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Abstract 

Supported metal oxides have been widely used in heterogeneous catalysis, particularly for the 

activation of paraffin’s.  For this study, manganese oxide supported on SBA-15 was used to 

investigate the oxidative dehydrogenation of n-octane. Wet impregnation was used firstly to 

synthesize catalysts with clusters of manganese oxide on the surface of the SBA-15 support.  

Thereafter, deposition precipitation was used to prepare catalysts with metal oxides in the pores of 

the SBA-15 support. Weight loadings of 2, 5 and 9 weight percent were synthesized for both 

groups of catalysts.  

Catalysts were characterized by inductively coupled plasma – optical emission spectroscopy, 

Raman spectroscopy, powder and in situ X-ray diffraction, temperature programmed analyses, 

oxygen chemisorption, nitrogen physiorption, Brunauer-Emmet-Teller surface analyses, 

transmission electron microscopy and scanning electron microscopy with energy dispersive X-ray 

spectroscopy. With most characterization techniques, clear differences were seen for catalysts with 

metal oxide on the surface of the support when compared to those with metal oxide in the pores of 

the SBA-15 support at the same weight loadings. However, the dominant phase present at room 

temperature was found to be Mn3O4 for both groups of catalysts, with a phase change to MnO 

taking place after reduction similarly for both groups of catalysts. 

The catalysts were tested in a continuous flow fixed-bed reactor system. The support and all 

catalysts were found to be active for the oxidative dehydrogenation of n-octane. Dominant product 

groups obtained were octene isomers, aromatic compounds, cracked products and carbon oxides. 

Desired products groups were octene isomers and aromatic compounds and based on this and 

conversions of n-octane, reaction conditions were optimized and all catalysts were tested and 

compared under optimum conditions. From the results obtained, insight into product pathways 

were obtained and a reaction mechanism was proposed for this metal oxide system. The 9 weight 

percent catalysts were found to provide the best conversions for both groups of catalysts, with 

catalysts having metal oxide on the surface displaying greater conversion than catalysts with metal 

oxides in the pores of the SBA-15 support, likely due to the enhanced accessibility of the active 

site. The lower accessibility of the active site did however lead to one product group having high 

selectivity for catalysts with metal oxide in the pores, with carbon oxides and octenes being the 

most selective product group for the 2 and 9 weight percent catalysts respectively. 
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Chapter 1 

Introduction and literature review 

1.1 Introduction to catalysis 

Catalytic processes have been taking place for a considerable length of time and it was only in 1835 that 

Jöns Jacob Berzelius gave a formal definition to the word “catalysis” [1, 2]. Sixty years later, Ostwald 

recognized the phenomenon of catalysis as something that could be explained by the laws of chemistry 

and polished the definition of a catalyst to “a material that would accelerate a chemical reaction without 

affecting its equilibrium position”. At present, catalysts are engaged in the manufacture of value added 

chemicals and materials in order to better the commercial productivity of over 90 % of large-scale 

industrial processes [3]. There are practical applications in many large scale processes today, including 

outside of the chemical industry. For example, the 3-way catalyst used in the motor industry, which has 

proven to be effective in reducing the emissions given off by car exhausts [4].  

 

The commonly known definition of a catalyst is a substance that that can speed up therate of a chemical 

reaction without itself being used up during the process or its chemical state altered at the end of it [4]. 

Originally, it was presumed that the catalyst stayed the same throughout the extent of the reaction it was 

involved in. However, further probing revealed that the catalyst chemically bonded with the reactants 

and so formed a catalytic process. 

 
Figure 1.1 A simplified catalytic cycle [5]. 

The simplified catalytic cycle, shown in Figure 1.1, describes how the binding site of the reactant 

interacts with catalyst to form an unstable intermediate which reacts further to form the products of the 
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reaction. These products are then released and the catalyst is returned to its initial state. This process 

might seem simple, but in practice is much more complicated. Catalysis classically begins with a single 

reactant molecule adsorbing onto the surface of the catalyst from the bulk reactant. This is then followed 

by migration to an active site of the catalyst where the surface reaction can take place to form products. 

The final step in this general process is desorption of the products from the active site and returning to 

the bulk [2, 3]. When a reactant molecule specifically adsorbs onto a surface and there is an interaction 

with the active site of the catalyst, typically there are three processes that can occur. These are bond 

forming, bond weakening and bond breaking, which ultimately results in the formation of product 

molecules. It is the active site that allows the reactant to react more easily and once the products diffuse 

from it, another reactant molecule can adsorb or migrate onto it and the catalytic process begins once 

again. The active site merely assists the reaction to take place on it and it, along with the catalyst as a 

whole, does not change. This feature of catalytic reactions is one of the main aspects that make them 

desirable for application. However, in practice, there are many factors in a reaction that can cause a 

catalyst to undergo chemical changes that cannot be reversed while the reaction is taking place. This can 

affect the performance of a catalyst and may result in it being undesirable for prolonged use [5, 6].  

 

 
Figure 1.2 Energy profile of an exothermic chemical reaction in the presence and absence of a catalyst 

[7]. 

 

The procedure by which a catalyst is able to speed up the rate of a chemical reaction is illustrated in 

Figure 1.2, with A being the starting material, X and Y intermediate compounds and B is the reaction 

product. In the absence of a catalyst, the energy barrier or activation energy Ea, for product formation is 

high and this results in product formation being slow, if any are formed at all by the uncatalysed reaction. 
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On the other hand, in the presence of a catalyst, the energy required for product formation is lower due 

to the catalyst lowering the activation energy required for the given reaction. This results in products 

forming at a higher rate than would be possible without a catalyst. [6, 7]. 

 

1.2 Homogeneous and heterogeneous catalysis 

Catalysis can be divided into two main categories, namely homogeneous and heterogeneous catalysis. 

In homogeneous catalysis, the catalyst and reactants are present in the same phase while the reaction 

takes place, whereas with heterogeneous catalysis, they are present in different phases. Both types of 

catalysis have distinct advantages and disadvantages that often complement each other and the key 

characteristics typically exhibited by both groups of catalysts are summarized in Table 1.1 

 

Table 1.1 A comparison of homogeneous and heterogeneous catalysis [6]. 

Characteristic Homogeneous Heterogeneous 

Active centers All metal atoms Surface atoms 

Selectivity High Low 

Reaction temperatures Low to mild(~ 50 - 200°C) Moderate to high(~≥250°C) 

Diffusion limitations Very few Mass transfer limitations exist 

Thermal stability Low High 

Cost of lost catalyst High Low 

Catalyst separation Difficult Simple, often unnecessary 

Catalyst recycling Possible Simple  

Catalyst regeneration Difficult, if possible Possible 

Application Low range of applications Wide range of applications 

 

1.2.1 Homogeneous catalysis  

Homogeneous catalysts have a higher degree of dispersion when compared to heterogeneous catalysts, 

due the the catalyst and reactant being in the same phase. This, in theory, means that each individual 

atom of the catalyst can be active, as opposed to heterogeneous catalysts, where only surface atoms are 
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active. However, the fact that the catalyst and reactant are in the same phase leads to one of the major 

disadvantages of homogeneous catalysts, namely the separation of the catalyst and reactant products. 

Heterogeneous catalysts can easily be removed from a reactor or reaction mixture, either by physically 

removing the catalyst from its location or by simple methods such as filtration or centrifuge. More 

complex processes are required for the removal of homogenous catalysts from reaction mixtures such as 

liquid-liquid extraction and distillation [5]. 

Homogeneously catalyzed processes are synonymous with high selectivity; the Monsanto acetic acid 

process is probably one of the most commonly known examples of such a process.  It involves a rhodium 

and iodide catalyzed carbonylation of methanol to acetic acid and an estimated 60% of the world 

production of acetic acid is synthesized in this way [8, 9]. Another well-known example of a 

homogeneously catalyzed industrial process is the Oxo synthesis. This involves the coupling of an olefin 

and CO in the presence of hydrogen to form an aldehyde, It originally used a [Co2(CO)8] catalyst, which 

was later modified with phosphine ligands to improve the yield of the aldehyde produced [5]. 

 

Due to the drawbacks with thermal stability, cost of catalyst loss, catalyst separation and regeneration, 

homogeneously catalyzed processes are not widely used in industry.  From an industrial point of view, 

heterogeneous catalysis is far more favourable, in particular the low cost of catalyst loss and ease of 

separation [10]. 

 

1.2.2 Heterogeneous catalysis 

Heterogeneous catalysis is suitable for large-scale, industrial applications. The reaction temperatures 

employed, thermal stability attained and ease of separation are a few of the positive characteristics of 

heterogeneous catalysts that make them advantageous for application.  Heterogeneous catalysts can be 

a variety of materials including metals, metal oxides and zeolites to name a few. Supported metal oxides 

are well known industrially in the field of heterogeneous catalysis and this will be looked at in more 

detail from section 1.6 till the end of Chapter 1. Well known processes in heterogeneous catalysis include 

the Haber and Contact processes, for the production of ammonia and sulphuric acid respectively [11, 

12]. There are numerous applications for heterogeneous catalysts, with current developments and 

discoveries only expanding the range of applications in fields such as preferential oxidation and paraffin 

activation.  
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1.3 The four tradeoffs of heterogeneous catalysis 

Ertl et al [6] described what they refer to as the 4 tradeoffs in heterogeneous catalysis, which are 

accessibility, activity, stability and the selectivity. These principles are the basis for which a catalyst can 

be designed in order to optimize the performance of the catalyst. This is, in theory, ideal but when it 

comes to actual catalyst design and performance, all four of these conditions cannot necessarily be met. 

For example, a catalyst can be more active with an increase in temperature but this may result in a change 

in stability and selectivity. Finding a balance between these parameters is key for an efficient process. 

 

1.3.1 Activity 

Activity is a measure of how fast or to what extent a reaction proceeds in the presence of a catalyst. The 

most apt measure of the activity of a catalyst is the conversion of the catalyst. Conversion is defined as 

the amount of reactant that is transformed into products during a reaction. It can be calculated based on 

moles or mass and is usually presented in the form of a percentage. The activity of a catalyst can be 

affected by many factors in heterogeneous catalysis. Temperature affects activity greatly, with an 

increase in temperature leading to an increase in the average kinetic energy of reactant molecules which 

in turn increases conversion [13]. The time that a catalyst is in contact with the reactant also affects 

conversion, a greater contact time generally increasing the conversion. There are also many other 

reaction conditions that can be altered to affect conversion, for example fuel to reactant ratios and 

catalyst particle size. From an industrial point of view, activity of a catalyst can be altered in a number 

of different ways for different catalysts and reactions.  

 

1.3.2 Selectivity 

Selectivity is assigned to individual products or groups of products from a reaction and is defined as the 

proportion of an individual product formed to all products formed from the reaction. It is usually 

calculated based on moles or mass and is also usually expressed as a percentage. For example, if a 

catalytic reaction formed only one product, that product is said to have 100 mol% selectivity. 

Selectivities can vary with changing reaction conditions and catalysts, and these are optimized to provide 

the highest selectivity toward desired products of the reaction and/or provide lowest selectivity toward 

undesired products. A selective catalyst is one that can provide a reasonably high selectivity toward 
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desired products and currently, research and industry places a greater prominence on the development 

of selective catalysts [5, 14]. 

 

1.3.3 Stability 

The stability of a catalyst is the measure of the active lifetime of a catalyst. If a catalyst loses activity, it 

is said to deactivate and any process that causes a catalyst to do so, is a deactivation process. There are 

3 major types of deactivation processes. Firstly, mechanical, which is caused by breaking or abrasion of 

catalyst particles. The impact of this deactivation is minimal as it can easily be avoided by proper packing 

of a catalyst into a reactor. Secondly, deactivation can occur physically by agglomeration or sintering in 

supported metal catalysts [12]. This results in an irreversible loss of surface area and in turn lowers the 

activity of the catalyst. The third type of deactivation that can occur is chemical deactivation that mainly 

comes about by a catalyst being poisoned by the presence of an impurity. A loss of stability can lead to 

a loss in activity of the catalyst and catalysts that cannot be regenerated will ultimately end up as waste. 

This is why there is a great demand in industry for stable catalysts with long lifetimes to avoid the 

increasing cost of catalyst that will need to be subsequently replaced and to reduce the downtime of a 

reactor.   

 

1.3.4 Accessibility 

The accessibility parameter with regards to the four tradeoffs of heterogeneous catalysis is one that can 

have a great influence on two of the other parameters, namely activity and selectivity. Accessibility 

refers to the ability of the reactant molecule to come into contact with the active site of a heterogeneous 

catalyst. A highly accessible active site improves contact time between the reactant and site, allowing 

for higher conversion to products. This will increase the activity of the catalyst, however, with this 

increased activity, the catalyst may be less selective towards desired product groups due to the large 

amounts of different products being formed. On the other hand, a catalyst with a poorly accessible active 

site may result in lower activity but improved selectivity toward desired products, ultimately improving 

the yield or production rate. 
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1.4 Industrial applications of heterogeneous catalysts  

Table 1.2 Heterogeneous catalytic processes used in various industries [5]. 

Process Catalyst Product 

Steam reforming of methane Ni/Al2O3 H2 gas and CO gas 

Haber process Fe3O4 promoted with K2O, Al2O3 NH3 gas 

Oxidation of SO2 Supported V2O5 SO3 gas 

Dehydrogenation of 

ethylbenzene 

Fe3O4 promoted with Cr, K oxide Styrene 

Oxidation of butene Supported V2O5 Maleic anhydride 

Polymerisation of ethene Cr2O3/SiO2 or Cr2O3/MoO3 Polyethylene 

Ammoxidation of methane Pt/Rh nets HCN 

Alkylation of benzene H3PO4/SiO2 Cumene 

Fischer–Tropsch Co/Fe based catalysts Hydrocarbons 

 

There are many different heterogeneously catalyzed reactions that have been commercialized into large-

scale industrial processes for the production of a wide range of industrial gases, organic chemicals and 

inorganic chemicals. The bulk of heterogeneously catalyzed industrial processes are used for the 

production of organic chemicals. A few examples of industrial processes are summarized in Table 1.2 

and a brief description of some of them follows [5]. 

1.4.1 Fischer-Tropsch 

The Fischer–Tropsch process was first developed in Germany in 1925 by Franz Fischer and Hans 

Tropsch and involves a series of chemical reactions to convert a mixture of natural gas into liquid 

hydrocarbons. Carbon monoxide and hydrogen react to produce a variety of hydrocarbons, having the 

general formula (CnH(2n+2)) formed by the reaction: 

(2n + 1)H2 + nCO → CnH(2n+2) + nH2O 
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However, there are other concurrent reactions that take place to form low amounts of alkenes, alcohols 

and oxygenated products. The bulk of products obtained are straight chain hydrocarbons, which find use 

mainly in fuels [3].  

There are many catalysts that have shown to be active for the Fischer-Tropsch process, but the most 

common commercial catalysts used are cobalt and iron-based catalysts. Iron-based catalysts are more 

widely used in industry but are less stable than cobalt-based catalysts, which have been incorporated 

into industry in the last 20 years. Both types of catalysts contain a number of promoters, such as 

potassium and copper and are supported on high surface area supports such as silica or alumina in order 

to improve catalytic performance. For commercialized Fischer-Tropsch processes, iron-based catalysts 

can operate at higher temperatures when compared to cobalt based catalysts [5, 10]. 

 

1.4.2 Fluid catalytic cracking 

Fluid catalytic cracking is widely used to convert hydrocarbon fractions of crude oil to more valuable 

products such as gasoline. Initially, cracking of hydrocarbons was carried out thermally. This has been 

replaced by catalytic cracking as it produces a higher yield of gasoline with higher octane numbers. The 

by-products of fluid catalytic cracking of hydrocarbons are also more valuable than by-products obtained 

from thermal cracking. Modern catalysts for fluid catalytic cracking are zeolite-based catalysts in the 

form of a fine powder that are highly active with good resistance to attrition and produce low amounts 

of coke [11]. 

A modern fluid catalytic cracking catalyst is made up of four major components: a zeolite, binder, matrix 

and filler [11].The zeolite is the active component of the catalyst and it can make up between 15 to 50 

weight percent of the catalyst. The catalytic sites in the zeolite are acidic sites, which form during the 

synthesis of the catalyst. In some catalysts for fluid catalytic cracking, metals such as cerium and 

lanthanum have been used to provide enhanced activity and catalyst stability. The matrix component of 

the catalyst is made up of amorphous silica. The larger pores present in the silica allow entry for larger 

molecules, which cannot fit into the zeolite and thus, enhances the activity [5, 10].  
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1.4.3 Hydrogenation 

Catalytic hydrogenation takes place when molecular hydrogen reacts with an unsaturated organic 

molecule in the presence of a catalyst [15]. Harsh reaction conditions, such as high temperatures and 

pressures, are required in order to carry out these reactions and therefore catalysts were developed in 

order to carry out these reactions under milder conditions. Catalytic hydrogenation has been well 

reported and is one of the most widely studied chemical reactions to date [14, 16]. There have been many 

advances in the field and selective hydrogenation of a mixture of organic compounds has been of interest 

in recent years [17]. 

 

1.4.4 Preferential oxidation 

Preferential oxidation has increasingly become a field of great interest lately due to a need for looking 

at alternative energy resources and one such application is the use of fuel cell technology. A fuel cell 

converts the chemical energy of fuel directly into electrical energy and is thus an electrochemical energy 

converter. It has a large potential for highly efficient power generation [18]. Currently, proton exchange 

membrane fuel cells are the most sought after type of fuel cells for use due to their low emission of 

pollutants, high power output and quick response times that lead to it having enhanced capabilities and 

performance over other types of fuel cells [19]. This type of fuel cell uses hydrogen as a fuel and at 

present, hydrogen production takes place mainly from the reforming of natural gas, followed by the 

water gas shift reaction [20]: 

CH4 + H2O → CO + 3H2                                               ΔH298K = +206 kJ/mol 

CO + H2O → CO2 + H2                                                       ΔH298K = -36 kJ/mol 

The drawback to this process  is that due to the thermodynamic factors of this reaction, CO is produced, 

which can adsorb onto the active site of the electrodes present in the fuel cell and  lead to a loss of cell 

productiveness.  

Chronic exposure to CO, even in low concentrations, can also lead to electrode degradation. This results 

in a need for preferentially oxidizing CO to CO2 in hydrogen rich streams, as CO2 does not poison the 

electrodes present in the fuel cell [21]. This need for purifying the feed gas to the fuel cellhas sparked 
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great interest and research into preferential oxidation, since it is closely related with developments in the 

field of alternative energy. 

Noble group metals were looked at earlier for preferential oxidation of CO [22], however, later research 

showed that supported transition metal oxides such as Pt, Rh and Ru had promising results [23-25], with 

Marino et al. [26] reporting that Pt catalysts have been widely looked at for this type of reaction. 

However, due to the interest in fuel cell technology only sparking greater interest in recent years, 

research into preferential oxidation has grown greatly and intense research is on-going. 

 

1.4.5 Paraffin activation 

Alkanes or paraffins are saturated hydrocarbon molecules with the general formula CnH2n+2 and are 

known to be less reactive than the subsequent alkene (CnH2n) and alkyne (CnH2n-2) molecules [27, 28]. 

Alkanes are largely produced as by products in coal-to-liquid, gas-to-liquid and petrochemical plants 

worldwide and with the number of these plants increasing each year, more and more of these alkane 

compounds are being produced [29]. Branched alkanes can be used in fuels due to their high octane 

numbers but the octane numbers of linear alkanes are low and as a result find less use in fuels.  Instead, 

these compounds can be used as feedstocks for other industrial processes.  

Aromatic, oxygenated and olefinic compounds are well known feedstocks for many industrial processes 

[30]. However, these compounds are far more valuable than alkane molecules, which are precursors to 

these compounds. This has led to research into paraffin activation to develop catalysts that can convert 

alkanes to these value added products so that they can be replaced as feedstocks for various industrial 

applications. There has been extensive research carried out in paraffin activation, which will be discussed 

further on in this chapter, but the field is still vast and some areas unexplored. There can still be some 

uniqueness and novelty found in this field of heterogeneous catalysis, while still having substantial 

knowledge from previous research endeavors. This sense of further exploration has given impetus to this 

study. 
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1.5 Diverse processes of heterogeneous paraffin activation  

1.5.1 Cracking 

A simplified method of converting paraffins is via cracking. This is a process whereby the paraffin 

molecule is broken down into smaller molecules. For example, if a long chain linear paraffin molecule 

with carbon chain length of 6 or greater was broken down into smaller, shorter chain paraffin molecules, 

such as ethane, propane or butane, the reactant molecule is said to have “cracked” due to this break 

down. The cracking of paraffin compounds can either take place thermally or chemically. Thermal 

cracking takes place when the molecule is broken down using high temperatures. Chemical cracking 

takes place catalytically, where the molecule is broken down in the presence of a catalyst [5]. For 

example, the acid catalyzed cracking of hydrocarbons can take place via the following general reaction 

[31].  

CnH2n+2 + H+ → CxH2x+2 + Cn-xH+
2(n-x)+1                                 (where x<n) 

 

1.5.2 Dehydrogenation 

The catalytic dehydrogenation of paraffin molecules takes place anaerobically via the following general 

reaction: 

CnH2n+2 →CnH2n + H2 

These processes have been in existence on an industrial scale from the 1930s, an example being the UOP 

Pacol process for the production of linear olefins from paraffins [32]. The reaction involves removal of 

H2 from an alkane molecule and as a result an alkene is formed. In some cases, the alkene may cyclise 

to form an aromatic ring, but this would depend on the nature of the catalyst present and the reaction 

conditions. There are many catalysts that have been reported to show high yields of desired products 

from the dehydrogenation reaction of paraffin molecules [33-35].  

The products of dehydrogenation reactions of paraffins are olefin and aromatic compounds, which are 

known to be more reactive than the paraffin precursors due to the electron rich double bonds present in 

these molecules. This is one of the major drawbacks with dehydrogenation reactions. Others include the 

reaction being endothermic and requiring large amounts of energy input on an industrial scale. The high 
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temperatures required for dehydrogenation reactions also lead to cracking taking place as unwanted side 

reactions.  

Coke formation is also more apparent with dehydrogenation reactions, which result in regeneration steps 

being required [32]. With environmental awareness and energy efficiency being major concerns 

currently and the high energy input required for dehydrogenation reactions, among other factors, 

dehydrogenation was not considered as an appealing pathway for the activation of paraffins.  However, 

the desirable reaction products and high yields obtained from dehydrogenation could not be ignored. 

This suggested an investigation into oxidative dehydrogenation as a method for paraffin activation. 

 

1.5.3 Oxidative dehydrogenation 

The oxidative dehydrogenation of paraffin molecules takes place via the following general reaction: 

2CnH2n+2 + O2→ 2CnH2n + 2H2O 

The products of these reactions are olefin compounds and water, with the olefins formed being able to 

react further to aromatic compounds.  There are numerous advantages to oxidative dehydrogenation 

reactions when compared to dehydrogenation reactions. These reactions are exothermic and would not 

require the high energy input required by commercialized dehydrogenation reactions. This makes it 

appealing industrially from an economic and green chemistry point of view. Coking is also minimal, 

which makes commercialization of these types of reactions more desirable [36]. However, certain 

negatives to oxidative dehydrogenation need to be noted. Side reactions are more apparent, with carbon 

oxide formation being the most prevalent unwanted side reaction [37]. However, the potential benefits 

of oxidative dehydrogenation of paraffin molecules far outweigh the drawbacks and there is a great 

demand for industrial applications. This has lead to research and development into trying to produce 

catalysts that can provide high selectivities toward desired products at reasonable conversions while 

hindering the formation of unwanted side reactions such as carbon oxides. There are still areas that are 

far off the mark, but the overall aim is to establish a system that is suitable for the oxidative 

dehydrogenation of paraffin molecules. 
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1.6 Previous research on oxidative dehydrogenation of paraffin molecules 

Paraffin activation has been widely researched globally, particularly with oxidation and oxidative 

dehydrogenation. This is guided primarily by the need for stable catalysts that can be commercialized 

that provide good activity and high selectivity toward desired products. There has been extensive work 

done all around the world in the oxidative dehydrogenation of paraffin molecules. There are numerous 

studies by various academic and industrial groups globally looking at alkane activation via oxidative 

dehydrogenation providing a wealth of knowledge. 

Friedrich and co-workers have studied various catalytic systems for paraffin activation via oxidative 

dehydrogenation. These include transition metal promoted VPO, VMgO, hydrotalcite-like compounds, 

molybdates and many other catalytic systems. [9, 29, 30, 34, 38-52].Activation of n-butane [38-43] was 

initially looked at first by this research group, due to the commercial production of maleic anhydride 

from this linear alkane [5].The choices of catalysts at the time were Co, Fe and Ru promoted VPO 

catalysts for the activation of n-butane, with the desired target product being maleic anhydride. The best 

results found was a 32.85% yield to maleic anhydride obtained with a Co promoted VPO catalyst and 

this was found while varying reaction parameters, such as space velocity and temperature [39].  

Pillay et al., Friedrich and co-workers used nickel molybdate catalysts for n-hexane activation [29, 45] 

and used different reaction conditions to promote selectivity toward hexenes. Contact time, flammability 

limits, oxidant ratios and nitrogen dilution were factors investigated, with results obtained showing 55% 

selectivity towards hexenes, 27% of which was 1-hexene. 

Mahomed and Friedrich [47] studied n-octane activation with hydrotalcite-like compounds containing 

Mg/V which showed enhanced selectivity towards styrene. They were also able to infer and propose a 

mechanism for styrene formation based on the dehydrogenation of ethylbenzene. Chetty and Friedrich 

[9] looked at the effect of varying weight loadings of vanadium in VMgO catalysts and the effect of 

promoters with the activation of n-hexane and n-octane. Their work showed that metal weight loading 

plays a critical role in catalytic activity and weight loading needs to be optimized for a catalyst system. 

They found a weight loading of 19% V2O5as the optimum, since higher weight loadings showed a loss 

in activity. Weight loadings lower than 19% showed lower conversion of n-hexane when compared to 

the catalyst containing 19 wt% catalyst, at the temperatures where complete conversion of n-hexane was 

not observed. This catalyst was chosen to be promoted with other metal oxides, e.g. Te and Mo. Makatini 

and Friedrich [51] looked at mixed metal oxide catalysts using MoVTeNbO catalysts, following work 
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by Lopez-Nieto et al. [53, 54]. Vanadium content and reaction conditions were manipulated to find the 

highest conversion and selectivity toward oxygenated products, in this case methanol, with a selectivity 

of 12%. Ekhalifa and Friedrich [49] looked at the effect of varying reaction parameters such as carbon 

to oxygen ratio on the activity and product selectivity with a 15 wt% VMgO catalyst that showed good 

selectivity toward olefin and aromatic products. This research effort showed that reaction parameters, 

such as n-octane to oxygen ratio, can influence activity and selectivity greatly.  

Hutchings and co-workers have made great contributions to research in catalysis and in particular alkane 

activation. They studied many diverse catalytic systems starting initially with short chain paraffins and 

moving to longer chains [55-63].  In terms of higher linear alkanes, work was done and published 

primarily on n-decane [62, 63]. Iron molybdate catalysts were found to be effective at 350ºC for 

producing oxygenated aromatics from n-decane [62], whereas ceria based catalysts provided enhanced 

selectivities toward alcohols under relatively mild reaction conditions [63]. 

Lopez-Nieto et al. have also made a significant impact in the field of oxidation catalysis, especially in 

the oxidation of lower paraffins [53, 54, 64-68].Using vanadium based and supported vanadium 

catalysts, they have shown that the acid-base properties and redox nature of a catalyst directly influences 

a catalyst’s performance for alkane activation.  

Cavani and Trifiro [69] have studied the redox properties of mixed metal oxide systems by looking at 

the selective oxidation of C1 – C5 linear paraffins, with focus on gas phase interaction at the support 

surface. They found that the factors that affect catalytic performance where structural defects, concurrent 

effects of different phases, the meta lto oxygen bond strength and redox properties of the active sites. 

Corma et al. [70-73] have looked at microporous materials, mesoporous material and zeolites for their 

use in selective oxidation. This research looked into shape selective catalysis and Corma’s work delved 

into tackling some of the issues within this field, also using materials with large pores so that it could 

handle bulkier reactants [70].  

Supported transition metal oxides have been widely reported and these types of catalysts have been 

effective for the oxidative dehydrogenation of n-octane, as shown by Friedrich and co-workers, which 

is why this type of catalyst was chosen. However, the use of high surface area, mesoporous supports like 

SBA-15 with transition metals have been less reported for the oxidative dehydrogenation of n-octane. 

Furthermore, certain metal oxides such as manganese oxide have also been less studied, being the reason 

to choose this type of catalyst.  
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1.7 The choice of SBA-15 as a catalyst support 

Ordered mesoporous silica based solids have become a widely researched group of materials since the 

disclosure of the M41S family in1992 [74, 75]. Since then, a great deal of work has been done to 

synthesize a wide range of mesoporous materials with different frameworks, pore sizes and shapes, with 

MCM-41 and SBA-15 being 2 examples of such materials [76, 77]. SBA-15 is a high surface area, well 

ordered arrangement of SiO2 synthesized in an acidic medium. It is a mesoporous silica that has a regular 

arrangement of open channels, hexagonal mesopores as well as thicker silica walls and higher thermal 

stability when compared to MCM-41 [76]. It has been reported to possess weak acidity on its amorphous 

silica wall [78] and has been discovered due to research into molecular sieves for applications in 

separations and catalysis [79]. The desirable properties of SBA-15 such as high surface area, high 

thermal stability, well ordered mesoporous structure, open channels and relatively thick silica walls 

make it suitable for use as a catalyst support. A generalized structure of SBA-15 with ordered, open 

channel pores of even diameter was first reported by Samran et al. [80], shown in Figure 1.3. 

 

Figure 1.3 3D arrangement of silica channels and hexagonal structure in SBA-15 [80]. 

 

SBA-15 has been used in a number of different applications in the field of heterogeneous catalysis, such 

as molecular sieves or catalyst supports for different heterogeneous catalysis reactions. The most 

common method for the synthesis of SBA-15 was developed by Stucky and co-workers [76] using an 

amphiphilic triblock copolymer as structure-directing agent in highly acidic media and based on a 

hydrothermal treatment method. However, once this material was developed there was still a large 

amount of research put in to manipulating the properties of SBA-15 in order to make it more effective 

in its application. Colilla et al. [81] showed that using different mixtures of H3PO4 and HCl to obtain 

acidic media would provide different surface areas based on the mixtures used.  Stucky and co-workers 

[82] also found different methods of synthesis that provided different morphologies for SBA-15.  Samran 
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et al. [80] also developed a novel room temperature approach to SBA-15 synthesis from silatrane. In 

addition, SBA-15 modified with transition metals Al [83], Fe[77, 84], Ti [85], and Ga [86] into the 

framework by direct synthesis or post grafting has been extensively studied as a novel approach to alter 

the acid/base properties of the support.  

SBA-15 was used as a support for heterogeneous catalysis, in particular with transition metals. 

Vasiliadou et al. [87] used SBA-15 as a support for copper catalysts for the hydrogenolysis of glycerol 

to propylene glycol. They showed that the dispersion of Cu on the support directly affected the 

conversion, whereas selectivities between 92 – 97% towards propylene glycol was achieved for all 

supported catalysts. Huang e. al. [88] used incipient wetness impregnation to load Fe on SBA-15. The 

structure of the support remained after impregnation, as shown by low angle XRD and N2 adsorption-

desorption isotherms. The Fe/SBA-15 catalyst was found to be active for the ozonation of dimethyl 

phthalate in aqueous solution. 

Lou et al. [89] also used impregnation to support molybdenum oxides on SBA-15 as catalysts for the 

oxidation of ethane. This study again showed that the structure of SBA-15 was maintained, even with 

weight loadings as high as 9.5 wt%. However, for a 15.4 wt% MoOx/SBA-15 catalyst various 

characterizations techniques showed changes in the SBA-15 framework, which suggested that too high 

weight loadings may destroy the SBA-15 framework. Wet impregnation was the common method of 

supported metal oxides on SBA-15. Ressler et al. [90] also used wet impregnation to prepare 

MoOx/SBA-15 catalysts for the selective oxidation of propene.  On the other hand, Melero et al. [91] 

used a co-condensation method to synthesize molybdenum containing SBA-15 catalysts for the 

epoxidation of olefins. These catalysts showed different characterization results indicative of Mo 

incorporated in the SBA-15 framework. 

In terms of oxidative dehydrogenation, Dinse and co-workers [92] used SBA-15 supported vanadia 

catalysts for a kinetic investigation on the oxidative dehydrogenation of propane.  These catalysts were 

prepared by a grafting ion-exchange procedure that incorporate the vanadium species into the silica 

matrix and resulted in high dispersion of the metal throughout the support. This type of catalyst worked 

well for the kinetic investigation due to its predictable reaction behavior.  

SBA-15 is a well-used support for many different catalytic applications. Its desirable properties make it 

appealing as a support and it has been well reported to be used with transition metals. The use of SBA-
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15 as a support with a transition metal oxide is not well reported which provided an opportunity to 

explore SBA-15 in higher paraffin activation. 

 

1.8 Manganese in heterogeneous catalysis 

Manganese is well known for having the most number of stable oxidation states from the first row 

transition metals. These large number of stable oxidation states enhance the reductive and oxidative 

properties of a catalyst incorporating Mn and thus making it easier to manipulate its redox potential, 

serving as a better redox catalyst [69]. 

Manganese oxide was used as a catalyst itself by Sun et al. [93] for the combustion of dimethyl ether. 

This reaction was used to probe the effect of different crystalline phases of manganese oxide, namely α-

, β- and γ-, with the α-MnO2possessing a nanorod shape showing enhanced catalytic activity.  

Unsupported Mn3O4 has also shown good catalytic activity in many reactions, for example, the selective 

reduction of nitrobenzene to nitrosobenzene [94, 95]. Kung and Mcbride [96] also described the 

oxidation of hydroquinone in aqueous solutions of Mn3O4at pH 6. Lamaita et al. [97] also used 

synthesized MnO2 for the complete oxidation of ethanol to carbon dioxide and water. They showed that 

the catalytic activity of the MnO2 prepared by MnCO3 decomposition and oxidation of acid MnSO4 

solution was better than β-MnO2 and Mn2O3 due to the presence of Mn3+ and Mn4+ ions and OH species 

generated by Mn4+ vacancies. 

Supported manganese oxide catalysts have also been used in many types of catalytic reactions. Wang et 

al. [98] supported Mn3O4on alumina by wet and dry impregnation. They found that manganese acetate 

was an effective precursor salt in order to obtain an effective dispersion of manganese oxide throughout 

the high surface area alumina support.  They also found from TPR that the state of dispersion was 

affected by some factors in catalyst preparation, e.g. drying rate and decomposition period.  

Boot et al. [99] prepared zirconia supported cobalt and manganese oxide catalysts for the 

dehydrogenation of 1-butene to 1, 3-butadiene. Good dispersion was obtained by using a pre-shaped 

zirconia support and by a preparation method using complex organic precursors. It was also found that 

the Co and Mn catalysts had similar behavior in terms of catalytic performance. For the oxidative 

dehydrogenation of propane to propene, Cadus and Ferretti [100] used manganese oxide catalysts 

impregnated with molybdenum. They found that surface area of the catalysts decreased with increasing 
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amounts of molybdenum and different Mn-Mo phases were found with XRD with increased Mo content. 

Catalysts with greater Mo content however did show the best activity. Zhou et al. [101] prepared a series 

of manganese oxide octahedral molecular sieves for the oxidative dehydrogenation of ethanol. They also 

doped these sieves with various first row transition metals, with the Co doped sieves showing the best 

activity. 

Manganese has also been widely used with SBA-15 in previous research in a number of different 

catalytic studies [102-111]. Rosal et al. [102] used the minimum volume method to synthesize 

MnOx/SBA-15 catalysts and compare them to MnOx/Al2O3 catalysts for the catalytic ozonation of 

atrazine and linuron in a fixed bed reactor. Both catalyst types were found to have no effect on the rate 

of the hydroxyl-mediated ozonation as this process was found to be a non-catalytic one which took place 

in a homogeneous phase. However, the MnOx/SBA-15 catalysts did significantly increase the ozone 

decomposition rate. 

Zhang et al. [103] prepared a series of SBA-15 catalysts promoted with noble and 3d-transition metals, 

including Mn, via an impregnation method for the catalytic combustion of acetonitrile. The XRD 

patterns obtained showed no metal oxide peaks present and this in combination with N2 

adsorption/desorption analyses showed that the structure of SBA-15 remained intact after impregnation 

for all catalysts. For this study, Cu proved to be the most effective metal. Tang et al.[104] prepared SBA-

15 modified with manganese pyrazolyl pyridine complexes by a covalent grafting method for the 

catalytic epoxidation of terminal alkenes. Testing showed that these catalysts were effective for a wide 

range of alkenes, including terminal ones. For these catalysts, FT-IR, Raman spectroscopy and XRD 

clearly showed the manganese complexes present on the SBA-15 support, with the support framework 

maintained. 

Satish-Kumar et al. [105, 106] described a synthesis method for incorporation of manganese into the 

SBA-15 framework. This was done by pre-hydrolyzing the silica precursor(tetraethyl orthosilicate) and 

manganese salt above the isoelectric point of silica, whilst employing triblock copolymer as the template 

for the structure.  The effect of washed and unwashed samples as well as pH of synthesis was looked at, 

with higher pH resulting in more of the Mn being incorporated.  Tang et al. [107] used a controlled post-

synthesis grafting method to prepare manganese oxide catalysts supported on SBA-15 for the catalytic 

epoxidation of trans-stilbenzene. The transmission electron micrographs in this study clearly showed 

the well-ordered structure and hexagonal mesopores of SBA-15, with the manganese oxide particles 

clearly present after the grafting synthesis.  
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Tsoncheva et al. [108] used incipient wetness impregnation to prepare a range of copper and manganese 

oxide SBA-15 catalysts for the oxidation of ethyl acetate and the decomposition of methanol. They found 

that the ordered mesoporous structure of SBA-15 facilitates the interaction between different metal oxide 

nanoparticles and increases their dispersion but ethyl acetate oxidation was suppressed due to the lower 

accessibility of the metal oxide particles, which were located in the pores of the support.  Visuvamithiran 

et al. [109] also synthesized a bimetallic Mn-Ti-SBA-15 catalyst for the oxidation of ethylbenzene using 

a hydrothermal method with pH adjustment. A combination of various characterization techniques 

showed the incorporation of both metals into the framework of the support without affecting the 

mesoscopic nature of the material.  

Benzene oxidation with ozone was also looked into using MnOx/SBA-15 catalysts by Jin et al. [110]. 

The effect of nitrate and acetate precursor salts were looked at and it was found that the precursor salts 

directly affected the particle size and dispersion of the manganese oxide particles on the support, with 

the acetate precursor yielding smaller particles and a higher dispersion, ultimately resulting in a more 

active catalyst. Pérez et al. [111] also presented a similar study, looking into the effect of precursors on 

the synthesis and activity of MnOx/SBA-15 catalysts for the complete oxidation of ethyl acetate. They 

found that the manganese oxide dispersion depended on the precursor, however the metal oxide particles 

were deposited on the surface as well as inside the pores for all precursor salts used. The most active 

catalyst was found to be the one with Mn4+/Mn3+ pairs. 

Manganese oxide catalysts supported on SBA-15 have not been looked into for the oxidative 

dehydrogenation of n-octane and due to the novelty of this work and potential industrial impacts, this 

was deemed a unique research endeavor. However, there can be further unique aspects to this work. 

Since SBA-15 has a well ordered structure, different synthesis methods were used to specifically prepare 

two groups of catalysts. The first would contain metal oxide atoms on the surface of the SBA-15 support 

and the second would contain metal oxide atoms in the pores of the SBA-15 support. These two groups 

of catalysts were compared and the effect of the metal oxide position with respect to the SBA-15 support 

was determined.  
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1.9 Aim and objectives of study 

The amount of long chain linear paraffins produced as by-products from coal to liquid and gas-to-liquid 

plants worldwide is increasing annually. A process that is able to convert paraffins to more valuable 

products or compounds that are feedstocks for industrial process would be of great interest. Oxidative 

dehydrogenation has been an effective route for production of these compounds from paraffins. 

Oxidative dehydrogenation of n-octane will be looked at using manganese oxide supported on SBA-15 

catalysts. 

The main objectives of this study were: 

1. To synthesize and characterize of SBA-15 and manganese oxide supported on SBA-15 catalysts. 

2. To explore the influence of pellet particle size, gas hourly space velocity, carbon to oxygen molar 

ratios on conversion of n-octane and selectivity of octene isomers and aromatic compounds and to 

evaluate the stability of the catalyst. 

3. To investigate the effect of varying the weight percentage of manganese and to establish the effect of 

the active site position for the oxidative dehydrogenation of n-octane. 
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Chapter 2 

Experimental Procedure 

There were various chemicals and reagents used for the synthesis, characterisation and catalytic 

testing of the support and catalyst, as shown in Table 2.1. 

Table 2.1 List of reagents used. 

Reagent Supplier Grade / Purity 

Pluronic P123 copolymer Sigma-Aldrich  >98% 

NH4F Sigma-Aldrich >98% 

Acetone Merck >98% 

Manganese Nitrate solution Polychem supplies 50% 

HNO3 SaarChem AR 

HCl SaarChem AR 

Tetraethyl Orthosilicate Sigma-Aldrich >98% 

HF SaarChem AR 

n-Octane Merck >98% 

Carborandum powder (24 grit) Promark Chemicals - 

Sodium Carbonate Sigma-Aldrich >98% 

Mn 1000 ppm ICP standard Polychem supplies AR 

Si 1000 ppm ICP standard Polychem supplies AR 

 

 

2.1 SBA-15 synthesis 

This synthesis was carried out according to a previously reported method by Stucky et al. [76] and 

Pitchumani et al. [112]. For the synthesis, 14.8 g of pluronic P123 copolymer was used. This polymer 

(containing ethylene oxide and propylene oxide in the ratio EO20–PO70–EO20) was dissolved in 535 mL 

of 1.3 M HCl. This solution was stirred for 1 h at 1000 rpm. To this solution 0.161 g of NH4F was added 

and then 30 ml of TEOS was added drop-wise over a period of 10 minutes. The solution was left to stir 

for 24 h and thereafter was transferred to a sealed container, with a stirrer bar and placed in an oil bath 

maintained at 100 °C for 24 h. The resulting product was recovered by filtration after cooling and washed 
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with 80 ml acetone, to give a white powder. The powder was then calcined under flowing air at 550 °C 

for 5 h. 

2.2 Catalyst synthesis by wet impregnation 

The synthesis of the 2 wt% catalyst was done using 4.0049 g of SBA-15 and 50 ml of double distilled 

water, which was stirred for 30 minutes at 500 rpm. To this, 2.1248 g of manganese nitrate solution 

added over a period of 10 minutes, stirred for 6 h at 500 rpm and then heated to dryness at 100 °C. The 

paste that formed was placed in an oven at 100 ºC overnight. The brown powder obtained was calcined 

under air for 5 h at 550 ºC. The mass of manganese solution used was varied to obtain the desired weight 

loading for the 5 and 9 wt% catalysts. 

 

2.3 Catalyst synthesis by deposition precipitation 

For the synthesis of the 2 wt% catalyst, the following procedure was used. 2.009g of SBA-15 in 50ml 

of double distilled water was stirred for 30 minutes at 500 rpm. The pH was adjusted to between 7 and 

8 with saturated Na2CO3 solution. To this, 1.0611g of manganese nitrate solution was added over a 

period of 10 minutes. The solution was stirred for 6 h at 500 rpm and the pH was maintained between 7 

and 8.  The excess sodium was washed off with HCl. The solution was heated to dryness at 100 °C and 

the paste that formed was placed in an oven at 100 ºC overnight. The brown powder was calcined under 

air for 5 h at 550 ºC. The mass of manganese solution used was varied to obtain the desired weight 

loading for the 5 and 9 wt% catalysts. 

 

2.4 Catalyst characterisation  

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was carried out using a Perkin 

Elmer Precisely Optical Emission Spectrometer Optima 5300 DV. This was used to determine the 

weight percentage of metal loading of all the catalysts.  The samples were prepared using a mixture of 

hydrofluoric acid (HF), nitric acid (HNO3) and hydrochloric acid (HCl) in the ratio HF:HCl:HNO3 = 

4:3:1 in order to dissolve the samples. The standards were prepared from a 1000 ppm ICP standard 

(Sigma-Aldrich). 
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Powder X-ray diffraction (XRD) was carried out using a Bruker D8 Advance XRD diffractometer 

employing Cu Kα radiation (λ = 1.5406 Å).  The samples were analyzed as fine powders, which were 

ground prior to analysis.  The diffractometer operated at 40 kV and 40 mA with a scanning rate of 0.5 ° 

min-1 slit (in 2θ) and divergence slit and scatter slit widths of 1°. In situ XRD was carried out with 5 % 

H2 in N2 at a flowrate of 30 mL min-1 in order to obtain a reducing environment.  The temperature was 

ramped at a rate of 1 C min-1 till 600 C and thereafter was cooled to 100 C.  The instrument was then 

purged with N2 for 2 h at 100 C to remove any H2 present.  Thereafter, air was used at a flowrate of 30 

mL min-1 and a temperature ramp of 1 C min-1 until 600 C for re-oxidation.   

A PerkinElmer Spectrum 100 Fourier Transform – Infrared (FT-IR) fitted with a universal attenuated 

total reflectance (ATR) sampling accessory, equipped with a diamond crystal, was used to record 

infrared spectra.  The powdered samples were placed on the crystal and a force (120 Gauge) was applied 

to ensure proper contact between the sample and the crystal while the sample was analyzed. Spectrum 

software was used to analyze the data obtained. 

N2 adsorption and desorption isotherms was obtained using a Micromeritics Tristar instrument. Based 

on these isotherms and using the BET equation, the surface area, pore volume and pore diameter values 

were calculated. Prior to analysis, the samples were degassed overnight at 200 °C under nitrogen flow 

using a Micromeritics FlowPrep 060.  The degassed samples were cooled to room temperature before 

further analysis.   

Transmission electron microscopy (TEM) images of the various catalysts were obtained using a Jeol 

JEM-1010 electron microscope.  The images were captured using iTEM software.  Sample preparation 

was carried out by suspending the sample on a formvar coated copper grid using acetone. 

The scanning electron microscopy (SEM) analysis was carried out on a Zeiss Ultra Plus Field Emission 

Gun SEM with a secondary electron detector and was analyzed with Smart SEM software.  Prior to 

analysis, samples were mounted on aluminium stubs with double-sided carbon tape.  EDX analysis was 

carried out using a Jeol JSM-6100 scanning microscope fitted with a Bruker EDX detector and was 

analyzed using Esprit 1.8 software. All samples were carbon coated using a Jeol JEE-4C vacuum 

evaporator prior to analysis.  

H2-temperature programmed reduction (TPR) and O2-temperature programmed oxidation (TPO) 

analyses were carried out with a Micromeritics 2920 Autochem II Chemisorption Analyzer.  Samples 

were placed on quartz wool located in a U-shaped quartz tube and sample preparation was done in the 
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instrument and included argon flowing at a rate of 30 mL min-1 until 350 °C, which was obtained with 

temperature ramping rate of 20 °C min-1.  Firstly, H2-TPR was done and the sample was reduced using 

5 % H2 in argon flowing at a rate of 30 mL min-1, whilst the temperature was linearly increased from 80 

°C to 1000 °C at a rate of 10 °C min-1.  The amount of hydrogen consumed was measured by a thermal 

conductivity detector (TCD) and a plot of TCD signal vs. temperature was used to determine the 

reduction peaks of the catalyst. After TPR, the sample chamber was cooled to 80 °C and then the TPO 

procedure began, with the temperature being increased to 1000 °C at a rate of 10 °C. min-1 while 5% O2 

in argon was passed through it at a rate of 30 mL min-1.  

Raman spectra were obtained using a Delta Nu Advantage 532 instrument, with the laser source 

operating at 532 nm and controlled by NuSpec software. Fine powder samples were loaded into a clean 

quartz tube and placed into the sample holder of the instrument which operated at 22 ºC, the controlled 

temperature of the room. Analysis parameters were optimised based on number of scans and time-per-

scan until clear peaks were observed on the spectra.  

Oxygen chemisorption was carried out using a Mircomeretics ASAP 2020 Chemisorption analyser. 

Before sample analysis, catalysts were degassed using a Micromeritics VacPrep 060 under vacuum in 

nitrogen at 200 ºC overnight. The samples were then reduced in the instrument under flowing hydrogen 

at 30 mL min-1 for 3 h at 450 °C and then flushed at the same temperature for 30 minutes with helium at 

30 mL.min-1. Oxygen was passed at 30 mL min-1 through the sample for 3 h until saturation of the sample 

was attained. The oxygen uptake was quantified using a TCD detector. 

 

2.5 Reactor Design 

Figure 2.1 shows a schematic of the reactor used. Gas delivery was done through ¼ inch copper tubing 

and was regulated to 100 kPa using mini-regulators, while the individual flow rates were carefully 

controlled using rotameters calibrated for the specific gas used. The feed delivery lines after the 

rotameters were made using 316-grade ¼ inch stainless steel tubing connected using Swagelok fittings 

of the appropriate size. The feed was sent in via a High Performance Liquid Chromatography (HPLC) 

pump that was calibrated for n-octane delivery and the mass delivered was monitored via a 3 decimal 

place balance. The feed was vaporised in the delivery lines to the reactor tube which were heated to 200 

°C using heating tape controlled by a CB-100 temperature controller with internal relay output. 
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The reactor itself was a ½ inch (internal diameter) stainless steel tube (316-grade), 35 cm in length. This 

was placed in a copper heating block of 30 cm length and was heated using a cylindrical heating 

 
Figure 2.1 Schematic of reactor used [49]. 

 

element that served as a furnace. The block was insulated using glass wool and covered in a stainless 

steel jacket. The heating of the reactor block was controlled by a CB-100 temperature controller 

equipped with a solid state relay. The product line from the reactor was connected to a 150 mL sample 

cylinder containing a needle valve. This was cooled to ~ 2 °C to assist the condensation of the gaseous 

products. All gaseous products that did not condense were vented via a Ritter wet gas flow meter which 

monitored the volume of gas produced over a given time period. 

 

The reactor tube cross section shown horizontally in Figure 2.2 was situated vertically in the heating 

block and was used to hold the catalyst at the hottest point or “hot-spot” of the heating block, which was 

found to be approximately 12 cm below the top of the heating block. Catalyst pellet particles were held 

in place using glass wool on either side. The catalyst was first ground and then packed together in a dye-

press to for a pellet. The pellets were then sieved to the required size (300 – 600 and 600 to 1000 µm) 

to form catalyst particle pellets. The reactor tube was then filled with inert carborundum powder and 
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glass wool as a stopper at each end of the reactor tube. The internal temperature of the reactor tube was 

monitored via a thermocouple inserted into the catalyst bed and covered by a stainless steel thermocouple 

jacket. 

 

 

 

 

 

 

 

 

Figure 2.2 Schematic of reactor tube used [49]. 

 

Before catalytic testing, the reactor system was pressurised to 1 bar to check for leaks. The pressure was 

maintained overnight to ensure no leaks were present. The pressure was then released and the gasses 

were set to their required flow rates. Thereafter, the reactor block and heating tape were taken to their 

required temperatures for the reaction in 50 °C intervals. Once the adequate temperature was reached, 

the pump was started and the feed was introduced into the system. The pump was allowed to equilibrate 

for 2 hours, after which time the sample cylinder was drained and a run was initiated. Reaction time was 

2 hours per run at each temperature window and after this time, the sample cylinder was emptied, with 

the collect liquid used for product analysis. All catalytic runs were done in duplicate or more to ensure 

reproducibility of results.  

 
2.6 Product Analysis 

Both organic liquid and gas samples were collected from the reaction and product analysis was carried 

out by a gas chromatograph. The GC used was a Perkin Elmer Clarus 580 with a 30 m PONA column 

and an FID detector to quantify organic products while a Perkin Elmer Clarus 400 GC fitted with a 30 

m Supelco Carboxen column and TCD detector was used to quantify carbon oxides formed. Gas samples 

were injected using a SGE gas-tight syringe. GC-MS analysis was carried out on a Perkin Elmer Clarus 

500 using a 50 m PONA column, to identify unknown products that formed during the reaction.  

     

Direction of flow Carborundum powder 

Glass wool Catalyst 
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Chapter 3 

Characterisation 

3.1 Wet impregnation and deposition precipitation catalyst characterisation 

3.1.1 Inductively coupled plasma – optical emission spectroscopy 

 

ICP - OES analysis was used to confirm the amount of metal oxide present on the support and to 

determine the metal loading. For the catalysts prepared by wet impregnation, ICP confirmed the weight 

loadings as 2, 5 and 9 wt% which were denoted as 2W, 5W and 9W. For catalysts prepared by deposition 

precipitation, weight loadings of metal oxide were confirmed at 2, 5 and 9 wt% and these catalysts were 

denoted as 2D, 5D and 9D respectively. The exact weight loadings are listed in Table 3.1. 

 

Table 3.1 Weight loading of metal oxide for all catalysts prepared. 

Catalyst  Weight loading / % 

2W 2.12 

5W 5.09 

9W 9.23 

2D 1.98 

5D 5.11 

9D 9.07 

 

 

3.1.2 Fourier Transform - Infrared 

Table 3.2 Band assignment for support and catalysts. 

Wavenumber / cm-1 Assignment  

3300 υ OH (H2O) 

1050 υas(Si-O-Si) 

790 υs (Si-O-Si) 

630 υs (Mn-O-Mn) 

440 δ (Si-O-Si) 
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Table 3.2 shows the dominant band assignment for the support and all the catalysts. It was found that all 

catalysts showed strong peaks at the same wavenumber values as shown in Table 3.1. The peaks at 3300, 

1050, 790 and 440 cm-1 can be attributed to characteristic peaks of SBA-15, as also seen by Perez et al 

[111]. The peaks at around 630 cm-1 was seen for all catalysts but not the support and was assigned as 

the Mn-O-Mn stretching peak.  

 

3.1.3 Raman spectroscopy 

 

Raman spectroscopy (Figure A9 in Appendix) showed no significant peaks for the SBA-15 support. All 

catalysts showed two peaks at 480 and 810 cm-1 which correspond to the Mn-O-Mn bending and 

stretching peaks respectively [107].  

 

Both FT-IR and Raman analyses suggest that the SBA-15 support was synthesised correctly and there 

is a phase of manganese oxide present for all catalysts, however, these techniques do not give further 

information as to the type of phase present. Other characterisation techniques were thus utilised to 

establish the phases of manganese oxide present as well as its distribution on the support.  

 

3.1.4 XRD 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Powder XRD analysis of 2W and 2D catalysts. 

   

 Mn3O4 
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The powder XRD of the 2W and 2D catalysts are shown in Figure 3.1. The dominant phase present in 

both groups of catalysts was Mn3O4 at room temperature indicated by the peaks at 2θ angles of 33º, 37º 

and 55º corresponding to d-spacing values of 2.73, 2.42 and 1.67 Å respectively [113]. The large broad 

peak at lower 2 theta values can be attributed to the SBA-15 support, and when comparing the intensity 

of this peak to that of the manganese oxide peaks, the intensities of the 2W peaks are higher than those 

of 2D catalyst peaks, which suggests a different degree of crystallinity of the Mn3O4 phase with the 

respect to the SBA-15 for the different synthesis methods. This phase of manganese oxide was found to 

be present for all catalysts synthesized by both preparation techniques as indicated by the dominant 

peaks from the XRD analyses of all the catalysts, as shown in the Appendix A1 – A4. To determine the 

stability of the dominant phase, in situ XRD analysis was used. The redox behavior of the catalyst could 

easily be monitored by in situ XRD and looking at the reduction of the oxide in Figure 3.2, MnO was 

observed as the dominant phase of manganese oxide at the higher temperature. Complete reduction of 

the Mn3O4 phase took place at 450 °C, which was also observed by Wang et al [98]. 

 
Figure 3.2 Reduction of 2W catalyst under in-situ XRD analysis. 
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3.1.5 Nitrogen physisorption 

 

 
Figure 3.3 N2 adsorption/desorption isotherms of SBA-15, 2W and 2D catalysts. 

 

Nitrogen physisorption was used to determine the adsorption and desorption isotherms, as shown in 

Figure 3.3.  The SBA-15 and 2W catalyst both have type IV hysteresis loops, indicative of mesopores. 

The relative amount of nitrogen physisorbed is lower for the 2W catalyst than the SBA-15, which is 

expected with the addition of the metal [112]. However, for the 2D catalyst the relative amount of 

nitrogen adsorbed is much lower and the shape of the isotherm changes completely. This is likely 

because of the channels of the SBA-15 being filled with metal oxide particles. The shape of the isotherms 

for all catalysts prepared by wet impregnation was the same. Similarly, the shape of the isotherms for 

all catalysts prepared by deposition precipitation was the same. Isotherms can be seen in Appendix A5-

A8.  

 

3.1.6 BET Analyses 

 

Using the BET equation, the surface area, pore volumes and pore diameters were calculated for the 

support and all the catalysts and the results are shown in Table 3.3. The surface area, pore volume and 

pore diameter of the synthesized SBA-15 are in correlation with results previously obtained with this 

system [107].It was found that both surface area and pore volume decreased with increasing metal 
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loading for both groups of catalysts, while pore diameter remained fairly constant, which indicates there 

was no change in the porous support structure. The surface areas of the catalysts prepared by deposition 

precipitation were much lower than for catalysts prepared by wet impregnation. Since the support is 

primarily mesoporous and if the pores were filled with metal oxide particles, it would account for these 

lower values. This is confirmed by the much lower pore volumes for catalysts prepared by deposition 

precipitation when compared to those prepared by wet impregnation at the same metal oxide weight 

loading. 

 

Table 3.3 Surface area, pore volume and pore diameter for support and catalysts. 

Catalyst SBA-15 2W 5W 9W 2D 5D 9D 

Surface Area / 

(m
2
/g) 

770 450 397 334 339 292 239 

Pore Volume / 

(cm
3
/g) 

1.2 0.9 0.9 0.8 0.4 0.3 0.4 

Pore Diameter 

/ (nm) 

14 12 14 11 13 11 12 

 

 

3.1.7 Transmission Electron Microscopy 

 

For the TEM images in Figure 3.4, images A is of the SBA-15 catalyst and from this image, the well-

ordered structure of the SBA-15 can be seen. Image B is of the 9W catalyst, where the hexagonal, open 

channel mesopores are present. The support appears as a film, perpendicular to the electron beam. 

Images C, D and E are of the 2W, 5W and 9W catalysts respectively. With these catalysts, the SBA-15 

support structure appears intact. This suggests that the method of wet impregnation resulted in fewer 

metal oxide particles being located within the pores of the sections of the support. On the contrary, when 

comparing these images to those of the D-series of catalysts (Figure 3.4 images F, G and H showing the 

2D, 5D and 9D catalysts respectively), it can be clearly observed that the pores of the support appear 

collapsed and filled to some extent by metal oxide particles. A similar observation was made by Lou et 

al. with molybdenum oxide supported on SBA-15 [89]. 
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These images were also used to determine the particle size of the metal oxides, shown in Figure 3.5 and 

it was found that for the 9W catalyst, the metal oxide particle sizes were above 20 nm, higher than the 

pore diameter of the support, while for the 9D, the particle sizes were all lower than the pore diameter 

of the support. The difference in particle size measurements of the manganese oxide particles is likely 

the reason why for wet impregnation, the metal oxide was found to be present on the surface of the 

support while for deposition precipitation, the metal oxide particles were in the pores of the support. 

 
Figure 3.4 TEM images of (A) SBA-15, (B) 9W catalyst showing hexagonal mesopores (C) 2W 

catalyst, (D) 5W catalyst, (E) 9W catalyst, (F) 2D catalyst, (G) 5D catalyst and (H) 9D catalyst. 
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Figure 3.5 Metal oxide particle size measurements of (A) 9W and (B) 9D catalysts. 

 

3.1.8 Scanning Electron Microscopy 

 

SEM-EDX and line scan analyses of the catalyst were carried out for the 9W catalyst shown in Figure 

3.6. The morphology of the SBA-15 is similar to that reported [111, 112], with the manganese confirmed 

present as determined by EDX mapping. For the 9W catalyst, a line scan of the sample revealed that as 

the amount of silicon increased, so did the amount of manganese present, which suggests agglomeration 

for the metal oxide on the surface of the support. This was confirmed by EDX mapping which showed 

the large amount of manganese present on the surface of the support.  

 

Looking at a point scan of the 9W catalyst in Figure 3.7 and Table 3.4, the average metal composition 

throughout the sample is relatively high when compared to silicon. Although this technique does not 

give us an absolute percentage of metal present, the relative composition for this catalyst also suggests 

agglomeration of the metal oxide on the surface of the support.  

 

 

A B 
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Figure 3.6 SEM-EDX and line scan of the 9W catalyst. 

 
Figure 3.7 Point scan of the 9W catalyst. 
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Table 3.4 Relative metal composition of different points for 9W catalyst. 

 Percentage Si / % Percentage Mn / % 

Point 1 63.99 36.01 

Point 2 76.72 23.28 

Point 3 78.90 21.10 

Point 4 77.49 22.51 

Point 5 71.82 28.18 

Point 6 76.62 23.28 

Point 7 66.99 33.01 

Point 8 75.39 24.61 

Point 9 75.06 24.94 

Point 10 67.34 32.66 

Point 11 65.22 34.78 

Point 12 70.45 29.55 

Point 13 80.18 19.82 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 SEM-EDX and line scan of the 9D catalyst. 



36 
 

Both the line scan and EDX map of the 9D catalyst, shown in Figure 3.8, suggest that there is a 

homogeneous distribution of metal oxide particles throughout the SBA-15, indicating the metal oxide 

being evenly distributed in the pores of the support. A point scan also suggested the different position of 

the metal oxide, shown in Figure 3.9 and Table 3.5, with the average metal composition being much 

lower than the 9W catalyst, indicating an even distribution throughout the pores of support. 

 
Figure 3.9 Point scan of the 9D catalyst. 

Table 3.5 Relative metal composition of different points for 9D catalyst. 

 Percentage Si / % Percentage Mn / % 

Point 1 95.35 4.65 

Point 2 95.19 4.81 

Point 3 94.38 5.62 

Point 4 93.75 6.25 

Point 5 96.03 6.97 

Point 6 95.68 4.22 

Point 7 92.67 7.33 

Point 8 95.44 4.56 

Point 9 95.40 4.60 

Point 10 96.18 3.72 
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3.1.9 Temperature programmed analysis (TPR and TPO) 

 

Temperature programmed analyses were carried out in the form of TPR and TPO for the 9W and 9D 

catalysts. For the 9W catalyst (Figure 3.10), TPR was carried out followed by TPO. Similarly, for the 

9D catalyst (Figure 3.11), TPR was followed by TPO, however, an additional TPR experiment was done 

after oxidation. For both catalysts, it can be seen that the catalyst can be reduced and reoxidised easily 

to form MnO and Mn3O4. The additional reduction of the 9D catalyst also shows the reduction can still 

take place more than once in the pores of the support. This suggests that these phases can be established 

with varying reduction and oxidation environments during a catalytic reaction. The reduction peak of 

the 9D catalyst is higher than that of the 9W catalyst which is likely because of the metal oxide being in 

the pores and a higher temperature is thus required for this reduction. Once the catalyst is reduced, the 

interaction between the pores of the support and the metal oxide isn’t as strong as the interaction between 

the metal oxide and the support surface. This is why, since there is a smaller particle size of the metal 

oxide for the 9D catalyst, lower temperatures are required for the reoxidation of the 9D catalyst [114]. 

Wang et al. found reduction peaks in the same temperature range for a TPR analysis of Mn3O4 and 

attributed the 2 peaks to the reduction of firstly a two dimensional dispersed phased of Mn3O4 and 

secondly a three dimensional crystalline phase of Mn3O4 [98]. 

 

 
Figure 3.10 TPR-TPO of 9W catalyst. 
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Figure 3.11 TPR-TPO-TPR of 9D catalyst. 

 

 

3.1.10 Chemisorption analyses 

 

Table 3.6 H2/O2 titration results for SBA-15, 2W and 2D catalysts at atmospheric pressure. 

 Quantity of O2 Chemisorbed / (mmol/g) 

SBA-15 0.096 

2W 0.119 

2D 0.494 

 

The method of hydrogen-oxygen titration was used to measure the amount of oxygen chemisorbed for 

the support and catalysts, with the results obtained summarized in Table 3.6. During a catalytic reaction, 

the metal in the catalyst is presumed to be reduced by the feed and re-oxidised by the air present. This 

method of hydrogen-oxygen titration was used to mimic the environment present in the reactor. By this 

technique, the catalyst was reduced under a constant flow of hydrogen, with MnO being the dominant 

phase present. The catalyst was then re-oxidised under oxygen and the amount of oxygen chemisorbed 

was measured. The amount of oxygen chemisorbed was lowest for the SBA-15, but increased with a 

0.E+00

1.E-02

2.E-02

3.E-02

4.E-02

5.E-02

6.E-02

0 200 400 600 800 1000

TC
D

 S
ig

n
al

Temperature / ºC

TPR

TPO

TPR2



39 
 

catalyst loaded at 2 wt% and was highest for the 2D catalyst. This is probably because the amount of 

oxygen chemisorbed is greater with metal oxide being present and the metal dispersion is greater for the 

2D catalyst when compared to the 2W catalyst and this results in a higher amount of oxygen chemisorbed 

[34]. 

 

3.2 Spent catalyst characterisation 

 

Once a reaction was complete, the catalyst was cooled in the reactor under a flow of nitrogen. At room 

temperature, the catalyst was unloaded from the reactor and characterisation was carried out on the used 

or spent catalyst. Due to the possibility of carbon deposits present on the surface of the catalysts, a full 

range of characterisation techniques could not be done on these samples since instrumentation used may 

be damaged if these deposits were to settle in them.  

 

3.2.1 Inductively coupled plasma – optical emission spectroscopy analysis 

 

ICP - OES analyses were carried out on the spent/used catalysts to determine whether the amount of 

metal present after the reaction was the same as before the reaction. A lower metal content may indicate 

metal leaching. However, for all catalysts, the amount of metal present in the catalyst remained 

unchanged after the reaction was carried out. If metal leaching did take place, a loss in catalyst activity 

would be expected, and perhaps selectivity.  

 

3.2.2 BET studies 

 

Table 3.7 summarizes the surface area, pore volume and pore diameter results for both the support and 

catalysts after the reaction. When comparing these results to those in Table 3.2, it is evident that both 

surface area and pore volumes are lower than those of the fresh samples for the support and all catalysts. 

This may be due to carbon deposits being present on the surface of the sample after the reaction. These 

carbon deposits, known as coke, have been known to hinder catalytic activity if too much is formed or 

a too high area of the surface is covered [114]. From these results, the greatest decrease in surface area 

was noted for the 9W, with a 16% decrease in surface area. There was no clear trend observed with the 

pore diameter values of the support and catalysts, which may indicate erratic coke formation on the 

catalysts after the reaction took place. 
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Table 3.7 Surface areas, pore volume and pore diameter for spent support and spent catalysts. 
Catalyst SBA-15 2W 5W 9W 2D 5D 9D 

Surface Area / 

(m
2
/g) 

693 415 353 289 310 249 201 

Pore Volume / 

(cm
3
/g) 

1.1 0.7 0.8 0.6 0.2 0.3 0.2 

Pore Diameter 

/ (nm) 

15 10 14 10 12 11 9 

 

 

3.2.3 Transmission Electron Microscopy analysis 

 

 
 

Figure 3.12 TEM images of spent catalyst (A) 9W catalyst and (B) 9D catalyst. 

 

The TEM images obtained for both the 9W and 9D spent catalysts show that there is no significant 

structural change in both groups of catalysts after the reaction was carried out. For the 9W catalyst, the 

metal oxide particles can still be seen on the surface of the SBA-15 support and inside the pores of the 

support for the 9D catalyst. This indicates that the structure of the support and position of the metal oxide 

was still the same after the reaction was carried out. No particle growth was observed from the images 

in Figure 3.12 and carbon deposits were also not observed.  

 

 

A B 
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Chapter 4 

Preliminary catalytic testing and determination of optimum reaction conditions 

4.1 Investigation of non-catalytic activation of n-octane 

Prior to catalytic testing, it was important to establish the extent of homogeneous gas phase reactions or 

non-catalytic reactions in the reactor system.  All reactions were carried out as described in Chapter 2. 

In addition, the SBA-15 was tested to establish what contributions, if any, it made to the catalytic 

reactions. This was followed by the catalytic testing of the 2W catalyst to establish the working 

temperature range, particle pellet size, C:O ratio and GHSV to determine optimum catalytic performance 

[30]. 

 

The blank reaction was carried out in the reactor which was packed with carborundum powder granules 

to determine the effect of the diluent gas only and thereafter, the effect of the diluent and oxidant gas 

with changing temperature, for n-octane activation. The results obtained for both reactions are 

summarized in Figures 4.1 and 4.2. 

 

 
Figure 4.1 Effect of temperature on n-octane conversion and product selectivity in the carborundum 

packed reactor (N2 gas, GHSV = 4000 h-1 and C:O = 8:0). 
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Figure 4.2 Effect of temperature on n-octane conversion and product selectivity in carborundum packed 

reactor (Air and N2 gas, GHSV = 4000 h-1 and C:O = 8:2). 

 

From Figure 4.1, it was observed that under anaerobic conditions, n-octane conversion was very low and 

only occurred from 450 °C to 550 °C. It varied from 1 % to 3 % and is likely due to thermal cracking 

and dehydrogenation. The primary products, octenes, form from the latter reaction [30]. Cracked 

products observed were methane, ethane, propane, butane, methanol and acetone. Methanol and acetone 

formed due to the presence of air in the reactor. These cracked products were not observed in a 

carborundum packed reactor with no air. These products were made in small quantities and were grouped 

together. Cracking may take place catalytically, as discussed in Chapter 1, or thermally. Thermal 

cracking takes place when large product molecules are broken down into smaller molecules at high 

temperatures via the formation of free radicals. These reactions occur easily with hydrocarbons, in 

particular long chain hydrocarbons, and the molecules are often broken down into shorter chain 

hydrocarbons [28].  

 

Upon the introduction of oxygen in the system, again no conversion was observed until 450 °C. After 

450 ºC, conversion increased with increasing temperature until a maximum conversion of 5% at 550 °C, 

as presented in Figure 4.2. The highest selectivity was observed toward the formation of octenes (75 % 

at 450 °C). The selectivity to octenes then decreased with increasing temperature and the selectivity 

towards cracked and aromatic products increased. This suggests that octenes are precursors to aromatic 
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and cracked products, as reported by Dasireddy et al. [30]. Carbon oxide selectivity varied with 

temperature. 

 

4.2. Catalytic testing of the SBA-15 support 

 

 
  

Figure 4.3 Effect of temperature on n-octane conversion and product selectivity over SBA-15 (GHSV 

= 4000 h-1, C:O = 8:2 and pellet particle size = 600 - 1000 µm). 

 

The SBA-15 support showed a considerable increase in conversion of n-octane, as shown in Figure 4.3, 

compared to the blank reaction. As expected, conversion increased with an increase in temperature. 

Octenes are the dominant products at all temperatures but their selectivity decreased with an increase in 

temperature. Carbon oxides are also prominent with selectivities varying between 20 and 30 % over the 

temperature range. As the temperature increased, formation of aromatic and cracked products was 

observed. This is accompanied by a decrease in selectivity toward octenes, which suggests that octenes 

are primary reaction products and aromatic and cracked products are formed from them. Aromatic 

product formation is higher compared to cracked product formation at all temperatures. The SBA-15 

support, being silica based, is reported to have basic sites present [116], which speed up the desorption 

of the octenes from the catalytic surface once they are produced and hence results in the higher selectivity 

toward octenes [117].  
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Figure 4.4 Selectivity of octene isomers as a function of temperature over SBA-15 (GHSV = 4000 h-1 

and C:O = 8:2). 

 

Figure 4.4 gives the distribution of the selectivity of various octene products. It can be observed that at 

350 °C, the only octene formed is 2-octene. It is present as a mixture of cis- and trans-2-octene. As the 

temperature was increased, the selectivity towards 2-octene decreased and trans-3-octene became the 

dominant product from 400 ºC. The presence of the terminal octene was observed only from 450 ºC 

onwards and its selectivity showed a slight increase with temperature.  

 
Figure 4.5 Aromatics selectivity as a function of temperature over SBA-15 (GHSV = 4000 h-1 and C:O 

= 8:2). 
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Ethylbenzene was the only aromatic product observed at 400 °C, as shown in Figure 4.5. Ethylbenzene 

was also the dominant aromatic product followed by xylene and then styrene at temperatures exceeding 

400 ºC. Ortho-xylene was the only isomer of xylene observed. This is because of the C2-C7 cyclisation 

that occurs, resulting in the ortho-isomer forming. Due to the n-octane isomer being linear, this is the 

only possible isomer of xylene that could have formed during the reaction. If the molecule was branched, 

other isomers could form, but there was no evidence of isomerisation taking place. Ethylbenzene formed 

from a C1-C6 cyclisation, which further oxidatively dehydrogenated to form styrene. 

 

4.3. Catalytic testing of the 2W catalyst 

The 2W catalyst contains 2 wt% manganese oxide on the outer walls of the SBA-15 support.  The 

catalytic data can be seen in Figure 4.6 and was obtained at a GHSV of 4000 h-1 and C:O of 8:2. 

 
Figure 4.6 Conversion of n-octane and selectivity to products as a function of temperature over the 2W 

catalyst (GHSV = 4000 h-1, C:O = 8:2 and pellet particle size = 600 - 1000 µm ). 

 

The catalytic data shown in Figure 4.6 shows that conversion increases with an increase in temperature 

and the selectivity profile also varies with temperature. At temperatures exceeding 450 ºC, there is very 

little change in conversion. This can be due to the different phases present at different temperatures of 

the catalyst, as shown by the in situ XRD analysis in Chapter 3. The XRD analysis revealed that at lower 

reaction temperatures, Mn3O4 was the dominant phase of manganese present, while at higher 

temperatures it was reduced to MnO, with MnO being the dominant phase from 450 °C onwards. It is 
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expected that MnO is less reactive than Mn3O4 because MnO contains Mn2+ whereas Mn3O4 has a 

mixture of oxidation states, namely Mn3+ and Mn2+. Mn3+ is less stable than Mn2+, hence phases 

containing a mixture of Mn3+ and Mn2+ will be more reactive than phases containing Mn2+. Tang et al. 

[107] synthesized Mn/SBA-15 catalysts for the epoxidation of trans-stilbene and found that manganese 

oxides containing a mixture of the 2+ and 3+ oxidation states showed improved activity and superior 

selectivity toward desired products. 

 

In terms of selectivity, the most selective product group was octenes until 450 °C, with the second most 

selective products being COx. From 450 °C onwards, this was reversed and COx became the most 

selective products, with the octenes being the second most selective products. This gives an indication 

that the introduction of the metal oxide onto SBA-15 promotes combustion reactions at higher 

temperatures. The selectivity toward aromatics varied throughout the temperature range. At 350 °C 

cracked product selectivity was 7.6%, but then decreased to 1% at 400 °C. It then gradually increases 

with increasing temperature, with a maximum selectivity of 11% at 550 °C. The increase in this 

selectivity at the highest temperature of the analysis could be due to thermal cracking of the products 

taking place. The selectivity towards aromatic products is higher than that of cracked products because 

the aromatisation reaction is favoured by the active sites of the catalyst which are easily accessible on 

the surface of the support and once they are formed, they are stable. From the trends in Figure 4.7, trans-

2-octene was the dominant product, followed by trans-3-octene, whilst 1- octene and trans-4-octene 

selectivities vary and are significantly lower. 

 

When comparing the 2W catalytic data in Figure 4.6 to the SBA-15 catalytic data in Figure 4.3, there is 

an increase in the conversion when the metal is present on the support as compared to the support alone, 

which was expected since the metal oxide enhances the catalytic activity when compared to the support 

only [30]. The selectivity profiles between SBA-15 and the 2W catalyst also vary throughout the 

temperature range. At 350 °C and 400 °C the selectivities toward aromatics are 14 and 10 % and to 

cracked products, 8 and 1% respectively. With the SBA-15, at those temperatures, only little or no 

selectivity towards the aromatics and cracked products was observed. The products with the highest 

selectivity are octenes until 450 °C but at higher temperatures the carbon oxides are the most selective 

products for the 2W catalyst, as opposed to the SBA-15 which has octenes as the most selective product 

throughout the temperature range. The selectivity toward aromatics and cracked products are similar at 

500 and 550 °C for both the SBA-15 and the 2W catalyst, suggesting they may be produced on the 
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support at these temperatures. When looking at the product distribution of the octenes in Figure 4.7, all  

four octene isomers are present at all temperatures, unlike with SBA-15 however, trans-2-octene is the 

dominant isomer at all temperatures for this catalyst. Octenes selectivity decreases with increasing 

temperature for the SBA-15 (Figure 4.3), while for the 2W catalyst (Figure 4.6), octenes selectivity 

increases till 450 ºC and thereafter decreases with an increase in temperature. This trend inn-octane 

conversion and product selectivity indicates that the presence of metal oxide on the support does provide 

enhanced conversion and a varied selectivity profile as opposed to the support alone. This is most likely 

due to the interaction of the support and the metal oxide with the oxygen in the reactor and the effect 

each has in activating the oxygen. This will be looked at in more detail in section 4.3.1.3. 

 
Figure 4.7 Selectivity of octene isomers as a function of temperature over the 2W catalyst (GHSV = 

4000 h-1 and C:O = 8:2). 

Figure 4.8 Aromatics selectivity as a function of temperature over the 2W catalyst (GHSV = 4000 h-1 

and C:O = 8:2). 
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The selectivity towards aromatic products are shown in Figure 4.8 for the 2W catalyst,  where 

ethylbenzene and xylene were observed to form at 350 and 400 °C. These products are not present at 

these temperatures for the SBA-15 alone. From 400 °C, ethylbenzene was the dominant aromatic 

produced, followed by styrene and then xylene. This is in contrast to the SBA-15, where xylene 

selectivity is higher than that of styrene (Figure 4.5). 

 
 
4.3.1 Determination of optimum reaction conditions 

Once an initial idea of catalytic activity was obtained, optimisation of reaction conditions were carried 

out using the 2W catalyst. Due to the low weight loading of the metal and it being present on the surface 

of the support, changes in catalytic activity due to varying reaction parameters may be more pronounced 

with this catalyst. The factors that were investigated included pellet particle size, carbon to oxygen ratio 

and gas hourly space velocity. 

 
 
4.3.1.1 The role of pellet particle size 

Catalyst particle size was varied in order to determine whether activity of the catalyst was affected by 

internal diffusion within the catalyst bed itself. For this experiment, a particle size of 300 – 600 µm was 

used in contrast to the 600 – 1000 µm used previously, while all other reaction parameters were kept 

constant. By using smaller pellets, more channels or pathways were created inside the catalyst bed to 

promote inter-particle diffusion. The increase in the number of these internal pathways can lead to 

varying catalytic activity if the reaction was controlled by mass transfer as a result of internal diffusion 

of the feed within the catalyst bed [118]. The results obtained are shown in Table 4.1 

 

Table 4.1 Conversion of n-octane and selectivities to products for 300 – 600 µm pellets. 

Temperature / °C 350 400 450 500 550 

Conversion / mol %  6.8 9.7 19.1 21.6 22.9 

Product Selectivity / mol% 

Octenes 51.1 58.1 63.4 38.5 32.0 

Aromatics 14.1 11.7 11.9 16.2 18.1 

Cracked Products 7.8 1.5 1.2 3.2 11.3 

COx 27.0 28.7 23.5 42.1 38.6 
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Analysing the results of the catalysis shown in Table 4.1, the conversion values are within 1% and the 

selectivity values within 5% of those of the higher pellet size. It can be said that the lower pellet size 

does not result in a change in catalytic activity. This means that internal diffusion does not affect the 

catalytic system and the system probably has no kinetic limitations within the catalyst bed itself. It might 

be controlled by the rate at which the n-octane adsorbs and product desorbs from the catalyst surface 

rather than by internal diffusion [118]. Pellet sizes of 600 – 1000 µm were chosen for catalytic testing 

as the larger pellets ran a lower risk of back-pressure developing in the reactor. 

 

4.3.1.2 The influence of varying space velocities  

The space velocity was investigated to establish what influence this would have on the rates as well as 

on selectivity. To explore the function of GHSV for the system, GHSV’s of 2000 h-1 and 6000 h-1 were 

looked at, at all 5 temperatures of interest as with the 4000 h-1 run. Also, GHSV’s of 8000 h-1 and 10000 

h-1 were studied at 450 ºC. The carbon to oxygen ratio was kept constant throughout these experiments 

at C:O = 8:2. 

 

 
Figure 4.9 Conversion of n-octane and selectivity to products at different temperatures over the 2W 

catalyst (GHSV = 2000 h-1 and C:O = 8:2). 
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Figure 4.9 displays the conversion and selectivity profile for a GHSV of 2000 h-1. Conversions of n-

octane ranged from a minimum of 10 % at 350 ºC to a maximum of 31 % at 550 ºC. The dominant 

product group at all temperatures is COx, with a maximum selectivity of 70 % at 500 ºC. The product 

group with the second highest selectivity is octenes, followed by cracked products and then aromatics. 

Aromatic and cracked product formation varies with temperature. 

 
Figure 4.10 Selectivity towards octene isomers at different temperatures over the 2W catalyst (GHSV 

= 2000 h-1 and C:O = 8:2). 

 

Of the octene isomers present in the product mixture, only trans-2-octene and trans-4-octene were 

observed to form, with trans-2-octene being the most selective isomer throughout the temperature range. 

The varying selectivities of the 2 and 4 isomers with increasing temperature are shown in Figure 4.10.  

 
Figure 4.11 Aromatics selectivity at different temperatures over the 2W catalyst (GHSV = 2000 h-1 and 

C:O = 8:2. 
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Ethylbenzene and xylene are the only 2 aromatic products formed at this space velocity, as seen in Figure 

4.11, with ethylbenzene being the most selective aromatic product at all temperatures. Styrene was not 

observed, suggesting decomposition of styrene with the higher contact time, as it is known that the 

monomer of styrene is not stable [28].  

 

 
Figure 4.12 Conversion of n-octane and selectivity to products at different temperatures over the 2W 

catalyst (GHSV = 6000 h-1 and C:O = 8:2). 

 

 
Figure 4.13 Selectivity towards octene isomers at different temperatures over the 2W catalyst (GHSV 

= 6000 h-1 and C:O = 8:2). 
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A GHSV of 6000 h-1 was investigated and the results are summarized in Figure 4.12 to Figure 4.14. At 

this GHSV, conversion of n-octane begins from 400 ºC at 5 % and reaches a maximum of 17 % at 550 

ºC.  In terms of product selectivity, at 400 and 450 ºC, the product group with the highest selectivity is 

octenes, followed by COx products. This is reversed at the higher temperatures, with COx products 

having the highest selectivity at 500 and 550 ºC and octenes being the second most selective product 

group. 

 

In terms of aromatic and cracked products, they are the third and 4th most selective product groups. 

Cracked product formation is higher than aromatic product formation at 400 ºC, but from 450 ºC 

onwards, aromatic product formation is higher than that of cracked product formation. Selectivity toward 

aromatic products increased and selectivity toward cracked products decreased with temperature (Figure 

4.12). 

 

Trans-2-octene is the dominant octene isomer formed at all temperatures, followed by trans-4-octene, 

cis-4-octene and lastly 1-octene (Figure 4.13). Ethylbenzene is the aromatic product with the highest 

selectivity, followed by xylene and lastly styrene (Figure 4.14). 

 

 
Figure 4.14 Aromatics selectivity at different temperatures over the 2W catalyst (GHSV = 6000 h-1 

and C:O = 8:2). 

 

The conversion values of the 8000 h-1 and 10000 h-1 runs are 9% and 4%, respectively, as shown in 
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products. Aromatic products have the 3rd highest selectivity, with cracked products being the least 

selective of the major product groups. At both GHSVs, trans-2-octene is the octene isomer with the 

highest selectivity, followed by trans-4-octene, cis-4-octene and 1-octene respectively. Styrene is the 

only aromatic compound observed at these higher GHSVs. 

 
Figure 4.15 Conversion of n-octane and selectivity of octene isomers over the 2W catalyst 

(Temperature = 450 ºC and C:O = 8:2 at 8000 h-1 and 10000 h-1 GHSV).  

 
Figure 4.16 Aromatics selectivity over the 2W catalyst (Temperature = 450 ºC and C:O = 8:2 at 8000 

h-1 and 10000 h-1 GHSV). 
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Figure 4.17 shows a comparison of all five GHSV’s and the conversion of n-octane decreases with 

increasing GHSV. This is because with increasing GHSV, there is a shorter residence or contact time 

between the feed and the catalyst, resulting in a lower conversion of the feed. This is the reason that 

highest conversion was noted for the lowest GHSV (25% for 2000 h-1) and lowest conversion was 

observed for the highest GHSV (4% at 10000 h-1). This trend can be observed clearly in Figure 4.17 and 

the comparison of conversion with contact times can be seen in Table 4.2. Contact time was calculated 

from the inverse of GHSV. 

 

 
Figure 4.17 Conversion of n-octane and selectivity to products with varying GHSV over the 2W 

catalyst (Temperature = 450 ºC and C:O = 8:2). 

 

Table 4.2 Conversion of n-octane, selectivities toward desired products and contact time of this feed 

with varying GHSV’s at 450 °C. 

GHSV/h-1 Contact time/s Conversion/mol% Selectivity towards desired products/mol% 

2000 1.8 25 26.7 

4000 0.9 21 75.3 

6000 0.6 14 53.4 

8000 0.45 9 52.2 

10000 0.36 4 63.4 

 

There is a change in product selectivity as the contact time increases. Increased contact time means there 

is a greater chance of secondary oxidation taking place [29]. This implies that primary reaction products 

will decrease with contact time and secondary oxidation products increase. Looking at the data in Figure 
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4.17 and Table 4.2, desired products selectivity (octenes and aromatics) increased with decreasing 

contact time and all other product groups’ selectivities decreased. COx selectivity was the highest with 

the highest contact time as they are the final oxidation product and formation would be favoured with 

increased contact time. Cracked product formation was higher than that of aromatic product formation 

with the highest contact time, but with a contact time of 0.9s or lower, cracked product formation is 

higher than aromatic product formation. 

 

The desired products shown in Table 4.2 for the reaction are octenes and aromatic products and the 

individual isomers for each of these products groups vary with the contact time. Trans-2-octene is the 

octene isomer with the highest selectivity at all contact times and that of ethylbenzene is highest for the 

aromatics. As contact time decreases, the other octene isomers, namely trans-4-octene, cis-4-octene and 

1-octene, begin to form and styrene formation was also observed. Not all octene isomers were observed 

at all the GHSVs investigated as once formed, they may subsequently cyclize or decompose depending 

on the reaction conditions. The selectivity towards aromatics increased, while the selectivity towards 

cracked and carbon oxides decreased with decreased contact time. This suggests competitive reaction 

pathways from octenes to form these products and this behaviour was observed with decreasing contact 

time. Due to these competitive pathways, individual reaction schemes cannot be identified with this 

information alone. Thus the data was compared with the results obtained from varying the carbon to 

oxygen ratio in order to propose an overall reaction mechanism for this system as discussed later on in 

this chapter. 

 

 
Figure 4.18 Conversion of n-octane and selectivities toward desired products with varied GHSV’s at 

450 ºC. 
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Based on the behaviour of the catalyst with respect to space velocity, as shown in Figure 4.18, the 

conversion of n-octane and selectivity toward desired products was noted to be ideal at a GHSV of 4000 

h-1 and this was deemed the optimum GHSV for the catalysts being tested. This was based on the higher 

conversion at 4000 h-1 when comparing higher GHSVs, except for 2000 h-1.However, a higher selectivity 

toward desired products was observed at 4000 h-1 as compared to 2000 h-1 and hence all subsequent 

catalytic work thus was carried out at a GHSV of 4000 h-1.  

 

4.3.1.3 The effect of changing carbon to oxygen ratio 

To determine the influence of carbon to oxygen ratio, the carbon to oxygen ratios were varied from 8:0 

to 8:4 while all other reaction parameters were kept constant.  These atomic ratios represent the number 

of carbon atoms present for a reaction, which is based on the amount of n-octane, and compared to the 

number of oxygen atoms present. These ratios were chosen to firstly investigate the catalytic activity 

under anaerobic conditions (C:O = 8:0), and then going on to higher ratios, for instance where there is 

one oxygen molecule for every molecule of n-octane present (C:O = 8:2) and lastly, a rich oxidative 

environment was looked at, where two oxygen molecules were present for every molecule of n-octane 

(C:O = 8:4). Firstly, oxygen deficient conditions were looked at and before the 2W catalyst was tested, 

SBA-15 was tested to find out the influence of the support under anaerobic conditions,  and the results 

are shown in Figure 4.19.   

 

 
Figure 4.19 Conversion of n-octane and selectivity towards products as a function of temperature over 

the SBA-15 (GHSV = 4000 h-1 and C:O = 8:0). 
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SBA-15 showed conversion of n-octane from 450 ºC upwards and this increased with increasing 

temperature. Conversion ranged from 2 % at 450 ºC to 5 % at 550 ºC. These conversion values are 

slightly higher than the blank reactor conversions under the same conditions shown earlier (Figure 4.1), 

which indicates that they are in part a result of the support itself. Octenes were the dominant product 

groups at all temperatures, with close to 100 % selectivity at 450 ºC. 

 

The selectivity toward octenes then decreased with increasing temperature as cracked products are 

formed at 500 and 550 ºC. The dominant octene isomers, shown in Figure 4.20, are trans-2-octene and 

trans-4 octene with trans-2-octene having the higher selectivity at all temperatures, with the highest 

being 51.2 % and 48.8 % respectively at 450 °C.  

 

 
Figure 4.20 Selectivity of octene isomers as a function of temperature over the SBA-15 support (GHSV 

= 4000 h-1 and C:O = 8:0). 

 

Steinke et al. [120] proposed a silica radical forming by breaking of Si-O bonds during the mechanical 

treatment of quartz. The silica radical may be forming on this SBA-15 support and is responsible for the 
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SiO∙ + HC8H17 → SiOH + ∙C8H17 

SiO∙ + ∙C8H17 → SiOH + C8H16 

 

Upon comparison of the results obtained from the SBA-15 tested at a C:O ratio of 8:2 to the results of 

the run in an anaerobic environment, there was a noticeable increase in conversion with the introduction 
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primary products obtained are octenes and with an increase in oxygen content, secondary products such 

as carbon oxides, aromatic and cracked products begin to form. This suggests that under anaerobic 

conditions, the support favours the formation of octenes and once oxygen is introduced into the system, 

the octenes are oxidised to form secondary products. This oxidative dehydrogenation reaction is possible 

due to the hydroxyl species present on the surface of the SBA-15 support [76]. Optimisation of C:O 

ratios was then carried out with the 2W catalyst, with C:O = 8:0 being looked at first and then the ratios 

with higher oxygen content following in order. 

 

The conversion of n-octane for the 2W catalyst tested under anaerobic conditions ranged from 1 % at 

400 ºC to a maximum of 6 % at 550 ºC, as shown in Figure 4.21. These conversion values are higher 

than those of the blank reactor (Figure 4.1) and the SBA-15 (Figure 4.19) support tested under the same 

conditions. This indicates that the higher catalytic activity is a direct result of the catalyst, namely 2 wt% 

manganese oxide supported on SBA-15 and not from the blank reactor and support only. Throughout 

the temperature range, octenes are the dominant products of the reaction, with cracked products being 

second most selective, but having a very low selectivity when compared to octenes. Aromatic products 

only formed at 550ºC. The octene isomers noted were trans-2-octene and trans-4-octene, with trans-2-

octene having a higher selectivity at all temperatures as seen in Figure 4.22. Ethylbenzene was the only 

aromatic product observed and only at 550ºC. 

 

 
Figure 4.21 Conversion of n-octane and selectivity towards products as a function of temperature over 

the 2W (GHSV = 4000 h-1 GHSV and C:O = 8:0). 
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Comparing the selectivity profile of the 2W catalyst with that of SBA-15 under anaerobic conditions, 

both catalyst and support gave octenes as the major product group, with trans-2-octene and trans-4-

octene being formed. There is minimal cracked product formation for both the support and the catalyst 

but the noted difference was that the catalyst was active from 400 ºC and ethylbenzene began to form at 

550 ºC.  

 
Figure 4.22 Selectivity of octene isomers as a function of temperature over the 2W catalyst (GHSV = 

4000 h-1 GHSV and C:O = 8:0). 

 
Figure 4.23 Conversion of n-octane and selectivity towards products as a function of temperature over 

the 2W catalyst (GHSV = 4000 h-1 and C:O = 8:1). 
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The enhanced conversion and higher selectivity toward aromatics of the 2W catalyst was also noted 

when comparing the results of the 2W catalyst (Figure 4.6) and SBA-15 support (Figure 4.3) at a C:O 

ratio of 8:2.  The role of manganese oxide for this system was assessed by comparing the results of all 

the C:O ratios analyzed. 

 

 
Figure 4.24 Selectivity of octene isomers as a function of temperature over the 2W catalyst (GHSV = 

4000 h-1 and C:O = 8:1). 

 

 

 
Figure 4.25 Ethylbenzene as a function of temperature over the 2W catalyst (GHSV = 4000 h-1 and C:O 

= 8:1). 

0

5

10

15

20

25

30

35

350 400 450 500 550

Se
le

ct
iv

it
y 

/ 
m

o
l%

Temperature / ºC

Trans-2-octene Trans-4-octene Trans-3-octene 1-Octene

0

1

2

3

4

5

6

350 400 450 500 550

Se
le

ct
iv

it
y 

/ 
m

o
l%

Temperature / ºC

Ethylbenzene



61 
 

The results for a C:O ratio of 8:1 are shown in Figure 4.23 and show that conversion of n-octane increases 

as a function of temperature, ranging from 1-11 % within the temperature range. The dominant products 

formed from the reaction are octenes, with a maximum selectivity of 85 % at 350 °C. The product group 

with the second highest selectivity is carbon oxides, followed by cracked and aromatic products. For this 

reaction, the selectivity towards octene decreases with temperature as selectivity towards all other 

product groups increase.  

 

The dominant octene isomers are trans-2-octene and trans-4-octene respectively, followed by varying  

amounts of 1-octene and trans-3-octene shown in Figure 4.24. Ethylbenzene was the only aromatic 

compound found for the reaction and its selectivity increases with increasing temperature as shown in 

Figure 4.25. 

 
Figure 4.26 Conversion of n-octane and selectivity towards products as a function of temperature over 

the 2W catalyst (GHSV = 4000 h-1 and C:O = 8:3). 
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group. Aromatic and cracked product selectivities vary with temperature, while aromatic product 

selectivity is higher than cracked product selectivity at all temperatures.   

 

 
Figure 4.27 Selectivity of octene isomers as a function of temperature over the 2W catalyst (GHSV = 

4000 h-1 and C:O = 8:3). 

 

 
Figure 4.28 Aromatics selectivity as a function of temperature over the 2W catalyst (GHSV = 4000 h-1 

and C:O = 8:3). 
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Figure 4.27 shows that the octene isomer with the highest selectivity when using a carbon to oxygen 

ratio of 8:3 was trans-2-octene, followed by trans-4-octene. Selectivity toward the formation of trans-3-

octene and 1-octene decreased from 400 °C onwards. Figure 4.28 shows that the aromatics formed were 

ethylbenzene, styrene and xylene, with ethylbenzene being the most selective product of the aromatics 

at all temperatures. 

 

The most oxygen rich feed ratio, shown in Figure 4.29, has conversion of n-octane ranged from 12 to 27 

% from 350 °C to 550 °C respectively. The dominant product group of the reaction is carbon oxides at 

all temperatures. The second most dominant product group is octenes until 500 °C, followed by cracked 

and aromatic products. However, at 550 °C octenes have the lowest selectivity. At this temperature 

cracked products have the second highest selectivity, followed by aromatic products. As seen with all 

other carbon to oxygen ratios, selectivity toward octenes formation decreases and selectivity toward all 

other product groups increases with temperature.  

 
Figure 4.29 Conversion of n-octane and selectivity of products as a function of temperature over the 

2W catalyst (GHSV = 4000 h-1 and C:O = 8:4). 

 

Figure 4.30 shows the octene isomers formed and trans-2-octene has the highest selectivity, followed by 

trans-4-octene at all temperatures except 500 °C, at which trans-3-octene had the second highest 

selectivity. Selectivity towards 1-octene and trans-3-octene varied with temperature. Ethylbenzene was 

the dominant aromatic product formed at all temperatures, with xylene being the second most dominant 

product formed, followed by styrene as seen in Figure 4.31. 
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Figure 4.30 Selectivity of octene isomers as a function of temperature over the 2W catalyst (GHSV = 

4000 h-1 and C:O = 8:4). 

 
Figure 4.31 Aromatics selectivity as a function of temperature over the 2W catalyst (GHSV = 4000 h-1 

and C:O = 8:4). 
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to oxygen ratios analysed at 450 ºC. It is clear from the results obtained that as the oxygen content 

increases, the reaction becomes less selective. 

 

Table 4.3 Conversion of n-octane and selectivity toward octenes and aromatics of the 2W catalyst with 

varying carbon to oxygen ratios at 450 °C. 

C:O ratio Conversion/mol% Octenes selectivity /mol% Aromatics selectivity /mol% 
8:0 3.2 91.6 - 

8:1 7.1 76.8 4.0 

8:2 19.1 62.6 12.8 

8:3 21.2 26.8 11.8 

8:4 23.6 19.9 9.1 

 

At a C:O ratio of 8:0, olefin selectivity was the highest, albeit at the lowest conversion. It is proposed 

that in absence of oxygen in the feed, lattice oxygen is being stripped from the catalyst to oxidatively 

dehydrogenate the n-octane to octene. After almost complete reduction of the catalyst, olefins are 

produced by dehydrogenation. These octenes are then oxidatively dehydrogenated by the same lattice 

oxygen to form aromatic products, via a dehydrocyclisation reaction which is the most likely reaction 

pathway as reported previously [30, 121]. Cracking products are formed from the n-octane and octene 

molecules and selectivities varied with oxygen ratios. Carbon oxides are the final oxidation products and 

were also formed via combustion of the octane and octene molecules. This is noted by increasing 

selectivity to this product group with increasing oxygen content. Burch and Crabb [122] stated that the 

olefin is more likely to combust than the paraffin, implying that carbon oxides may form more easily 

from the octene isomers rather than the octane molecule. Since there is no clear decrease in octenes 

selectivity and a corresponding increase in selectivity to a single product group with varying oxygen 

content, concurrent reaction pathways may be taking place for this system from the n-octane molecule. 

These octene isomers may also break down to cracked products or undergo further oxidation themselves 

to form COx products. 

 

The conversion results imply that conversion of n-octane is favoured when there are one or more oxygen 

molecules present for every octane molecule, meaning carbon to oxygen ratios of 8:2 or higher. This can 

be explained by the Mars and van Krevelen mechanism [118, 119]. The oxygen atoms present in the 

manganese oxide were removed and are responsible for the formation of oxidation products from the n-

octane molecule. Firstly, the n-octane is a known reducing agent [9, 30] and the manganese oxide can 
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undergo a phase change under this reducing environment. The oxygen thus removed from the metal 

oxide lattice can then be used to oxidatively dehydrogenate the molecule to form an octene isomer. 

 

Mn3O4 + C8H18→ 3MnO + C8H16 + H2O 

 

The oxygen in the feed to the reactor system was then used to replenish the oxygen atoms in the metal 

oxide. 

3MnO + 0.5O2→ Mn3O4 

 

Once the Mn3O4 phase is formed again, it can then be reduced and the oxygen removed can take part in 

more reactions. This is a continuous cycle that takes place during the reaction. One molecule of n-octane 

was used to reduce the catalyst and produce one molecule of water and the octene molecule. Following 

this,one molecule of oxygen gas was needed to replenish the 2 vacant oxygen atom sites of the metal 

oxide and re-oxidise it. This is why there is a significant increase in conversion of n-octane at C:O = 8:2, 

because surface oxygen increases and there is enough oxygen present to replenish those stripped from 

the metal oxide. At C:O = 8:0 and C:O = 8:1, the rate of lattice oxygen replacement low in C:O = 8:1 or 

did not occur at C:O = 8:0, hence the lower conversion and high selectivity toward octenes and lower 

selectivity toward secondary reaction products. At higher ratios, namely C:O = 8:3 and C:O = 8:4, there 

was an excess of oxygen present and this results in some of it being used for combustion, likely due to 

it being physisorbed on the metal oxide surface [34], resulting in the high selectivity toward carbon 

oxides.  

 

Since oxygen from the metal oxide in the catalyst was used for the reaction, this reaction follows the 

Mars and van Krevelen mechanism. The present of small amounts of water in the product mixture of the 

reaction also supports the notion of this mechanism taking place. With greater oxygen content, there are 

more oxygen atoms present to replenish the lattice oxygen removed from the manganese oxide phase. 

This will increase the rate of re-oxidation in a Mars and van Krevelen cycle. This is why desired products 

are obtained in high yields at a carbon to oxygen ratio of 8:2. At lower ratios, the rate of re-oxidation is 

low and at higher ratios, the excess of oxygen on the surface leads to oxygen being used to promote 

combustion reactions and resulted in the high COx selectivity. A Mars and van Krevelen cycle showing 

the formation of primary products and reduction followed by re-oxidation of the manganese phases are 

shown in Figure 4.32. 
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Figure 4.32 Mars and van Krevelen cycle of metal oxide phases and formation of primary product. 

 

Upon comparison of the octene isomers formed individually, trans-2-octene is the dominant octene 

isomer formed at all carbon to oxygen ratios, followed by trans-4-octene except at C:O = 8:2, where 

trans-3-octene is the second most abundant octene isomer, with 1-octene selectivity varying. Comparing 

the previous results from the support only with the results obtained from varying GHSV, there was also 

the formation of cis-4-octene and cis-2-octene. These octenes were converted to other reaction products 

via simultaneous and most likely competitive reaction mechanisms and that is likely the reason why 

their selectivities vary with changing reaction parameters.  

 

Formation of octenes from n-octane depends on the position and orientation of the double bond. It is 

well noted that double bond position towards the end of the chain is favoured, but is less stable and hence 

reacts more easily to form secondary products. Also, “trans” isomers of octenes are more stable than 

“cis” isomers [27, 28, 121]. This reasoning can be used to explain the varying selectivity of the octene 

isomers noted with varying oxygen content and GHSV’s. 

 

 It is likely that trans-2-octene has the highest rate of formation because it is the most thermodynamically 

favoured. This means that it can be formed easily from n-octane and is relatively stable once it is formed. 

1-Octene may form but it is less stable since the position of the double bond is between C1 and C2. This 

implies that formation of other octenes may be favoured. Trans-3-octene and trans-4-octene selectivity 
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is favoured due to the relative thermodynamic stability based on the position of the  double bond away 

from the end of the carbon chain. Cis-2-octene and cis-4-octene isomers are not as stable as trans-isomers 

and hence these products are not consistently formed or react quickly once they are formed [27, 28]. In 

summary, the selectivity of the octene isomers depend on the position and orientation of the double bond 

which determines both the rate of formation and the relative stability once they are formed. 

 

Ethylbenzene is the dominant aromatic compound formed at all C:O ratios. From C:O = 8:2 to C:O = 

8:4, styrene and xylene begin to form. The likely mechanism of ethylbenzene formation would be via 

C1 to C6 cyclisation from 1-octene [29, 30]. This may be the case for this system because at C:O = 8:1, 

ethylbenzene formed at 550ºC while no 1-octene was seen. This could be because as 1-octene formed, 

it was directly converted to ethylbenzene under these specific reaction conditions. As the oxygen content 

is increased at the 8:2 ratio, both 1-octene and ethylbenzene selectivity increased with temperature and 

when compared to C:O = 8:1. This indicates more 1-octene is formed with the increase in oxygen 

content, more of it is available for ethylbenzene formation. With C:O = 8:3 and 8:4, 1-octene selectivity 

decreases but ethylbenzene selectivity increases as a function of temperature. This is again suggests that 

1-octene is a precursor to ethylbenzene.  

 

For ratios of C:O = 8:2 to 8:4, styrene was observed to form via the dehydrogenation of ethylbenzene. 

At lower oxygen content, ethylbenzene forms but its subsequent conversion to styrene was not observed 

likely due to the low amounts of ethylbenzene that formed. However, as n-octane conversion increases 

by virtue of increasing oxygen content in the feed, the rate of formation of ethylbenzene increases and 

its subsequent oxidative dehydrogenation to styrene occurs.  

 

Xylene is likely to form from C2 and C7 cyclisation of an octene molecule. Precursors for xylene may 

be any of the other octene isomers except 1-octene, since cyclisation is favoured by non-terminal double 

bonds [28]. In general, ethylbenzene and xylene selectivity increases with increasing oxygen content, 

which suggests that it is likely formed due to the O2- species from the manganese oxide present in the 

catalyst.  

 

The O2- species has been reported to be most likely responsible for the formation of octenes as well as 

the dehydrocyclisation of octenes to aromatic products [118].  Certain octene isomers that formed are 

responsible for the formation of specific aromatic compounds, depending on which carbon atoms 
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cyclise. This can be evaluated by looking at individual product formation at the different carbon to 

oxygen ratios.  

 

A carbon to oxygen ratio of 8:2 showed best selectivities toward the desired products such as octenes 

and aromatics. The conversion was also reasonable, hence, this ratio was used to test the other catalysts 

prepared. 

 

4.3.2 Experiments to determine catalyst stability  

A time-on-stream analysis of the 2W catalyst was done for 48 hours at 450 °C with a GHSV of 4000  

h-1 and a carbon to oxygen ratio of 8:2. 

 
Figure 4.33 Effect of time with the conversion of n-octane over 2W catalyst (Temperature = 450 ºC, 

GHSV = 4000 h-1 and C: O = 8:2). 

 

The catalyst remained stable for 48 hours as shown in Figure 4.33, as it showed no significant change in 

conversion of n-octane or selectivity toward desired products. The conversion of n-octane and selectivity 

toward products of interest are in a standard deviation range of 1 % for all the runs and the values are 

shown in Table 4.4. 

 

Following the time-on-stream analysis, the catalyst was put through a recycle test and the results are 

shown in Figure 4.34. This is where the catalyst is tested from 350 – 550 °C in 50 °C increments and 

then once it has reached the maximum temperature, the catalyst is cooled to each of the temperatures in 

question and the products of the reaction are analysed. This experiment was used to determine 
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thecyclability of the catalyst, and for the 2W catalyst, it was found that that catalyst could be recycled. 

The results from the experiment are shown in Figure 4.33 and they are comparable to the results for 

 

Table 4.4 Conversion of n-octane and selectivities for time-on-stream analysis. 
Conversion / mol %  19.4 

Product Selectivity / mol% 

Octenes 60.4 

Aromatics 13.2 

Cracked Products 1.9 

COx 24.4 

 
the 2Wcatalyst shown previously as both the conversion values are within 1% and all product 

selectivities are similar at all temperatures. Using the results of the time-on-stream analysis and the 

recycle test, it can be concluded that the catalyst is stable for 48 hours and is cyclable. 

 

 
Figure 4.34 Conversion of n-octane and selectivity towards products over the 2W catalyst for recycle 

test (GHSV = 4000 h-1 and C:O = 8:2). 
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4.4  Proposed reaction pathway 

 
Figure 4.35 Scheme of individual product formation. 

 

The individual reaction pathways for each of the products obtained from the reactions were evaluated  

based on the results obtained and from previous research in the field [29, 30 , 123], as shown in Figure 

4.35.  The primary products from the oxidative dehydrogenation of n-octane were octene isomers. The 

isomers that formed were 1-octene, trans-2-octene, cis-2-octene, trans-3-octene, trans-4-octene and cis-

4-octene. The n-octane molecule was also simultaneously converted to carbon oxides and cracked 

products.  Both the octene isomers and aromatic compounds reacted further to form carbon oxides and 

cracked products, with the reaction of octene isomers to form carbon oxides having a higher rate than 

the reaction of n-octane to form carbon oxides [122]. 1-Octene underwent a C1-C6 cyclisation to form 

ethylbenzene, which reacted further to form styrene. All other octene isomers underwent a C2-C7 

cyclisation to form xylene.  
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Chapter 5 

The role of active metal loading and position in support 

 

In the previous chapter, the optimisation of catalytic reaction conditions was discussed and to some 

extent, the influence these changes in conditions have on catalytic performance. The conditions that 

showed the highest conversion coupled with high selectivity to desired products were identified. 

Optimisation was done using the 2W catalyst and the optimised reaction conditions were subsequently 

used to test the different catalyst to determine the role the active metal loading played as well as the 

position of the active metal, i.e. whether it was located deep in the pores or closer to the surface of the 

SBA-15 support. 

 

5.1 Catalytic results of catalysts prepared by wet impregnation (2W, 5W and 9W catalysts) 

 

To determine the effect of weight loading of metal oxide on the surface of the SBA-15 support, the 5W 

and 9W catalysts were tested and their results were compared to those of the 2W catalyst. 

 

5.1.1 Catalytic results of the 5W catalyst 

 

 
Figure 5.1 Conversion of n-octane and selectivity towards products as a function of temperature over 

the 5W catalyst (GHSV = 4000 h-1 and C:O = 8:2). 
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For the 5W catalyst, conversion was observed to increase with increasing temperature, as shown in 

Figure 5.1. Conversion of n-octane ranged from 9 % - 28 % within the temperature range.  The dominant 

product groups observed were octenes, aromatics, carbon oxides and cracked products (Figure 5.1). The 

product group with the highest selectivity was octenes until 450 °C, with carbon oxides having the 

second highest selectivity. At 500 and 550 °C, however, carbon oxides had the highest selectivity with 

octenes being the second most selective product group. The other product groups obtained were aromatic 

and cracked products, with aromatic products having a higher selectivity than cracked products at all 

temperatures. Both aromatic and cracked product selectivities were observed to increase with increasing 

temperature with a corresponding decrease in octenes selectivity.  

 
Figure 5.2 Octenes selectivity as a function of temperature over the 5W catalyst (GHSV = 4000 h-1 and 

C:O = 8:2). 

 

Upon analysis of the octene selectivity over the 5W catalyst in Figure 5.2, trans-2-octene was the 

dominant product obtained from 350 °C – 450 °C and again at 550 °C. The second most dominant 

product at these temperatures was trans-3-octene. At 500 °C, this is reversed, with trans-3-octene having 

a slightly higher selectivity than trans-2-octene, however the values are still close to each other and the 

difference is likely within the range of experimental error. Throughout the temperature profile, there are 

varying selectivities of trans-4-octene and 1-octene. Trans-4-octene showed lower selectivity than 1-

octene from 400 °C onwards. Upon comparison of the aromatics selectivity in, Figure 5.3, the aromatic 

product with the highest selectivity was ethylbenzene at all temperatures.  This is followed by styrene 

and xylene, which showed the lowest selectivity. From 350 – 450 °C, the selectivity toward trans-2-
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octene and trans-3-octene was observed to decrease as shown in Figure 5.2. Subsequently, an increase 

in selectivity towards xylene was observed, suggesting a C2-C7 cyclisation of these octene isomers to 

form xylene. Also, at these temperatures, 1-octene selectivity increased with a decrease in the two 

dominant octene isomers. Ethylbenzene and styrene selectivity also increased as 1-octene selectivity 

increased at these temperatures, with ethylbenzene likely being formed from 1-octene via C1-C6 

cyclisation and subsequently dehydrogenated to form styrene. Dasireddy et al. [123] observed the same 

trend with 1-octene and ethylbenzene selectivities for n-octane activation using hydroxyapatite catalysts. 

At 500 and 550 °C, aromatic selectivity increased with temperature which was also noted for the 2W 

catalyst at these temperatures and reaction conditions. 

 
Figure 5.3 Aromatics selectivity as a function of temperature over the 5W catalyst (GHSV = 4000 h-1 

and C:O = 8:2). 

 

5.1.2 Catalytic results of the 9W catalyst 

 

The results for the catalytic testing of the 9W catalyst are shown in Figure 5.4. For this catalyst, 

conversion increased with temperature which ranged from 14 % at 350 °C to 37 % at 550 °C. The 

selectivity of the 9W catalyst showed that octenes were the dominant products throughout the 

temperature range. The second most selective products were the COx group, except at 500 °C, where 

aromatics became the second most selective product group. As temperature increased, the selectivity 

towards octenes decreased and the selectivity toward aromatics and cracked products increased. Also 
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for the 9W catalyst, aromatic product selectivity was higher than cracked product formation at all 

temperatures. 

 
Figure 5.4 Conversion of n-octane and selectivity towards products as a function of temperature over 

the 9W catalyst (GHSV = 4000 h-1 and C:O = 8:2). 

 

Figure 5.5 shows that trans-2-octene was the dominant octene isomer formed over the 9W catalyst. The 

second most dominant isomer was trans-3-octene, followed by varying amounts of trans-4-octene and 

1-octene, likely due to the simultaneous reaction taking place to form these products. Ethylbenzene was 

the dominant aromatic isomer formed, followed by styrene and then xylene, as seen in 

 

 
Figure 5.5 Octenes selectivity as a function of temperature over the 9W catalyst (GHSV = 4000 h-1 and 

C:O = 8:2). 
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Figure 5.6. Similarly to the 5W catalyst, throughout the temperature range, the selectivity of trans-2-

octene and trans-3-octene decreased, whilst the selectivity to xylene increased. There was a slight 

decrease at 450°C, but it is less than 0.2% and can be viewed as negligible and within experimental 

error. At the lower three temperatures, 1-octene selectivity increased with the decrease in selectivity of 

the dominant two isomers and this was observed for all catalysts prepared by the wet impregnation 

technique. The selectivity towards ethylbenzene and styrene also increased at these temperatures, which 

is in agreement with the proposed reaction pathway. 

 
Figure 5.6 Aromatics selectivity as a function of temperature over the 9W catalyst (GHSV = 4000 h-1 

and C:O = 8:2). 

 

Upon comparison of the catalytic results obtained for the 2W, 5W and 9W catalysts, there were certain 

trends that were observed. These trends are shown in Figure 5.7 (A-E). Conversion of n-octane increased 

with increasing metal weight loading at all temperatures due to the higher surface area of the active metal 

oxide. With respect to selectivity, the selectivity toward octenes for the 9W catalyst was highest, 

followed by the 5W catalyst, but at 400 and 450 °C, the 2W catalyst is dominant. This trend was observed 

at all temperatures. The opposite was true for COx selectivity, where the 9W catalyst showed the lowest 

selectivity. This is suggestive of a higher rate of the oxidative dehydrogenation reactions as metal content 

is increased, likely due to the high concentration of lattice O2. This reasoning is reinforced by the trends 

observed for the aromatics selectivity, with the 9W catalyst showing higher selectivity with increasing 

temperature when compared to catalysts with lower metal loading. Selectivity to cracked products was 
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lowest for the 9W catalyst, however at 400, 450 and 500 °C the 2W catalyst showed the lowest selectivity 

towards these products. 

 

 
Figure 5.7 Conversion of n-octane and selectivity towards products as a function of temperature over 

catalysts prepared by wet impregnation (GHSV = 4000 h-1 and C:O = 8:2). 

 

Aromatic and cracked products were formed by secondary oxidation of the primary products of the 

reaction, which were the octenes. These reactions follow the proposed reaction pathway, explained in 

Chapter 4. For all weight loadings and at most temperatures, trans-2-octene had the highest selectivity 
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when compared to the other octene isomers, followed by trans-3-octene.The selectivities in the 

production of trans-4-octene and 1-octene varied from catalyst to catalyst. For aromatic products, 

ethylbenzene was the dominant aromatic formed in the reactions, as it had the highest selectivity for all 

weight loadings. The aromatic product with the second highest selectivity is styrene, followed by xylene.  

 

From the results obtained for catalysts prepared by wet impregnation, the 9W catalyst was found to be 

the better, as it provided the greatest conversion with a high selectivity toward octenes and aromatic 

products. Higher weight loading catalysts were not pursued as with very high weight loadings of the 

metal oxide, the mesoporous structure of the support may not remain after impregnation. This was 

reported by Laniecki and Wojtowski [124], as they found with high metal content for Ti/SBA-15 

catalysts, there was a substantial loss in the textural characteristics of the support. Thus 9% manganese 

oxide the highest weight loading investigated.  

 

5.2 Catalytic results of catalysts prepared by deposition precipitation (2D, 5D and 9D catalysts) 

 

To investigate the influence of the location of the active site, the 2D, 5D and 9D catalysts which were 

prepared by deposition precipitation were studied and compared to the catalysts prepared by wet 

impregnation. These catalysts were tested under the optimum conditions that were established in the 

previous chapter.  

 

5.2.1 Catalytic results of the 2D catalyst 

 

For the catalytic behavior of the 2D catalyst, the results of which are shown in Figure 5.8, conversion  

increased with increasing temperature and ranged from 2 % at 350 °C to 19 % at 550 °C. The dominant 

products formed at all temperatures were carbon oxides, followed by octenes. Aromatic products began 

to form at 450 °C and were selectively formed with increasing temperature. The reason for the high COx 

formation over this catalyst was likely because the active site is located within the pores of the SBA-15 

support and is not very accessible. This implies that once the olefins are formed, they spend more time 

in the pores of the support and are converted to carbon oxides. This is the more likely route of carbon 

oxide formation as olefins are more likely to combust than paraffins [122]. The combustion reaction 

may also be the reason why cracked products were not observed, as these cracked   
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Figure 5.8 Conversion of n-octane and selectivity towards products as a function of temperature over 

2D catalyst (GHSV = 4000 h-1 and C:O = 8:2). 

 

products may directly combust to form carbon oxides. The low accessibility of the active site and low 

metal loading may be also the reason that the conversion of the 2D catalyst is only slightly higher than 

that of the SBA-15 support (Figure 4.3). COx selectivity decreases with increasing temperature, while 

octenes selectivity increased. This suggests a concurrent reaction pathway, which agrees with the 

proposed reaction pathway in Chapter 4. 

 
Figure 5.9 Octenes selectivity as a function of temperature over the 2D catalyst (GHSV = 4000 h-1 and 

C:O = 8:2). 
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In terms of octene selectivity over the 2D catalyst, shown in Figure 5.9, trans-2-octene was the dominant 

octene isomer at all temperatures, followed by trans-4-octene. Cis-4-octene began to form at 400 °C and 

it was selectivity lower than the other octene isomers and formed as temperature increased. It is, 

however, the least selective of the octene isomers. Ethylbenzene had the highest selectivity amongst the 

aromatic products, followed by xylene and then styrene, as shown in Figure 5.10. From 450 °C, all 

octene isomers increased in selectivity. At the same time, there was a corresponding increase in 

selectivity to xylene. This indicates that more octenes were formed at these temperatures and there was 

a greater amount available for the subsequent conversion to aromatic products. 1-Octene was not 

observed and this may be because as it formed, it underwent secondary reactions rapidly to form 

ethylbenzene and styrene [34, 47]. Aromatic product selectivity was low for this catalyst and this was 

examined further and is discussed with the results of the other catalysts prepared by deposition 

precipitation. 

 

 
Figure 5.10 Aromatics selectivity as a function of temperature over the 2D catalyst (GHSV = 4000 h-1 

and C:O = 8:2). 

 

5.2.2 Catalytic results of the 5D catalyst 

 

The catalytic results of the 5D catalyst are presented in Figure 5.11. The conversion and selectivity of 

n-octane over this catalyst varied with temperature and the conversion increased with increasing 

temperature, as expected. Conversion ranged from 4 % at 350 °C to 19 % at 550 °C. The product group 

with the highest selectivity throughout the temperature profile was the COx group, followed by octenes 
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and then cracked products. The products with the lowest selectivity were aromatics and they only began 

to form after 450 °C. With increasing temperature, octene product selectivity decreased and aromatic 

and cracked product selectivities increased, which is in agreement with the reaction pathway for this 

system. There was also a decrease in COx selectivity with increasing temperature which suggests that, 

as stable products form from octenes, less octenes combust to form COx. 

 

 
Figure 5.11 Conversion of n-octane and selectivity towards products as a function of temperature over 

the 5D catalyst (GHSV = 4000 h-1 and C:O = 8:2). 

 

In terms of octenes selectivity shown in Figure 5.12, the order of selectivity was trans-2-octene > trans-

3-octene > 1-octene > trans-4-octene. The most selective of the aromatic products was ethylbenzene at 

450 °C, as it was the only aromatic compound present, shown in Figure 5.13. Styrene and xylene began 

to form only from 500°C, with xylene having higher selectivity than styrene at both temperatures.  

 

Selectivities towards trans-2-octene and trans-3-octene were decreased while the selectivities toward 1-

octene and trans-4-octene were varied. There was a decrease in selectivity of the formation of 1-octene 

from 400 – 450°C. This most likely occurred because it was aromatized to form ethylbenzene, which 

was found at 450 °C. The selectivity towards 1-octene was fairly constant from 450 – 550 °C, while the 

selectivities toward ethylbenzene and styrene increased with temperature. Xylene formed from 500 °C, 

with a corresponding decrease in selectivity toward trans-2-octene and trans-4-octene. This occurred via 

a C2-C7 cyclisation of the octene isomers. 
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Figure 5.12 Octenes selectivity as a function of temperature over the 5D catalyst (GHSV = 4000 h-1 and 

C:O = 8:2). 

 

 
Figure 5.13 Aromatics selectivity as a function of temperature over the 5D catalyst (GHSV = 4000 h-1 

and C:O = 8:2). 
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5.2.3 Catalytic results of the 9D catalyst 

 

The conversion for the 9D catalyst, shown in Figure 5.14, increased with an increase in temperature and 

it ranged from 7 % at 350 °C to 20 % at 550 °C. Octenes were the dominant products throughout the 

temperature range and the second most selective product group was COx. Aromatic products 

 
Figure 5.14 Conversion of n-octane and selectivity towards products as a function of temperature over 

the 9D catalyst (GHSV = 4000 h-1 and C:O = 8:2). 

 

began to form from 450 °C and their selectivity increased with increasing temperature. Cracked products 

selectivities varied at all temperatures and these products had a higher selectivity than aromatic products 

at all temperatures. The reason for the higher octenes selectivity could be due to the change in 

accessibility of the active site associated with the higher weight loading.  

 

 
Figure 5.15 Octenes selectivity as a function of temperature over the 9D catalyst (GHSV = 4000 h-1 and 

C:O = 8:2). 
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The octenes selectivity for the 9D catalyst, shown in Figure 5.15, showed trans-2-octene as the dominant 

isomer from 350 – 500 °C, whereas trans-3-octene had the highest selectivity at 550°C. The octene 

isomer with the third highest selectivity is 1-octene, followed by trans-4-octene. Ethylbenzene was the 

only aromatic product that was found at 450 °C. At 500 and 550 °C, the other two aromatic compounds 

were also found, with xylene having the highest selectivity, followed by ethylbenzene and then styrene, 

seen in Figure 5.16. 

 

 
Figure 5.16 Aromatics selectivity as a function of temperature over the 9D catalyst (GHSV = 4000 h-1 

and C:O = 8:2). 

 

As was seen with all the other catalysts, the mixture of octenes is in agreement with the reaction pathway 

in the previous chapter.  Similarly to the 5D catalyst, from 400 – 450 °C, there was a decrease in 

selectivity of 1-octene, while ethylbenzene and styrene formed at 450 °C, which will account for this 

decrease. The selectivity towards 1-octene varied from 450 – 550 °C, while the selectivity toward 

ethylbenzene and styrene increased with temperature. Xylene formed from 500°C onwards with a 

corresponding decrease in selectivity toward trans-2-octene and trans-4-octene. 

 

A summary of the catalytic data obtained for the 2D, 5D and 9D catalyst is shown in Figure 5.17 (A-E). 

Conversion of n-octane increased with increasing weight loading due to the greater number of active 

sites present with higher weight loading. However, at higher temperatures, the conversions of all the 

catalysts prepared by deposition precipitation were similar and these conversions were comparable to 
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that of the SBA-15 support (Figure 4.3). This suggests that an increase in weight loading in the pores of 

the support had a greater effect on the selectivity of the catalyst than it did on the conversion. The 

selectivity profiles of all catalysts prepared by deposition precipitation varied with the weight loading. 

Selectivity toward octenes increased and selectivity towards COx decreased with increasing 

 
Figure 5.17 Conversion of n-octane and selectivity towards products as a function of temperature over 

catalysts prepared by deposition precipitation (GHSV = 4000 h-1 and C:O = 8:2). 
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weight loading of the metal oxide on the support. This is suspected to be due to the higher proportion of 

metal oxide being deposited on the outer walls of the SBA-15 support as the weight loading of metal 

oxide is increased from 2 to 9 wt%. Thus, for the 2D catalyst, the overall selectivity is governed by the 

metal oxide being predominantly in the pore. As the weight loading increases, the reactions on the outer 

walls of the support contribute more significantly and subsequently, there is a shift to a higher selectivity 

toward ODH products. The dominant octene isomer was trans-2-octene, and for the 2D and 5D catalysts 

ethylbenzene was the dominant aromatic isomer, whereas for the 9D catalyst, xylene is the dominant 

aromatic product from 500 °C onwards. The formation of octenes and aromatic products for all three 

catalysts was found to be in accordance with the proposed reaction pathway from Chapter 4. 

 

Aromatic products began to form after 450 °C for all three catalysts and, also, cracked product formation 

was greater than aromatic product formation at all temperatures for all of the catalysts. A reason for the 

low aromatic product selectivity is possibly that the formation of aromatic products may be sterically 

hindered by the active site being present in the pores. The restricted access of the active site also hinders 

secondary reactions [89] of octenes towards aromatic products and perhaps favours the cracking reaction 

instead. This means more of the feed is available for thermal cracking of octenes rather than aromatic 

products being formed, which is likely the reason for the cracked product selectivity is higher than 

aromatic product selectivity for all catalysts prepared by deposition precipitation. 

 

5.3 The effect of the position of the metal oxide 

 

To determine the effect of the location of the metal oxide, that is, either on the outer walls or 

predominantly in the pores of the support, the catalytic activity of the catalysts prepared by wet 

impregnation and deposition precipitation were compared. The aim was to obtain a high conversion of 

n-octane towards the formation of octenes, the desired primary products of the reaction. Catalysts 

prepared by deposition precipitation showed clear differences with respect to how the metal was 

incorporated into the structure of the support when compared to catalysts prepared by wet impregnation. 

This was shown by various characterization techniques, as discussed in Chapter 3.  

 

The shape of N2 physisorption (Figure 3.3, A5 and A7) isotherms for catalysts prepared by wet 

impregnation were type IV hysteresis loops, which are indicative of mesopores. However, for catalysts 

prepared by deposition precipitation, the shapes of the isotherm changes, suggesting blockage of the 
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pores. Pore blockage was also observed from TEM for these catalysts (Figure 3.4 F-H). The blockage 

of the pores resulted in the octene isomers spending more time in the pores of the support and they were 

subsequently converted to carbon oxides and cracked products. 

 

 
Figure 5.18 Conversion of n-octane and selectivity towards products for all catalysts (Temperature = 

450 ºC, GHSV = 4000 h-1 and C:O = 8:2). 

 

Comparing the results of the catalytic study of the two groups of catalysts; shown in Figure 5.18, it was 

observed that the conversion was lower at all weight loadings throughout the temperature range for the 

catalysts prepared by deposition precipitation as compared to those prepared by wet impregnation. 

Conversion increased with increasing weight loading for both groups of catalysts. This was due to the 

greater amount of lattice oxygen available to promote conversion of n-octane. The selectivity profiles 

were also different at all weight loadings. Octene selectivity increased and COx selectivity decreased 

with increasing weight loading for both groups of catalysts. Again, this is due to the increased availability 

of the lattice oxygen to form ODH products and prevent deep oxidation from occurring. Aromatic 

product selectivity was higher than cracked product selectivity for the catalysts with the metal oxide on 

the surface and the reverse was found for the catalysts with the metal oxide in the pores at all 

temperatures and at all weight loadings. This may be because there is steric hindrance limiting the 

formation of the aromatic compound inside the pore and the thermal cracking reaction is favoured over 

the aromatization reaction. 
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For the 2D and 5D catalysts, COx was found to be the major product at all temperatures. This may be 

because, as the olefins are formed over these catalysts, they spend more time in the pores due to the 

location of the metal oxide and are subsequently converted to carbon oxides, which is the more likely 

route for the formation of combustion products [122]. Dasireddy et al. [123] found that the O- species 

was the species of oxygen responsible for secondary combustion of ODH products to form carbon 

oxides. 

 

The catalysts with metal oxide on the surface have octenes are the major products at lower temperatures 

but at higher temperatures, COx is the dominant product. This was consistent with the assumption that 

lower weight loading catalysts have high COx selectivity and the metal oxide in the pores favours the 

combustion reaction taking place. However, for the 9 wt% catalysts, the catalyst with the metal oxide in 

the pores has higher selectivity toward octenes at all temperatures than the catalyst with the metal oxide 

on the surface. Since the conversions of both catalysts differ, selectivity profiles will need to be 

compared at isoconversion for the 9 wt% catalysts. 

 

5.4 Product selectivity at isoconversion 

 

Isoconversion profiles for the 9W and 9D catalysts were obtained at 400°C and at 12% n-octane 

conversion are shown in Figure 5.19. The selectivities toward octenes and COx products, which are 

shown in Figure 5.19, were within 1% of each other.This suggests that at a loading of 9 wt% and at the 

same conversion, the catalysts gave the same product selectivity whether the metal oxide is 

predominantly in the pores or on the outer walls of the SBA-15 support. 

 

Upon comparison of all the catalysts, the 9D catalyst is the catalyst that does not fit the trend when 

comparing catalysts with the metal oxide in the pores and the ones with the metal oxide on the surface. 

This is because both the 2D and 5D catalysts showed higher COx selectivity and lower octene selectivity 

than the 2W and 5W catalysts respectively. However, for the 9D catalyst, the octenes selectivity was 

higher and COx selectivity was lower when compared to the 9W catalyst and the isoconversion results 

suggest that the catalysts behave in the same way. A reason for this could be that since the 9D catalyst 

has the highest weight loading, its dispersion of active metal sites may be providing a surface similar in 

character to that of the 9W catalyst 
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Figure 5.19 Isoconversion results of 9W and 9D catalysts catalyst at 12% conversion of n-octane and 

400 °C. 

 

The behavior of the 2W and 2D catalysts with respect to the selectivity at isoconversion, as observed in 

Figure 5.20, suggest a difference in the active surface characteristics of the two catalysts. Hence, when 

the catalysts particles are suspected to be predominantly in the pores as for the 2D system, the 

environment is conducive to secondary reactions of octene isomers, hence a high COx selectivity was 

observed. In contrast, for the 2W catalyst, which contains the catalyst particles on the outer walls of the 

support, desorption of olefinic products reduce their conversion to final oxidation products. The higher 

selectivity to aromatics over the 2W catalyst also suggests a lower propensity to form deep oxidation 

products over its surface. 

 

Figure 5.20 Isoconversion results of 2W and 2D catalysts catalyst at 8.5 % conversion of n-octane and 

450 °C.  
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Chapter 6 

Summary and Conclusion 

 

Manganese oxide catalysts supported on SBA-15 were studied for the oxidative dehydrogenation of n-

octane. SBA-15 was successfully synthesized via a hydrothermal treatment method that has been well 

reported [76, 112]. Two groups of catalysts were synthesised using wet impregnation and deposition 

precipitation, with manganese oxide weight loadings of 2, 5 and 9 wt% for both groups. Powder XRD 

confirmed the presence of Mn3O4 for both groups of catalysts at room temperature. The phase present at 

lower temperatures was found to be Mn3O4 and MnO was the dominant phase at higher temperatures as 

shown by the results of insitu XRD. Under reaction conditions, both Mn3O4 and MnO exist, however, 

the exact ratio was dependant on factors such as C:O ratio, temperature and contact time.Nitrogen 

physisorption revealed type IV hysteresis loops for the SBA-15 and for catalysts prepared by wet 

impregnation, indicating mesopores. However, for catalysts prepared by deposition precipitation, the 

shape of the isotherm changed, indicating pore blockage. 

 

Surface areas and pore volumes for catalysts prepared by wet impregnation were higher than those for 

catalysts prepared by deposition precipitation at the same weight loading, indicating blockage of the 

pores.Electron microscopy showed the different position of the metal oxide clearly, with TEM showing 

the catalysts prepared by wet impregnation having metal oxide on the surface while the pores appeared 

to be blocked or filled with metal oxide particles for catalysts prepared by deposition precipitation. SEM 

- EDX showed the varying distribution of the metal throughout the support for the two groups of 

catalysts, confirming that the synthesis method impacted on the location of the metal. 

 

Temperature programmed analyses in the form of TPR and TPO showed 2 distinct peaks for both the 

reduction of Mn3O4 to MnO and the re-oxidation of MnO to Mn3O4. These peaks were present for both 

groups of catalysts, but higher reduction and lower re-oxidation temperatures were required for the 9D 

catalyst when compared to the 9W catalyst. This is likely because of the metal oxide particles being 

predominantly in the pores for the 9D catalyst, as opposed to being mostly situated on the outer walls of 

the support for the 9W catalyst. Spent catalyst characterization revealed that no metal leaching took 

place and there were no major structural changes for both groups of catalysts. There was an indication 

of low amounts of coke present by the decrease in BET surface area for the spent catalysts. 
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Oxidative dehydrogenation reactions were carried out in a continuous flow fixed-bed microreactor 

system. The non-catalytic experiments showed a maximum contribution of 5% n-octane conversion. The 

reaction products observed were octene isomers, aromatic compounds, cracked products and carbon 

oxides. The SBA-15 support was found to be active for the oxidative dehydrogenation of n-octane. The 

2W catalyst was tested and it showed enhanced activity when compared to the support. Based on 

optimization of reaction conditions using the 2W catalyst, the ideal reaction conditions were found to be 

at a particle pellet sizes of 600 – 1000 µm, a GHSV of 4000 h-1 and a carbon to oxygen 8:2. A time-on-

stream experiment showed that the catalyst was stable for up to 48 hours and the catalyst was found to 

be cyclable. The catalytic results showed manganese oxide followed a Mars and van Krevelen reaction 

pathway, i.e the manganese oxide was reduced by n-octane and the reduced catalyst was thereafter 

oxidized by the oxygen present in feed. These results were then coupled with the characterization results 

to establish a proposed pathway for the formation of primary products of this reaction, namely octenes, 

as well as secondary and final oxidation products. 

 

Upon comparison of the catalytic results of all catalysts prepared by wet impregnation, conversion of n-

octane was found to increase with increasing metal loading. The formation of ODH reaction products 

was favoured by higher metal content due to the higher amount of lattice oxygen available. This is the 

reason the 9W catalyst showed the highest conversion and selectivity towards octene and aromatic 

compounds. The catalytic results of catalysts prepared by deposition precipitation indicated that the 

conversion of n-octane over these catalysts were low due to the restricted access to the metal oxide. For 

these catalysts, octenes formed but spent more time in the pores of the support and were consequently 

converted to carbon oxides. The weight loading of these catalysts controlled the proportion of metal 

oxide primarily in the pores to the amount present on the outer walls of the support. This proportion 

controlled the rate at which octenes were converted to carbon oxides. Aromatic product selectivity was 

low for catalysts prepared by deposition precipitation, likely due to steric hindrance in the pores of the 

support. Isoconversion experiments revealed that the surface characteristics of the 9D catalyst may be 

similar to the 9W catalyst since they have similar selectivity profiles at the same conversion. However, 

for the 2 wt% catalysts, the surfaces properties of these two catalysts were different and hence they 

provided two distinct selectivity profiles under isoconversion conditions. 
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Chapter 7 

Summary and motivation for future work 

The number of industrial coal-to-liquid, gas-to-liquid and petrochemical plants worldwide are increasing 

each year. With the rise in numbers of these plants, there is also a rise in the by-products manufactured, 

such as alkanes or paraffins [29]. Branched alkanes may be used in fuels due to their high octane 

numbers, but linear alkanes possess low octane numbers and find less use in fuels. This makes linear 

alkanes appealing for use as a feedstock for a large-scale industrial feedstock. Aromatic, oxygenated and 

olefinic compounds are well known industrial feedstocks for a number of different processes. With 

alkanes being precursors to these compounds and having a relatively lower value, it would be 

economically viable to substitute the more expensive feedstocks with their alkane precursors [30]. Thus, 

any process that is able to activate alkanes and convert them to value added products with a substantial 

yield would be of great interest industrially. 

 

There has been extensive research carried out in paraffin activation, as discussed in Chapter 1. Also 

mentioned previously were the different methods of paraffin activation, namely cracking, 

dehydrogenation and oxidative dehydrogenation. Of these diverse routes of paraffin activation, oxidative 

dehydrogenation was deemed to be the best of the three methods for a research initiative. This was due 

to the low energy input required for the reaction and lower amount of coking when compared to the 

other methods of paraffin activation [36]. The major drawback to oxidative dehydrogenation is that side 

reactions are more apparent as compared to dehydrogenation. A typical example would be carbon oxide 

formation, which is very low or does not form with dehydrogenation [37]. However, this drawback has 

lead to an industrial demand for catalysts that can produce high selectivities toward desired products at 

reasonable conversions, while hindering the formation of unwanted side reactions such as carbon oxides. 

This has lead into many research endeavours into the oxidative dehydrogenation of paraffins to produce 

value added products. 

 

Supported transition metal oxides have been widely reported to be used as heterogeneous catalysts for 

the oxidative dehydrogenation of paraffin molecules, as discussed in Chapter 1. Transition metals were 

chosen to be used as redox catalysts and manganese was the choice of transition metal due to its large 

number of stable oxidation states allowing easier manipulation of is redox potential, which allows for 

better performance as a redox catalyst [69]. The choice of support was SBA-15, a well ordered silica 
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based support. The desirable properties of SBA-15, such as high surface area, high thermal stability, 

well ordered mesoporous structure, open channels and relatively thick silica walls make it suitable for 

use as a catalyst support [78-80]. In order to obtain a selective catalyst for the oxidative dehydrogenation 

of a paraffin molecule, a basic principle of heterogeneous catalysis was looked at. This was the 

accessibility of the active site. By altering the accessibility of the active site, a catalyst can be tuned in 

terms of activity and selectivity. This was looked at using manganese oxide supported on SBA-15 

catalysts. 

 

The SBA-15 support was synthesized via a previously reported hydrothermal method [76, 112]. Wet 

impregnation and deposition precipitation were used to prepare two groups of catalysts, with each group 

containing 2, 5 and 9 wt% of manganese oxide. Powder XRD analyses of all catalysts showed that the 

dominant phase present was Mn3O4 at room temperature, indicated by the peaks at 2θ angles of 33 º, 37 

º and 55 º corresponding to d-spacing values of 2.73, 2.42 and 1.67 Å respectively [113]. All catalysts 

also showed a large broad peak at lower 2θ values which can be attributed to the SBA-15 support. The 

redox behaviour of the catalyst was monitored using in situ XRD, and under reduction the dominant 

phase was found to be MnO, with complete reduction of the Mn3O4 phasing occurring at 450 °C. 

Nitrogen physisorption isotherms showed that the SBA-15 and catalysts prepared by wet impregnation 

showed type IV hysteresis loops, which indicate the presence of mesopores. However, for catalysts 

prepared by deposition precipitation, the relative quantity of nitrogen adsorbed is lower at the same metal 

loading when compared the catalysts prepared by wet impregnation. The shape of the isotherm also 

changes. This suggests that the pores are blocked for catalysts prepared by deposition precipitation.  

 

Comparing the surface areas and pore volumes for the two groups of catalysts at the same weight loading, 

the catalysts prepared by deposition precipitation have lower values, again suggestive of pore blockage. 

TEM clearly showed the well ordered structure and hexagonal mesopores of the SBA-15. The support 

structure remains intact after wet impregnation (as seen from TEM images of the 2W, 5W and 9W 

catalysts) with the metal oxide being seen primarily on the surface of the support. However, with 

catalysts prepared by deposition precipitation, the pores of the supports appear to be blocked or filled 

with metal oxide particles (as seen from TEM images of the 2D, 5D and 9D catalysts). Metal oxide 

particle sizes were smaller for the D-series of catalysts than the W-series, which is likely the reason for 

the different location of the metal oxide with respect to the support. SEM-EDX mapping of the 9W 

catalyst showed large amounts of manganese present on the surface of the support, which was confirmed 
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by line and point scans of the sample. In contrast, for the 9D catalyst, EDX mapping, line and point 

scans indicated an even distribution of the metal oxide throughout the support. Temperature programmed 

analyses in the form of TPR and TPO revealed two peaks for both the 9W and 9D catalysts, for the 

reduction of Mn3O4 to MnO, with oxidation showing the reverse. The difference in reduction 

temperatures for the 9D and 9W catalysts was attributed to the difference in location of the metal oxide. 

Oxygen chemisorption analyses showed that the 2D catalyst had a higher amount of oxygen chemisorbed 

than the 2W catalyst, with SBA-15 chemisorbing the lowest when compared to the two catalysts. The 

difference in oxygen chemisorption amounts is due to the different metal dispersions for the two 

catalysts. There are further characterisation techniques that may provide additional insight in the 

properties of the catalyst. Cross-sectional SEM-EDX would provide a clear picture of the exact position 

of the metal oxide with respect to the support. Temperature programmed desorption and pulse 

chemisorption may also offer useful information on the acid/base properties of the catalyst. 

 

Catalytic testing was carried out in a continuous flow fixed-bed reactor system and prior to testing, the 

non-catalytic contribution of this reaction was found to be minimal. The SBA-15 support and 2W 

catalyst were initially tested, with both being active for the oxidative dehydrogenation of n-octane. The 

reaction product groups obtained were octene isomers, aromatic compounds, cracked products and 

carbon oxides, with the first two product groups being desired reaction products.  Although the support 

was found to be active, the introduction of metal oxide onto the support did provide enhanced catalytic 

activity and a diverse selectivity profile when compared to the catalytic results of the support. The 

dominant product group obtained over the support and 2W catalyst were octenes. The 2W catalyst was 

then used to optimise reactor conditions in terms of catalyst particle pellet size, GHSV and C:O ratio. 

Changes in reactor conditions were found to have a direct impact in the conversion of n-octane and the 

selectivity profile obtained over the 2W catalyst. The optimum reactor conditions were found to be at a 

GHSV of 4000 h-1 and a C:O ratio of 8:2, with a catalyst particle size of 600 – 1000 µm. These conditions 

were chosen based on conversion of n-octane and selectivities toward desired products. In addition to 

obtaining an optimum yield toward desired products, the analysis of results obtained from optimisation 

of reaction conditions, coupled with characterisation data, provided insight into the behaviour of the 

catalyst. The redox behaviour of the catalyst was established and the catalyst was found to follow a Mars 

and van Krevelen mechanism for the formation of primary products, which were octenes. Individual 

reaction pathways for each of the product obtained was also established. 
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All catalysts were then tested under optimum conditions and it was found that catalysts prepared by wet 

impregnation gave a higher conversion of n-octane than catalysts prepared by deposition precipitation 

at the same weight loading. This was likely due to the better accessibility of the active site for catalysts 

prepared by wet impregnation. However, the restricted access of the active site for catalysts prepared by 

deposition precipitation did lead the higher selectivities toward one product group, with the product 

group obtained being dependant on the weight loading. At lower weight loadings, the dominant product 

group was carbon oxides and at higher weight loadings, it was octenes.   From both groups of catalysts, 

the 9 wt% catalysts were found the best weight loading based on conversion and selectivity toward 

desired products. An isoconversion experiment of the 9 wt% catalysts provided a similar selectivity 

profile, which suggested that the dispersion of the active metal sites for the 9D catalyst may provide a 

surface similar that that of the 9W catalysts. However, an isoconversion study of the 2 wt% catalysts 

showed 2 distinct selectivity profiles, indicating different surface characteristics for these catalysts.  

 

This research endeavour found novelty in the usage of manganese oxide catalysts supported on SBA-15 

for the oxidative dehydrogenation of n-octane. Coupling characterisation and catalytic data, the role of 

the support and catalytic behaviour of the metal oxide during the reaction was determined. The redox 

cycle of the catalyst was established and the reaction mechanism for the manganese oxide catalysts was 

found. Another distinctive aspect of this project was the alteration of the accessibility of the active site 

to influence catalyst performance. The 9W catalyst showed the highest conversion of n-octane, while 

the 9D catalyst had the greatest selectivity toward octenes. However, there are various other paths that 

could be taken to expand this research initiative and be carried out as part of future work for this study. 

 

For instance, in order to substantiate the influence of the well ordered, mesoporous structure of the SBA-

15 support structure, a first step for future work would be to prepare catalysts using amorphous silica of 

a similar surface area to that of the synthesized support. In this way, any changes in catalyst properties 

and catalytic testing results can be correlated to the difference between the well defined structure of the 

SBA-15 and the irregular structure of amorphous silica. 

The SBA-15 support for this study was found to possess basic sites which resulted in the high selectivity 

toward octene isomers. However, it has been widely reported that SBA-15 modified with transition 

metals into the framework can alter the acid/base properties of the support. [77, 83-86]. This was done 

by direct synthesis or a post grafting method in order to incorporate the metal oxide into the support 

framework. Sun et al. [77] discussed the incorporation of various transition metals into SBA-15 such as 
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Fe and Al. This provided more acid sites present on the catalyst. The addition of acid sites to the already 

present basic sites on the support should provide a very different selectivity profile. This may lead to a 

greater formation of aromatic products or perhaps oxygenated compounds may begin to form. On the 

other hand, Vizcaino et al. [126] showed that incorporating Ca and Mg into the SBA-15 framework 

increased the basic character of the support. They used incipient wetness impregnation to incorporate 

these metals, after which Cu and Ni were supported on the modified SBA-15. The incorporation of 

metals into the framework also provided a better dispersion of Cu and Ni after impregnation. A modified 

support with increased basicity may provide even greater selectivity toward octenes.  

 

The drawback to obtaining primarily octenes in a reaction product profile is that a mixture of octene 

isomers was obtained, with trans-2-octene found to have the highest selectivity for this project. A catalyst 

that can produce a single octene isomer instead or a mixture from n-octane would be very appealing for 

industrial use. The terminal octene isomer would be the most sought after isomer, as it is the most 

reactive of the isomers [27, 28] and hence difficult to produce as the single reaction product. A way to 

try and obtain terminal activation of the octane molecule could be by limiting the interaction between 

the feed and the pores of the support.  

 

Zhao et al. [82] synthesized SBA-15 with different morphologies. Morphologies resembling fibers, rope, 

doughnuts and spheres were synthesized through the cosolvent, cosurfactant, and inorganic electrolyte 

approaches. Pitchumani et al. [112] also synthesized SBA-15 with morphologies in the form of films 

and cakes, with the dependant factor that determined the morphology during the synthesis being stirring 

rate. This might be a viable approach in order to limit the support and reactant interaction. Wang etal. 

[127] synthesized SBA-15 with varying pore diameters. Pore diameters were tuned using different 

synthesis conditions and by using trimethylbenzene as a swelling agent. This study shows that the pore 

sizes of SBA-15 can be tuned and this would be a more interesting route to try and obtain activation on 

the terminal position of the n-octane molecule. 

Other innovative research ideas can be looked at in the future work for this project. Other higher linear 

alkanes such as n-decane can be investigated. Other metals can be supported on SBA-15 along with 

manganese to produce bimetallic catalysts. This research project provided a firm foundation upon which 

to build. The detailed insight into catalytic behaviour and performance previously discussed together 

with novel future plans provide a unique research endeavour that has the potential to be of great interest 

scientifically, as well as offering the possibility of having further industrial applications. With this in 
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mind, it would be beneficial to continue with the Masters research project based on the future work plans 

outlined and upgrade this project to transform this into a PhD research project. 
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Appendix 

Table A1: Sample calculation for moles of 1-octene obtained 

Mass of Organic Layer 2,09 g 

Percentage Peak Area of 1-octene 0,78 

Response Factor 0,91 

Corrected Area = Percentage Peak Area/Response Factor 0,85 

Normalised Peak Area = (Corrected Area/Sum of all corrected areas in product 

analysis) x 100 

69,51 

Mass of Product = (Normalised Area x Mass of organic layer)/100 1,46 g 

Moles of Product = Mass of Product/Molar Mass of Product 0,013mol 
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Figure A2 XRD pattern of 5W catalyst 

 

 

Figure A3 XRD pattern of 9D catalyst 
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Figure A4 XRD pattern of 9W catalyst 

 

 

Figure A5 N2 adsorption/desorption isotherm of 5D catalyst 
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Figure A6 N2 adsorption/desorption isotherm of 5Wcatalyst 

 

Figure A7 N2 adsorption/desorption isotherm of 9D catalyst 
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Figure A8 N2 adsorption/desorption isotherm of 9W catalyst 

 

Figure A9 Raman spectrum of 2W catalyst 

 

Figure A10 Electron mapping graph of 9D catalyst 
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Figure A11 Electron mapping graph of 9W catalyst 

 

Figure A12 Picture of micro-reactor set-up used 
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Figure A13 Sample chromatograms 
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