216000000014	82.78773600000001	87.077256000000006	91.366776000000002	96.371216000000004	101.37565600000001	106.38	112.099456	117.81881600000001	123.895636	130.329916	136.764196	143.91339600000001	151.06259600000001	158.926716	167.14829600000002	175.72733600000001	184.663836	193.957796	203.96667600000001	0	0	1.4098565918508415E-3	3.6144004055046158E-3	0	2.1668084438709397E-3	0	0	0	0	0	0	0	0	5.0040796597860052E-4	7.8090841637226916E-3	5.3217490890141552E-3	4.9438151814109633E-3	3.255292760080629E-3	4.2682513331318006E-3	2.4410779660282282E-3	3.2426058262206218E-3	2.3015585075129527E-3	2.4644964972387155E-3	2.840109309481201E-3	1.7395627348422908E-3	1.8026749265153898E-3	1.3163420321185937E-3	1.6672706729303083E-3	1.2631758713101248E-3	1.41510742933875E-3	1.3029774116577924E-3	9.2011858854020392E-4	1.4029015864559567E-3	1.2703635249342756E-3	1.1751729060790273E-3	1.179144083278096E-3	6.4834487228811698E-4	9.428483591565369E-4	8.6439625317903722E-4	5.0678053672023593E-4	7.2870435539278643E-4	7.0096310663221486E-4	4.195737966701532E-4	3.8993514795088489E-4	5.8774425408683747E-4	5.470399493422136E-4	3.4603993338616857E-4	3.4221723924580152E-4	4.6145374493412623E-4	4.5549246029523194E-4	2.6484035693502599E-4	2.495134483078445E-4	2.3000698987778515E-4	2.126524489815196E-4	2.9695841460503422E-4	2.8449793922885727E-4	1.8130818377040081E-4	1.6575855235572134E-4	1.4895002673079901E-4	Pore Width (Å)

dV/dW (cm3/g.Å)



Nb	BA	HA	OA	DA	7.13	0.28000000000000003	0	0.3	Ag	BA	HA	OA	DA	0.42	0.24	0.33	8.6199999999999992	Cu	BA	HA	OA	DA	9.0299999999999994	11.46	9.41	17.43	Fe	BA	HA	OA	DA	0	0.87	1.1599999999999999	0.96	Mn	BA	HA	OA	DA	8.7200000000000006	7.93	9.39	10.96	Microporous Catalyst
Conversion/%
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