
Activity Determining Parameters on 
Catalytic Oxidative Dehydrogenation 

Reactions of Short Chain Hydrocarbons 
 

 

 

 

vorgelegt von 

Diplom-Ingenieur 

Benjamin Beck 

aus Berlin 

 

 

von der Fakultät II - Mathematik und Naturwissenschaften 

der Technischen Universität Berlin 

zur Erlangung des akademischen Grades 

 

Doktor der Ingenieurswissenschaften 

- Dr.-Ing. - 

 

genehmigte Dissertation 

 

 

 

Promotionsausschuss: 

Vorsitzender:  Prof. Dr. rer. nat. Karola Rück-Braun 

Berichter:  Prof. Dr. rer. nat. Reinhard Schomäcker 

Berichter:  Prof. Dr. rer. nat. Raimund Horn 

Tag der wissenschaftlichen Aussprache: 28.02.2014 

 

 

Berlin 2014 

D 83 



   

 II 
 

ACKNOWLEDGEMENTS 

At this point I want to thank everyone who contributes directly or indirectly to the success of 

this work. Foremost I want to thank Prof. Dr. Schomäcker for the supervision of my work and 

the possibility to achieve this milestone. I also thank Prof. Dr. Horn for the second supervision. 

I want to thank the German Research Foundation for funding this project which was part of 

the collaborative research center 546 and the unifying cluster of excellence Unicat Berlin. 

I am grateful to the close collaboration with the research group of Prof. Schlögl at Fritz-Haber-

Institute for worthwhile discussions and providing equipment for large scale catalyst 

preparation and in-situ characterization methods. I wish to thank Dr. N. G. Hamilton for his 

experimental work. I am also very grateful to the cooperation of Prof. Dr. H. Schubert and Dr. 

M. Harth for providing the impendence technique. I want to thank all the people from the 

Institute of Chemical Research of Catalonia giving me the possibility to broaden my scientific 

and personal horizon, namely Dr. A. Urakawa and Dr. M. G. Hevia. 

I want like to thank also many other people who have supported me during this period: 

Dr. S. Arndt Dr. C. Carrero V. Fleischer 

Prof. Dr. H.-J. Freund M. Gliech T. Hamerla 

Y. Kasaka Dr. E. Kondratenko Dr. K. Langfeld 

P. Littlewood C. Löhr A. Müller 

Dr. T. Otremba T. Pogrzeba Dr. A. Rost 

Prof. Dr. J. Sauer M. Schröder Dr. M. Schwarze 

J.Schwirtz Dr. S. Shaikhutdinov H. S. Song 

R. Streeman Dr. A. Trunschke G. Vetter 

I. Volovych M. Wutschnik M. Yildiz 

 

Foremost I want to thank my parents Sabine and Ronald for their constant support of my 

development during the last four years and all my life before. The same is true for my girlfriend 

Annika, who supported me in all difficult situations. She was always there for me.   

 

 

 

 



   

 III 
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ABSTRACT 

The influence of the support material of vanadia catalysts on the reaction rate, activation 

energies, and defect formation enthalpies was investigated for the oxidative dehydrogenation 

of ethanol. Catalyst characterization by Raman and UV–vis spectroscopy verifies a high 

dispersion of vanadia for the powder catalysts. The support effect of ceria, alumina, titania, 

and zirconia is reflected in activation energy, oxidative dehydrogenation (ODH) rate and 

temperature-programmed reductions (TPR) for the model catalyst systems with ethanol and 

other hydrocarbon substrates. Impendence spectroscopy and density functional theory (DFT) 

calculations were used to determine the defect formation enthalpy of the vanadyl oxygen 

double bond, providing the scaling parameter for a Bell–Evans–Polanyi relationship. On the 

basis of a Mars–van-Krevelen mechanism, an energy profile for the oxidative dehydrogenation 

is proposed. The dependence on the strength of the CH bond involved in the rate limiting step 

is investigated by additional investigations of methane, ethan, propane and cyclohexane as 

substrates. A correlation is derived revealing that the contribution of the CH bond strength to 

the activation energy becomes not significant until it reaches 410 kJ/mol.  

The influence of the support material on the reaction rate and activation energies was also 

investigated with supported molybdenia and rhenia as well as with yttrium doped ceria as 

support for vanadia. Characterization by XRD and Raman verify the absence of crystalline 

phases or phase separation. Temperature-programmed reduction (TPR) and oxidative 

dehydrogenation of ethanol and propane were used to investigate the support effect. In the 

case of supported molybdenia and rhenia no support effect was found. For yttrium doped 

ceria as support material for vanadia a clear relationship between the reducibility of ceria and 

the activity of vanadia was found.  

Additionally, the oxidative coupling of methane over Mn/Na2WO4/SiO2 has been investigated 

at reaction conditions typical for possible industrial applications up to 10 bar in a fixed bed 

reactor as well as by temporal analysis of products (TAP) by injection of pulses of methane, 

ethane and ethene/oxygen mixtures. The influence of pressure on selectivity is investigated 

and a concept for its optimization is derived. A maximum yield of 60% is estimated from the 

ratios of the involved main reactions of the reaction network assuming that the undesired 

parallel reactions can be suppressed. 
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ZUSAMMENFASSUNG 

Der Einfluss des Trägermaterials von geträgerten Vanadiumoxidkatalysatoren auf die 

Reaktionsgeschwindigkeit, Aktivierungsenergie und die Defektbildungsenthalpie wurde für die 

oxidative Dehydrierung von Ethanol und Propan untersucht. Die Charakterisierung durch 

Raman- und UV-vis Spektroskopie zeigt eine hohe Verteilung des Vanadiumoxids auf den 

Pulverkatalysatoren. Der Trägereffekt von Ceroxid, Aluminiumoxid, Titanoxid und Zirkonoxid 

wird in der Aktivierungsenergie, der temperaturprogrammierten Reduktion (TPR) und der 

Reaktionsgeschwindigkeit der oxidativen Dehydrierung (ODH) von Ethanol und anderer 

untersuchter Kohlenwasserstoffe für das Katalysatorsystem deutlich. Impedanzspektroskopie 

und Berechnungen mit Hilfe der Dichtefunktionaltheorie (DFT) wurden verwendet, um die 

Defektbildungsenthalpie der Vanadylsauerstoffdoppelbindung zu ermitteln. Diese liefert den 

Skalierungsparameter für eine Bell-Evans-Polanyi Beziehung. Auf der Grundlage eines Mars-

van-Krevelen Mechanismus wird das Energieprofil für die oxidative Dehydrierung entwickelt. 

Die Abhängigkeit von der Stärke der CH-Bindung, die in den geschwindigkeitsbestimmenden 

Schritt beteiligt ist, wurde durch die zusätzliche Untersuchung von Methan, Ethane, Propan 

und Cyclohexan ermittelt. Es konnte festgestellt werden, dass bis zu einer Bindungsstärke von 

410 kJ/mol diese keinen signifikanten Einfluss auf die Aktivierungsenergie zeigt. 

Der Einfluss des Trägermaterials auf die Reaktionsgeschwindigkeit und Aktivierungsenergien 

wurde auch mit geträgerten Molybdenoxid und Rheniumoxid sowie Yttrium dotierten Ceroxid 

als Trägermaterial für Vanadiumoxid untersucht. Deren Charakterisierung mit XRD und Raman 

zeigen keine kristallinen Phasen oder Phasentrennung. Die temperaturprogrammierte 

Reduktion (TPR) und die oxidative Dehydrierung von Ethanol und Propan wurden verwendet, 

um den Trägereffekt zu quantifizieren. Im Falle von geträgerten Molybdenoxid und 

Rheniumoxid konnte kein Trägereffekt festgestellt werden. Bei Yttrium dotiertem Ceroxid als 

Trägermaterial für Vanadiumoxid konnte eine klare Beziehung zwischen der Reduzierbarkeit 

von Ceroxid und der Aktivität des Vanadiumoxids gefunden werden. Darüber hinaus wurde die 

oxidative Kupplung von Methan mit Mn/Na2WO4/SiO2 als Katalysator bei möglichen 

industriellen Reaktionsbedingungen bis zu 10 bar sowohl in einem Festbettreaktor als auch 

durch eine zeitliche Analyse der Produkte (TAP) untersucht. Dabei wurden Impulse von 

Methan, Ethan und Ethen-Sauerstoff Gemischen untersucht. Der Druckeinfluss auf die 

Selektivität zu Ethan wurde untersucht und ein Konzept zur deren Optimierung abgeleitet. Des 

Weiteren konnte eine maximale Ausbeute von 60% aus den Verhältnissen der beteiligten 

Hauptreaktionen des Reaktionsnetzwerkes für den Fall abgeschätzt werden, dass alle 

unerwünschten  Nebenreaktionen unterdrückt werden.  
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1 INTRODUCTION AND OBJECTIVES 

In the last two decades vanadia based catalysts have been studied intensively for partial 

oxidation [1,2] or oxidative dehydrogenation (ODH) reactions [3,4]. They represent a 

worthwhile alternative for the production of short alkenes like ethene and propene, because 

these reactions are exothermic and not thermodynamically limited. Olefins are essential raw 

materials for a lot of industrial processes such as the production of polypropylene, acrylonitrile 

and propylene oxide [5], whose demand underlies a steady increase. Today the major part of 

the ethene and propene production is actually done by energy consuming steam cracking and 

thermal dehydrogenation processes and it is reasonable to expect, that these processes 

cannot cover the demand. At present, for the ODH of short alkanes the selectivity to the 

desired alkenes is not satisfactory, because the products are prone to total oxidation by the 

catalysts.  

The aim of this work is to provide deeper insight in the nature of the support effect by 

comparison of kinetic parameters on powder catalysts with defect formation energies 

obtained through impedance spectroscopy. The oxidative dehydrogenation of propane, which 

we investigated [3] earlier, is not well suited as test reaction for catalyst properties because of 

the influence of consecutive reactions to the primary ODH reaction which have to be 

considered in the kinetic analysis. The latter can’t be neglected in detailed kinetic descriptions 

of the primary ODH reaction even at low reactant conversions. Therefore, we choose the 

partial oxidation of ethanol as probe reaction. This reaction proceeds with very high selectivity 

to the desired aldehyde and is also very sensitive to the support materials [2,6,7]. Also the 

influence of the active component and doping of the support will be investigated. Otherwise, 

reported activation energies vary also with respect to the investigated substrates. It is 

reasonable to assume that the different strength of the CH bond is one controlling parameter 

for the activation energy here. Extension of the substrate spectrum to substrates with varying 

CH bond strengths allows the investigation of the substrate effect. Methane as the smallest 

investigated hydrocarbon cannot be dehydrogenated to its unsaturated analog, but after the 

dehydrogenation step it can couple in the gas phase to ethane.  

Oxidative coupling of methane (OCM) to ethane offers great industrial potential, because it 

would broaden the feedstock basis for chemical industry. Today olefins and aromatic 

hydrocarbons derived from crude oil via steam cracking of naphtha are still the crucial raw 

materials for the majority of value added chains in chemical industry. The importance of 

alternative carbon sources for chemical processes becomes greater as oil price increases [8].  
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For the development of an OCM process Mn/Na2WO4/SiO2 has been highlighted as catalyst 

from the rich literature on OCM [9,10], but little is known about its structure and the reaction 

mechanism at this catalyst. Its reported stability and high yield were the important motivations 

to select this catalyst for detailed studies [11–13]. However, the obtained yield still needs to be 

improved for industrial application. In most reports the focus is mainly directed to the catalyst 

material and reactor setups. Conditions are designed and selected in a way that no reaction of 

methane is observed in an empty reactor. One has to mention that for industrial application 

high pressure is necessary to make a process economically viable, but detailed studies of 

empty reactors at higher pressures are missing in literature. Furthermore, the consecutive 

reactions of the desired C2 products has the strongest negative impact on the yield [14–16]. 

Reactivity data of ethane or ethylene at increased pressures are almost not existent in the 

literature. At typical OCM conditions of 800°C virtually no material typically used for these 

reactors or packing is absolutely chemically inert. For the development of an industrial scale 

reactor one should expect that these factors contribute even more to the reaction, due to use 

of materials like stainless steel. The purpose of this work is to point out important factors 

which have to be considered for the reaction engineering of OCM including the interaction of 

gas phase and surface reactions. The experience with short chain hydrocarbons obtained for 

ODH at supported vanadia forms the background for substrate related relations and design of 

experiments.  

The design of an industrial scale reactor requires knowledge about the reaction kinetics. If a 

reaction network shares strong contributions of gas phase and surface reactions, it is very 

difficult to derive this knowledge from experimental series at typical application oriented 

reaction conditions with the use of a fixed bed reactor only. This is due to inseparable kinetic 

data of gas phase and surface contribution. OCM is known to be a very complex reaction 

network composed of a variety of surface and gas phase reactions. Obviously, the yield of 

ethane and ethylene is strongly dependent on the parallel and consecutive reactions to carbon 

oxides. Obtaining more information about the surface catalyzed activation of methane, ethane 

and ethene requires suppression of the gas phase activation of these components, which can 

be attained at the very low pressure such as the condition in temporal analysis of products 

(TAP) reactors. 
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2 FUNDAMENTALS AND STATE OF THE ART 

2.1 OXIDATIVE DEHYDROGENATION OF ALKANES AND ALCOHOLS 

The ODH of light alkanes and alcohols can be described by the simplified reaction network 

depicted in Figure 1. It describes the formation of the product of interest, which can 

subsequently be oxidized to carbon oxide. However, kinetic studies indicate that the direct 

oxidation pathway contributes only to a small extent to the overall carbon oxides formation. In 

contrast to the formed alkenes the aldehydes formed from alcohols are much less reactive 

than the primary substrate and are therefore much less effected by the consecutive oxidation 

to carbon oxides.  

 

Figure 1: Reaction network of ODH 

The kinetic description of heterogeneously catalyzed reactions can be based on three different 

established kinetic models. The Langmuir-Hinshelwood model describes the reaction of two on 

the surface adsorbed species, reacting to the desired product and finally the product desorbs 

as expressed in the equations (2-1) - (2-4). 

Agas 
KA↔ Aads (2-1)  

 Bgas 
KB↔ Bads (2-2)  

Aads+ Bads

k→ Cads (2-3) 

Cads

KC↔ Cgas (2-4)   

with Ki the adsorption constant of component i and k the rate constant. In the case of a fast 

substrate adsorption and product desorption, the rate equation is described as expressed in 

equation (2-5). 

r = kKAKBpApB�1 + KApA + KBpB�2 (2-5)  
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with pi the partial pressure of component i. The Eley-Rideal model describes the reaction of 

one at the surface adsorbed species, which reacts with a second species from the gas phase 

and final product desorption as expressed in the equations (2-6) - (2-8). 

Agas KA↔ Aads (2-6) 

Aads+ Bgas k→ Cads (2-7) 

CadsKC↔ Cgas (2-8) 

In the case of a fast substrate adsorption and product desorption, the rate equation is 

described as expressed in equation (2-9). 

r = kKApApB

1 + KApA

 (2-9)  

The Mars-van-Krevelen (MvK) model usually applies for oxidation reactions, where an 

alternating adsorption of the substrate and oxygen takes place. The substrate adsorbs on the 

preoxidized surface, gets oxidized by the lattice oxygen, desorbs and subsequently the formed 

oxygen vacancy gets reoxidized by gas phase oxygen as shown exemplary in equations 

(2-10) - (2-13) written in the Kröger-Vink notation. 

Agas 
KA↔ Aads (2-10)  

Aads+ OO
X  

k→ Bads+VO
•• (2-11)  

Bads 
KB↔ Bgas (2-12)  

VO
••+ 0.5 O2

kox�� OO
X  (2-13)  

In the case of a fast substrate adsorption and product desorption, the rate equation can be 

described as expressed in equation (2-14). 

r = 
kKApA

1 + KApA + 
kKApA
koxpO2

 
(2-14)  

2.1.1 SUPPORTED VANADIUM OXIDE 

Dispersed vanadia on metal oxides is known to be active for several oxidation reactions. These 

are amongst others the oxidation of alkanes to alkenes [3,4,17–24], methanol to formaldehyde 

[25–27], butane to maleic anhydride [28], o-xylene to phthalic anhydride [29,30], hydrogen 

sulfide and sulfure dioxide to sulfure trioxide [31–35] and ammoxidation of aromatics and 

methylaromatics [36–38], respectively. Typically applied support materials are Al2O3, SiO2, 
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TiO2, ZrO2 and CeO2. The deposition of vanadium oxide on these metal oxides results in the 

formation of monomeric, dimeric and polymeric species shown in Figure 2 [20]. The fraction of 

each species depends on the supporting metal oxide and the loading of vanadium oxide. An 

increase in surface coverage promotes the formation of polymeric vanadyl species. A surface 

concentration of more than 7 V atoms/nm², which is the theoretical monolayer coverage of 

polymeric vanadyl species, results generally in the formation of three dimensional crystalline 

vanadium pentoxide [39,40]. A dependence of the surface concentration of two electron 

reactions is generally not observed in the literature.  

 

Figure 2: Supported vanadyl species; monomeric (a), dimeric (b) and polymeric (c) [20] 

In many studies a strong impact of the support material on the activity of the surface vanadyl 

species in various ODH reactions of hydrocarbons and alcohols has been reported. Attempts 

have been made to correlate the activity with a single global parameter, like the Sanderson 

electro negativity [1]. Some authors assume that the influence of the support onto the 

reducibility of the surface vanadia species controls the activity. However, the attempt to 

correlate the propane oxidation activity with the peak maxima of H2-TPR experiments as a 

function of the support material [3,41,42] often led to unsatisfactory results. Density 

functional theory (DFT) calculations [43,44] suggest to use oxygen defect formation energies of 

supported vanadia as reactivity descriptors [45,46]. For vanadia supported on ceria, DFT 

calculations of oxygen defect formation energies have been used to rationalize the observed 

increased oxidation rate of methanol to formaldehyde compared to vanadia on inert supports 

[47]. This is in the spirit of linear free energy relationship (Bell-Evans-Polanyi principle) [48,49] 

which have been successfully used to rationalize trends in the catalytic activity of transition 

metals [1]. 

The kinetics of the ethanol oxidation to acetaldehyde can be interpreted as a sequence of 

elementary steps as shown in Figure 3, following a Mars-van-Krevelen type mechanism. Here 

the vanadyl oxygen represents the role of lattice oxygen. The catalytic cycle begins with the 

catalyst in an oxidized state. DFT calculations for the methanol oxidation [44] have shown that 
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the alcohol first adsorbs dissociatively resulting in a cleavage of a V-O-S (S=support) or V-O-V 

bond. We note that in the case of the vanadia/ceria system it is reasonable to assume that 

adsorption of ethanol may also occur on the support in close proximity to the V=O moiety 

instead directly on the vanadyl site. In the following step, a hydrogen atom is transferred from 

the ethoxide species to the vanadyl oxygen atom which creates a kind of biradical structure 

with one unpaired electron at the •C2H4O- group and the other one in vanadium d-states. 

Acetaldehyde is formed when the •C2H4O-V bond splits and a second electron goes into 

vanadium d-states, either at the same V site or at a neighboring one. DFT-calculations indicate 

that a pair of two vanadium (IV) atoms is more stable than a V(V) and V(III) pairing [43,50]. 

Subsequently, water desorbs, either after recombination of two V(IV)-OH groups or directly 

from the V(III) site. The irreversibility of this step is proven by the absence of inhibition by 

water [2]. The catalytic cycle is finally closed by oxidizing the two V(IV) sites or the V(III) site via 

irreversible chemisorption of oxygen to form the active site [2,50]. The kinetic of the propane 

oxidation to propene can be interpreted in the same way as the oxidation of ethanol without 

the dissociative adsorbtion of the substrate [43].  

 

Figure 3: Reaction mechanism of the ODH of ethanol on supported vanadium oxide [2] 

Based on a pseudo-steady state approach of the elementary steps detailed in Figure 3 the 

following Mars-van-Krevelen type rate equation (2-15) is derived:  

r = k2K1p
C2H5OH

1
n

1+K1p
C2H5OH

1
n +

k2K1p
C2H5OH

1
n

k5pO2

0.5

 
(2-15)   
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Here K1 is the adsorption constant of ethanol step, k2 the rate constant of the rate-limiting 

step, k5 the rate constant for the reoxidation, and n the exponent of the Freundlich adsorption 

isotherm.  

The discussion of the temperature dependence requires knowledge about the energy profile of 

ODH reactions. The catalytic turn over requires the exothermic adsorption of the substrate, 

followed by the dehydrogenation step associated with the activation energy and subsequent 

endothermic desorption of the product. 

2.1.2 SUPPORTED MOLYBDENUM OXIDE AND RHENIUM OXIDE 

Molybdenum oxide and rhenium oxide provide similar redox properties as vanadium oxide. 

Both components can be used as catalyst for oxidative dehydrogenation reactions of alkanes. 

In contrast to vanadium oxide, an increasing surface concentration can strongly affect the ODH 

rate [51,52]. The increasing stability of the free Mo=O bond with increasing surface coverage 

has a negative effect on the ODH rate. In contrast to that, the MoOx oligomers are easier to 

reduce than monomeric species resulting in a positive effect on the ODH rate. The dominance 

of these effects depends on the used support material. Chen et al. observed a decrease of the 

ODH rate of propane on zirconia and an increase on alumina with increasing surface coverage 

[51,52]. Additionally oligomeric molybdenia species offer a potential reaction pathway for 

ethanol to produce ethene as byproduct [53]. Figure 4 represents the possible surface species 

of molybdenum oxide. An increase of surface coverage leads to higher oligomeric structures. 

DFT calculations also assign a higher activity to the dioxomolybdyl species (Figure 4a)  

compared with the monoxomolybdyl species (Figure 4b) [54].  

 

Figure 4: Surface species of supported molybdenum oxide, (a) and (b) monomeric, (c) 

oligomeric [55] 

Supported rhenium oxide shows some difficult features. Preferentially rhenium oxide forms 

dimeric species on the surface of support materials [56]. The high vapor pressure of this 

species results generally in leaching of the active species, when temperatures of 500 °C are 

reached. The strength of the rhenium oxide support interaction follows the sequence Al2O3 > 

ZrO2 > TiO2 [57]. An influence of the surface coverage on the ODH rate is not known. 
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2.1.3 DOPING OF CERIUM OXIDE WITH LOW VALANCE METAL OXIDES 

The strong effect of the support material on the activity of surface vanadyl species in various 

ODH reactions of hydrocarbons and alcohols is well known [1,3,24,41,49,58]. Among these 

support materials ceria has to be pointed out. It is not the highest performing support but its 

unique redox properties are strongly involved in the catalytic cycle. At typical oxidative 

dehydrogenation reaction conditions it is partially reduced to oxidation state three by 

stabilizing vanadia at oxidation state five [47,59], which is combined with a gain in reactivity. 

Bare ceria is a good redox catalyst itself with a high selectivity towards total oxidation 

products. The covering of the ceria surface with vanadia reduces the amount of unselective 

sites [3]. A complete coverage of the support is not possible, because at monolayer coverage 

of vanadia the formation of catalytic unselective V2O5 or CeVO4 crystals will be favored.  

The suppression of the reduction of Ce4+ to Ce3+ should reduce the catalytic activity of the 

uncovered support material. Additional, it should be possible to investigate the stabilizing 

effect of ceria towards the vanadyl species. This can be achieved by utilization of the defect 

chemistry of ceria by doping it with lower valent ions. Yttrium is the ideal candidate for this 

purpose, because up to 30 mol% can be dissolved in ceria by still keeping it in fluorite 

structure [60]. The following reaction describes the defect reaction of ceria under the 

assumption of a doubly ionized vacancy written in the Kröger-Vink notation. 

2 CeCe
x + OO

x  ⇌ VO
°° + 2 CeCe

'  + 0.5 O
2
 (2-16)   

Here CeCe
x  is Ce4+, CeCe

'  is Ce3+, OO
x  is an oxygen atom and  VO

°°  is a doubly ionized oxygen 

vacancy. Application of the mass action law yields in equation (2-17) with the accordant 

electron neutrality expression in equation (2-18). 

K = �CeCe
' �2�VO

°°�pO2

0.5

�OO
x ��CeCe

x �2
 (2-17) 

�CeCe
' � = 2 �VO

°°� (2-18)   

The addition of yttrium to ceria results in a modified electron neutrality expression. 

�YCe
' � + �CeCe

' � = 2 �VO
°°� (2-19) 

Here YCe
'  is a yttrium atom at the position of a cerium atom in the lattice. In an oxygen 

containing atmosphere it can be assumed that the concentration of OO
x  and CeCe

x  are constant 

and that the yttrium concentration is much larger than the concentration of CeCe
' . Therefore, 

equation (2-19) can be simplified by neglecting the �CeCe
' � term and inserted in equation (2-17) 

to result in equation (2-20). 
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�CeCe
' � = � K1

'

�YCe
' �pO2

0.5
 (2-20) 

Based on this relation for a certain temperature and oxygen partial pressure, �CeCe
' � should 

decrease with increasing yttrium content. In other words, an increase of yttrium doping results 

in a suppressed reducibility of Ce4+. This theory was proposed for ceria doped with calcium and 

proved by conductivity measurements by Blumenthal et al. [61]. Due to the increased oxygen 

defect concentration by introduction of yttrium into the lattice the mobility of charge carriers 

gets strongly increased. The maximum conductivity is obtained around 15 mol% yttrium. 

Clustering of defects leads to a decrease of conductivity if the dopant concentration is 

increased over this value [62].  
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2.2 LINEAR FREE ENERGY RELATIONSHIPS 

Linear free energy relationships are known for various cases, namely Brønsted catalysis 

equation [63], which describes the relationship of the ionization constant of the catalyst and 

the reaction rate constant for a defined reaction. The Hammett equation [64] predicts the 

equilibrium constant or reaction rate of different benzoic acid derivates. The Taft equation [65] 

is a extension of  the of the Hammett equation including also the steric effect of the 

substituent. The Bell-Evans-Polanyi (BEP) relationship [48] describes the difference in 

activation energy between two reactions of the same family by the difference of their reaction 

enthalpy and is shown in equation (2-21).   

ΔEa = αΔE + β (2-21)   

Here ΔEa is the activation energy, α and β > 0 are constants and ΔE the scaling energy. An 

important task in catalysis research is now to assign this scaling energy to a certain 

thermodynamic parameter of the catalyst or the reactants. It was qualitatively established first 

by Brønsted who observed that strongly exothermic reactions have generally low activation 

energy. These relationships imply that the activation energy of the desired reaction is 

proportional to Gibbs free energy of the catalytic step. It can be concluded that a catalyst or 

reaction which is not described by the same linear relationship does not operate through the 

same reaction mechanism. 

Linear free energy relations following the Bell-Evans-Polanyi principle were also found by 

theoretical calculations for the dissociation of CO, NO, N2 or O2 on metal surfaces [66–68]. An 

increase of the adsorption enthalpy at different active compound is leading to a lower 

activation barrier resulting in an activity for the substrate dissociation.  Pallassana et al. found 

a similar effect for CH bond activation by variation of the support material of a palladium 

monolayer [69]. According to that the scaling energy is a descriptor for the catalytic activity. 

Very high adsorption enthalpies lead to very fast reaction rates. In this case desorption of the 

product can become the rate limiting step. This is shown in Figure 5 for the dissociative 

adsorption of CO on the metals rhodium, nickel, iridium, platinum and palladium. The 

increased adsorption enthalpy also decreases the rate of product desorption, which result in a 

linear loses in activity with increasing adsorption enthalpy. To obtain the highest activity, the 

interaction of the substrate with the catalyst is neither too strong nor too weak. This is known 

as the Sabatier principle and results in a volcano plot, where both sides are described by a 

linear free energy relation. As far as we know, no free linear energy relations are known for 

oxidic catalyst systems. 
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Figure 5: Activities of different supported transition metals as a function of the reaction energy 

for dissociative CO chemisorption [67] 
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2.3 OXIDATIVE COUPLING OF METHANE 

The oxidative coupling of methane provides a direct pathway for the production of ethane and 

ethylene. Due to the formation of water this reaction becomes exothermic without 

thermodynamic restrictions. The fundamental work was done by Keller et.al. [70] and Hinsen 

et.al. [71] in the early eighties. The cleavage of the CH bond is assumed to be the rate limiting 

step for this reaction as for the ODH of alkanes and alcohols. This is discussed to proceed 

homolytically by formation of a methyl radical [72,73]. The methyl radical desorbs from the 

catalyst surface and combines in the gas phase to ethane. The reactivity of ethane is much 

higher than that of methane. It reacts mainly to ethylene by thermal dehydrogenation in the 

gas phase as well as oxidative dehydrogenation on the catalyst surface [74]. The combustion of 

ethene is the main source of carbon oxides. Nevertheless, each compound can also lead 

directly to carbon oxides via oxidation on the catalyst surface or in the gasphase. Figure 6 

shows the general reaction scheme of the OCM.  

 

Figure 6: General scheme of the reaction network in oxidative coupling of methane [75] 

The interplay between gas phase and surface reactions plays an important role and 

contributes significantly to the overall yield of C2 components. The appropriate kinetic 

description requires complex model approaches with a sufficient amount of gas phase and 

surface species and reactions. Zanthoff and Baerns published a kinetic model with 182 

homogeneous gas-phase reactions and 7 catalytic surface reactions. This model is able to 

predict the conversion of methane and oxygen, but at high conversions it overestimates the 

C2H4/C2H6 ratio and the COx selectivity [76,77]. Sun et al. published a kinetic model on the basis 

of Li/MgO as catalyst with 39 homogeneous gas-phase reaction steps and 14 catalytic surface 

reactions, providing a satisfactory description of their experimental results [75].  

Despite of the rich literature on other catalysts for OCM, Mn/Na2WO4/SiO2 is chosen for 

further investigations. The reported stability and high C2 yield of Mn/Na2WO4/SiO2 were the 
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important motivations to select the catalyst for detailed studies [11–13]. Unfortunately, the 

complexity of this catalyst system makes it difficult to find structure activity relationships. 

Therefore, magnesia was chosen as reference material for reasons of comparison.  

The fission of the CH bond of methane requires an active oxygen species on the catalyst 

surface. Even though a lot of afford were taken on OCM the nature of the active site is still 

unclear, irrespective of the catalyst material [78,79]. Wu et. al. could find a correlation 

between the formation of ethane and the concentration of F-type defects (an oxygen vacancy 

with two trapped electrons) of magnesia, determined by spectroscopic methods [80,81]. The 

same defect type is suggested by Wu et. al. being incorporated in a redox mechanism involving 

a W6+/W4+ couple for Mn/Na2WO4/SiO2 [82]. The surface lattice oxygen may be involved as 

active site. Since F-centers are thermally instable in the presence of oxygen, their stability at 

OCM reaction conditions is unclear. Karasuda and Aika proposed a O- center as active site at 

magnesia, because the catalyst becomes active for OCM in connection with the O- formation 

[83,84]. In the case of Mn/Na2WO4/SiO2, the sodium ions are responsible for a distortion of the 

WO4 tetrahedrons. An increase in C2 selectivity was observed in connection with the degree of 

distortion. Wu et. al. proposed the shortest W-O bond as active center [85]. Additionally, 

Keulks et. al. suggested, that simple adsorbed oxygen species were not active for coupling, but 

for total oxidation [86]. Therefore, kinetic models of OCM have to involve more than one 

active site for an accurate description. 

An increase of pressure should strongly support the probability of molecular collisions in the 

gas phase in comparison to surface collisions. Based on the mechanistic model of a gas phase 

combination of two methyl radicals, enhanced selectivity towards ethane and ethene should 

be observed. Contrary, literature data of OCM at increased pressure generally provide worse 

C2+ selectivity [87–89]. Since the pressure dependence of the uncatalyzed gas phase reaction 

and the catalyzed reaction are different, at high pressures and high residence times the gas 

phase reaction becomes predominant leading to a decreased C2+ selectivity [87,90]. 

Unfortunately, the pressure dependence of the C2+ selectivity was often not compared at 

constant residence time or substrate conversion. The economic point of view strongly supports 

OCM at high pressure, otherwise the necessary space-time yield of C2+ cannot be reached. 

  



 Fundamentals and State of the Art 
 

14 
 

2.4 METHODS FOR DERIVING KINETIC DATA 

The following chapter focuses on techniques for deriving kinetic data of heterogeneous 

reactions based on experimental data from lab scale reactors. These techniques are necessary 

to specify a reaction scheme of eventually parallel and consecutive reactions as well as the 

subsequent determination of single rate equations. A single rate equation can additionally 

depend on multiple component concentrations with different orders. 

2.4.1 STEADY STATE REACTION CONDITIONS 

In heterogeneous catalysis steady state reaction conditions in continuously operated 

experimental reactors provide the possibility of a fast investigation of the influence of different 

reactant concentrations on the reaction rate. It is possible to determine initial reaction rates 

(differential method) as well as the temporal concentration development (integral method). 

The differential method requires the reaction rate equation in the following form. 

r = f (��,T) (2-22) 

Here ci can be the concentration of multiple components and T is the temperature. This 

method requires reaction conditions where the conversion is less than ten percent so that 

changes of the concentration within the reactor can be neglected or assumed to be linear for 

the determination of initial reaction rates. In the case of irreversible reactions a simple power 

law approach can often lead to satisfactory results. The following equation can be linearized by 

taking the logarithm of all parameters. The slope of this linear function represents the order m 

of the reactant and the ordinate intercept the rate constant k. 

− "�#"$ = r = k ∙ ��& (2-23) 

log r = log k + m ∙ log c� (2-24)   

The advantage of this method is that in the case of exothermic reactions the formation of 

hotspots can be suppressed due to the very low conversion. On the one hand the influence of 

products and possible consecutive reactions is also suppressed. On the other hand their 

contribution to the reaction network stays unknown. The integral method requires the 

integrated form of the reaction rate equation as follows.  

�� = f(c, T, t) (2-25) 

The constants of the integrated rate equation can be fitted to experimental data, namely the 

temporal concentration development. The rate equation which results in the best agreement 

of the measured and calculated data over the investigated reaction conditions represents the 

presumable rate equation.  
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2.4.2 TRANSIENT REACTION CONDITIONS 

The temporal analysis of products (TAP) technique is a transient response experiment done at 

ultra high vacuum (UHV) conditions and represents a special case of the integral method. The 

catalyst sample is held in a micro reactor between two beds of quartz sand. Reactant gases are 

introduced by high speed pulse valves into the micro reactor. Transient measurements are 

performed with pulses of different length and pulse rate from one or two pulse valves. Pulse 

widths of 250 µs and pulse intensities from 1013 to 1017 molecules/pulse are typical. The 

output gases are analyzed by a quadrupole mass spectrometer resulting in the transient 

response spectrum exemplarily shown in Figure 7. The different shapes indicate that different 

products are characterized by different transient responses. The individual product response 

can change with pulse number. As depicted in the example, the inert gas pulse intensity keeps 

constant with pulse number. The reactant pulse increases with the decrease of the product 

peak, indicating a decreasing conversion with pulse number. These changes could be 

associated with changes of the catalyst. The shape of the transient response contains transport 

and kinetic information’s. 

Another transient method is the steady-state isotopic-transient kinetic analysis (SSITKA) 

technique. This technique is based up the time-dependent detection of isotopic labeled 

species in the reaction mixture at steady state conditions. Therefore a step change of the 

labeled reactants is introduced keeping isothermal and isobaric reaction conditions. The 

transient response contains data about the steady-state kinetic behavior of the catalyst 

surface, which are hard to obtain by other techniques.  
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Figure 7: Key experimental features of a TAP pulse response experiment showing a train of 

input pulses and transient responses observed at the mass spectrometer [91] 
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3.1.2 MOLYBDENUM OXIDE AND RHENIUM OXIDE AT DIFFERENT SUPPORT MATERIALS 

Molybdenum oxide and rhenium oxide at different support material were prepared by 

incipient wetness impregnation of ammonium hetpamolybdate tetrahydrate or perrhenic acid 

dissolved in water at each support material, respectively. Titania (anatase), zirconia and 

alumina, which were obtained from Saint-Gobain Norpro, and ceria, which was prepared in our 

laboratory by precipitation of cerium nitrate (ABCR) with ammonia, were selected as support 

materials. The samples were dried for 12 hours at 75 °C and subsequently calcined at 500 °C 

for 4 hours in a muffle furnace. 

3.1.3 VANADIUM OXIDE AT YTTRIA DOPED CERIA 

Yttrium doped ceria was synthesized in a range of 0 mol% to 16 mol% yttrium by 

coprecipitation of a cerium nitrate and yttrium nitrate solution with ammonia. The precipitate 

was filtrated and dried at 80 °C for 24 hours. Afterwards it was heated with 2 K/min to 500 °C 

and calcined for 4 hours. The catalysts were prepared by the thermal spreading of a vanadyl 

acetylacetonate (Fluka) at each support material. Therefore the support and an appropriate 

amount of vanadyl acetylacetonate were mixed in a ball mill in order to obtain a desired 

surface concentration of 3 V at/nm². A grinding breaker of polyethylene and balls of zirconia 

were used to prevent any metal contaminations. The obtained mixture was finally heated at 

2 K/min to 500 °C and calcined for additional 4 hours. 

3.1.4 MN/NA2WO4/SIO2 

The Mn/Na2WO4/SiO2 catalyst material has been prepared by fluidized bed processing of the 

substances according to Simon et. al. [11]. Here, the method will only be described briefly. For 

detailed information's please see reference [11]. Amorphous SiO2 (Simga-Aldrich) was used as 

catalyst support material. The fluidized granules where treated at 80 °C with a solution of 

Mn(NO3)2 in water and subsequently with a solution of Na2WO4 in water. The coated SiO2-

granules were transferred to an alumina crucible and heated at 10 K/min to 250 °C and dried 

for one hour. Afterwards they were heated to 800 °C and calcined for 8 hours.  
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3.2 CATALYST CHARACTERIZATION 

In this study we used a variety of different characterization techniques for the prepared 

catalyst materials. The highest effort was taken for the reference materials of supported 

vanadium oxide catalysts, which were analyzed in detail by in-situ techniques.  

3.2.1 RAMAN SPECTROSCOPY 

Raman measurements of supported vanadium oxide were performed using a Horiba-Jobin-

Yvon confocal LABRAM Raman microscope utilizing a 633 nm excitation source (HeNe laser). 

The spectra were collected at a laser power of 1.5 mW. Analysis at the dehydrated state were 

done at samples compressed into 7mm diameter pellets using a hand press (PIKE 

Technologies) before being dehydrated in a purpose-built quartz cell. The cell was located in a 

tubular furnace (HTM Reetz, LOBA vertikal) where the sample was exposed to 20 vol.% O2 in N2 

(total flow 50 mL/min) at 723 K for 1 hour. The cell was then isolated and mounted on the 

microscope stage, where the spectra were collected. Raman measurements of supported 

molybdenum and rhenium oxide were performed using a Horiba XploRa Raman microscope 

utilizing a 638 nm diode laser at ambient conditions. The spectra were collected at a laser 

power of 21 mW. 

3.2.2 UV-VIS SPECTROSCOPY 

UV-visible diffuse reflectance spectra (UV-vis DRS) were recorded using a PerkinElmer Lambda 

650 spectrometer equipped with a Harrick Praying Mantis™ diffuse reflectance attachment 

(DRP-P72) and reaction chamber (HVC-VUV), operating under flow conditions. UV–visible 

spectra were measured in the 200-800 nm range. 20–30 mg of the powdered material was 

necessary to fill the sample cup of the in situ cell. Reflectance measurements were converted 

to absorption spectra using the Kubelka–Munk function (F(R∞)) [92]. All spectra are referenced 

against SBA-15, which was used as white standard. All samples were diluted (5-fold) in SBA-15 

and dehydrated at 723 K in flowing synthetic air for 60 mins prior to collecting spectra at room 

temperature. All spectra are normalized between zero and unity. The spectrum of Al2O3 

support has, in addition, been linearly scaled so that the intensity at 600 nm is near zero. 

Alumina is an effective ‘white standard’. Without this additional procedure the intensity of 

minority species (and noise) would otherwise be artificially enhanced as a consequence of the 

normalization procedure. For purposes of qualitative comparison between catalyst and 

support, this procedure seems suitable since neither dispersed vanadia, V2O5 agglomerates, 

nor Al2O3 are reported to have a strong absorbance in this region of the spectrum. 
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3.2.3 NITROGEN ADSORPTION ISOTHERMS 

Nitrogen adsorption isotherms were measured by a Micromeritics Gemini 2375 surface 

analyzer. The surface area is calculated by the method of Brunauer, Emmitt and Teller (BET) 

and the pore size distribution by the method of Barrett, Joyner and Halenda (BJH).  

3.2.4 ELEMENTAL ANALYSIS 

For elementary analysis a Varian ICP-OES 715-ES was used. The samples were solubilised in a 

CEM microwave AD 1058 in a mixture of one part hydrochloric acid, three parts nitric acid and 

two parts sulfuric acid at 200 °C for a period of 25 minutes.  

3.2.5 TEMPERATURE-PROGRAMMED REDUCTION 

Temperature-programmed reduction (TPR) measurements were performed in a quartz 

reactor. Catalyst samples were fully oxidized by synthetic air at 500°C for one hour and 

subsequently cooled to room temperature. In the case of hydrogen as reductant, the sample 

was then quenched in nitrogen before the gas stream was switched to 10% hydrogen in 

nitrogen at 50 Nml/min and the catalyst was heated to 800°C at heating rate of 2 K/min. The 

consumption of hydrogen was measured by a fast thermal conductivity detector FTC 200 by 

Messkonzept as function of time. In the case of ethanol as reductant, the sample was 

quenched in helium before the gas stream was switched to 3% ethanol in helium at 

30 NmL/min and the catalyst was heated to 250 °C at heating rate of 2 K/min. Evolved 

acetaldehyde was measured by a quadrupole mass spectrometer GAM 200 by InProcess 

Instruments as a function of time. 

3.2.6 IMPENDENCE SPECTROSCOPY 

The defect formation enthalpies of oxygen vacancies were determined using temperature 

dependent conductivity experiments. The method is described in detail by Harth et al. [93] and 

will be described briefly here. The following reaction describes the defect reaction of the 

vanadyl oxygen written in the Kröger-Vink notation. 

OO
x  ⇄ VO

°° + 2 -. + 0.5 O2 (3-1)   

Application of the mass action law yields in equation (3-2). 

K = �-.�2�VO
°°�pO2

1 2⁄
 (3-2)   

The temperature dependent change of the equilibrium constant K is defined by the Van’t Hoff 

law described in equation (3-3). 

∂lnK

∂T
 = ∆Hf

RT2 
(3-3) 
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Here ΔHf is the defect formation enthalpy. On heating of a sample an enthalpy ΔH* that 

comprises a term for defect formation ΔHf and charge carrier migration ΔHm is calculated from 

the change of the conductivity: 

∆H* = ∆Hm + 1 3⁄ ∆Hf (3-4) 

 

Figure 9: Exemplary temperature dependence of the conductivity  

Then on cooling only the migration enthalpy ΔHm is determined as shown in Figure 9. For pure 

vanadia this is already achieved in an oxygen atmosphere due to slow re-equilibration kinetics. 

However, the supported catalysts re-establish the equilibrium state on cooling in oxygen and 

therefore the experiments are done in nitrogen. Thus, by knowing the migration enthalpy, 

ΔHm, and the apparent enthalpy, ΔH*, the defect formation enthalpy, ΔHf, for oxygen 

vacancies can be calculated.  

For the impedance spectroscopy experiments compressed powder discs with a diameter of 

6 mm and a thickness of 2 mm were prepared. Platinum electrodes with a diameter of 5 mm 

were sputtered on both sides with an Ar-plasma for proper electronic contact. The samples 

were oxidized in a tubular furnace under oxygen flow at 500 °C for 4 hours. The discs were 

then cooled to > 100 °C and placed in a desicator to minimise water adsorption. The 

impedance spectroscopic experiments (impedance analyser: Zahner, IM6ex) were performed 

in a nitrogen atmosphere in the temperature range 400-500 °C with a heating and cooling rate 

of 0.1 K/min. A band width of 7 mHz to 1 kHz with an amplitude of 50 mV was applied. For the 

calculation of the conductivity the resistance attributed to the bulk relaxation was used. The 

impedance spectra were analysed using the software Thales v1.X(Zahner). 
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3.3 TEST OF CATALYST PERFORMANCE 

The catalyst performance was investigated in tubular fixed bed reactors at atmospheric 

pressure and in a specialized tubular fixed bed reactor at ultra high vacuum conditions (UHV). 

The following section provides information's about the reactor geometry, analyzes methods 

and reaction conditions. The reaction conditions were adjusted to achieve differential reaction 

conditions.  

3.3.1 TUBULAR FIXED BED REACTOR 

The catalytic tests for ethanol oxidation were performed in a stainless steel fixed-bed reactor 

system with an inner diameter of 8 mm. The reactor tubes are coated with a SilcoTek™ silicon 

coating to prevent catalytic activity and coke formation on the reactor walls. Kinetic 

measurements were performed under differential conditions. The product stream was 

analyzed by a Shimadzu GC-2014 equipped with a methanizer, thermal conductivity detector, 

flame ionization detector, and packed HayeSep Q and Molsieve 13X columns. Experimental 

setup for propane oxidation is described in detail elsewhere [3]. In the case of other 

hydrocarbons, the reactor was equipped with an inlay made of corundum preventing reactivity 

of the reactor material even at temperatures up to 800 °C. In the case of cyclohexane, a mass 

spectrometer GAM 200 by InProcessInstruments was used additionally to determine the 

fraction of cyclohexane, cyclohexene and benzene by their fragmentation pattern. Table 1 

summarizes the appropriate reaction conditions for the different investigated hydrocarbons. 

These were chosen with respect to catalyst stability, explosion limits and operability.  

Table 1: Reaction conditions for kinetic measurements at different hydrocarbons 

Substrate Temperature Range [°C] p(Hydrocarbon) 

[kPa] 

p(O2) [kPa] V [Nml/min] 

Ethanol 140 - 200 12 6 200 - 300 

Methane 550 - 650 53.3 13.2 50 - 100 

Ethane 450 - 550 53.3 13.2 50 - 100 

Propane 400 - 500 28.6 14.3 50 - 100 

Cyclohexane 300 - 400 6 6 150 - 300 

 

OCM was investigated at Mn/Na2WO4/SiO2 up to 10 bars. The feeding mixture contained 

95 vol% methane and 5 vol% oxygen with an overall gas flow rate between 50 to 500 Nml/min, 

in such a way that the residence time is kept constant with varying pressure. The shift of the 
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explosion region to lower oxygen fractions with increasing pressure prohibits the usage of high 

oxygen fractions.  

3.3.2 TEMPORAL ANALYSIS OF PRODUCTS REACTOR 

Temporal analysis of products was done in a TAP-2 device, which is described in detail 

elsewhere [91]. 50 mg catalyst was put in the middle of the microreactor between two fixed 

beds of quartz sand. Catalyst as well as quartz sand was used with particle size of 200 to 

300 µm. Before the TAP measurements the catalyst was pretreated for 30 minutes at 650 °C in 

oxygen flow. Measurements were done at temperatures between 500 °C and 800 °C with 

pulse sizes, which were large enough that the gas transport was affected by intermolecular 

collisions. Investigations were done by simultaneous pulsing and by alternated pulsing of 

oxygen and the specific hydrocarbon. These were methane, ethane or ethylene. The gas 

mixtures consisted of a hydrocarbon to oxygen to neon mixture of 2/1/4. In the case of 

sequential pulsing the methane to oxygen ratio cannot set accurately due the usage of two 

pulse valves and is adjusted individually to obtain accurate TAP responses. In the case of MgO 

a methane to oxygen ratio of roughly 6 to 1 is obtained. In the case of Mn/Na2WO4/SiO2 the 

methane to oxygen ratio was roughly 1 to 1. The response pulses of each component were 

calculated by averaging ten pulses per investigated atom mass unit (amu). Since carbon 

monoxide, carbon dioxide, ethene and ethane sharing some relevant amu’s it was necessary to 

proceed with a Gaussian elimination. For reasons of comparison, we have also investigated 

magnesia as reference catalyst at TAP conditions beside Mn/Na2WO4/SiO2. It is well known 

that doping magnesia with lithium results in an enhanced catalytic performance, but the 

instability of this system prevents a closer investigation by TAP experiments.  

In contrast to steady state kinetic experiments, the measurable amount of compounds in TAP 

is the time dependent gas flow from the outlet of the micro reactor. The gas composition 

provides information about the chemical reactions inside reactor. The time dependence of 

each component contains information on gas transport and reaction kinetics. The 

predominated gas transport mechanism is dependent on the pulse size. Small pulse sizes result 

in Knudsen transport, where the mean free path of the molecules is higher than the diameter 

between the catalyst particles. Large pulse sizes result in viscous gas flow, where mainly 

intermolecular collisions occur. The generalized form of expressing TAP transient response 

data is done by dividing the mol flow that exits the reactor by the overall number of moles in 

the input pulse. The 'temporal probability density' Ei(t) of component i is expressed in 

formula (3-5).  
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Ei(t) =  n0 i
Ni

 (3-5)   

ṅi is the current mol flow (mol/s) of component i at the reactor outlet and Ni is the number of 

moles of component i in the inlet pulse. The total probability Fi of finding a molecule i at the 

exit of the reactor is given by formula (3-6). 

Fi = 1 Ei(t) dt

∞

0

 (3-6)   

For an inert component that is reversibly adsorbed in the reactor the same number of 

molecules pulsed into the reactor have to exit it. Therefore Fi = 1. When reaction or 

irreversible adsorption occurs Fi < 1, which is equal to the percentage of converted molecules 

as expressed in formula (3-7). 

Xi = 1-Fi (3-7)   

Xi is the conversion of component i. The sensitivity of the mass spectrometer regarding each 

component is different. Therefore, the reactant and products must be calibrated against an 

inert gas in a separate nonreactive experiment.  
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4 RESULTS 

4.1 SUPPORTED VANADIUM OXIDES 

Table 2 shows the surface areas, the loading of vanadia and the resulting surface density of 

vanadium on the supports. Vanadium surface densities were calculated from the 

concentration of vanadium in the sample by assuming a uniform dispersion over the entire 

surface of the support. One can see that the surface densities of vanadium on all supports are 

around 3.5 atoms per square nanometer, which is approximately half of a monolayer coverage 

of polymeric vanadyl species and 1.5 times higher than the theoretical monolayer of 

monomeric vanadyl species [39,40]. Only marginal reductions in both surface area and pore 

volume over the entire pore size distribution were observed after the thermal spreading and 

calcination treatment. 

Table 2: Physical properties of supported vanadium oxide 

Support Surface area [m²/g] Surface density [V at/nm²] wt% V 

TiO2 17.1 3.5 0.6 % 

Al2O3 200.9 3.1 4.9 % 

ZrO2 52.1 3.1 1.4 % 

CeO2 19.8 3.9 0.7 % 

 

4.1.1 UV-VIS SPECTROSCOPY AT DEHYDRATED STATE 

The positions of charge transfer bands in UV-vis spectra of vanadium oxide species have been 

correlated with specific electronic transitions. For example, bands with absorption edges in the 

range 310-620 nm have been attributed to O2- � V5+, while bands with absorption edges in the 

range ca. 250-275 have been assigned to O2- � V4+ transitions [94–96]. For semiconductors, 

the positions of absorption maxima have been attributed to an increase in domain size 

[97-100]. This methodology has been applied to the study of vanadia supported on several 

metal oxide materials, including: alumina [101]; silica [102]; zirconia [24]; and titania [103]. 

With reference to model catalysts, isolated tetrahedrally coordinated monovanadate ions are 

reported to absorb at ca. 240 and 290 nm [104], while polyvanadate ions with 

octahedral/pentahedral coordination present absorption features located at 270, 340 and 

412 nm [105]. Examination of Figure 10(a) reveals that crystalline V2O5 presents a very broad 

absorption feature with maxima located at 440 and 490 nm.  
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Figure 10 presents diffuse reflectance UV-vis spectra of supported vanadium oxide catalysts 

and associated support materials. Examination of the spectra clearly shows that CeO2, TiO2, 

and ZrO2 supports absorb strongly in the range 200-400 nm. It is not possible to identify highly 

dispersed vanadium oxide species on these samples since absorptions due to such species are 

dwarfed by the intense charge transfer bands associated with the support material. However, 

for the spectrum of VOx/Al2O3 (Figure 10(e)), which exhibits minimal contributions from the 

support material, broad and overlapping maxima are at 232, 280, and 370 nm. The features 

located at 232 and 280 nm have previously been attributed to isolated vanadia sites and 

oligomeric V-O-V species, respectively [106], while the 370 nm feature has been assigned to 

polymerized VO6 species [107]. None of the catalysts examined here present significant 

absorption at 490 nm, which, with comparison with Figure 10(a), would indicate the presence 

of three-dimensional V2O5 crystallites. Rather, the data indicate that all catalyst samples 

contain polymeric vanadia species, while we cannot discount the presence of additional highly 

dispersed monomeric vanadia species due to overlapping support absorptions at low 

wavelengths. We note that the spectrum of VOx/CeO2 exhibits a maximum located at ca. 

380 nm, indicating the presence of polymerized VO6 species. The persistence of a broad ‘tail’ 

that exhibits residual intensity at 490 nm indicates that additional vanadia species that are 

more agglomerated than those found in the other catalyst samples are also present. That this 

is observed only for the VOx/CeO2 sample is could be a consequence of its higher vanadium 

surface density compared with the other catalysts in the series. However, we draw attention 

to the fact that stoichiometric crystalline V2O5 yields an optical band gap edge energy of ca. 

563 nm, corresponding to the O2-
� V5+ charge transfer in an infinite array of pseudo-

octahedral vanadium ions [108], that is not observed in any of the catalyst samples measured 

here. So, although we are unable to make a detailed characterization of the of the supported 

vanadia species (due to prohibitively strong support absorptions in the region 200-390 nm), we 

can exclude the presence of three-dimensional crystalline V2O5 species from the catalyst 

samples considered in the present study.  
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Figure 10: UV-vis spectra of supported vanadium oxide (solid line) and pure support materials 

(dotted lines) (a) V2O5; (b) VOx/CeO2; (c) VOx/TiO2; (d) VOx/ZrO2; (e) VOx/Al2O3 

4.1.2 RAMAN SPECTROSCOPY AT DEHYDRATED STATE 

Raman spectroscopy was applied to further characterize the catalysts and, crucially, to confirm 

the absence of V2O5 nano crystallites. Figure 11 presents Raman spectra of several supported 

vanadia catalysts in the energy range 120-1200 cm-1. With the exception of VOx/Al2O3, the 

spectra are dominated by vibrational modes associated with the support materials. For 

VOx/CeO2 (Figure 11(ii)) the intense signal located at 463 cm-1 corresponds to the first-order-

allowed, triply degenerate F2g mode Raman line of crystalline CeO2. The FWHM of 8.7 cm-1 

reflects the high crystallinity of the CeO2 support [109]. VOx/TiO2 (Figure 11(iii)) is dominated 

by signals located at 142, 195, 393, 514, 636 cm-1, which are respectively assigned to Eg, Eg, B1g, 

A1g (or B1g), and Eg modes of TiO2 in the anatase phase. There is no indication of a secondary 
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rutile phase, which would yield signals at 232, 449 and 612 cm-1. VOx/ZrO2 (Figure 11(iv)) 

exhibits the most complex spectrum with features observed at 140, 177, 189, 220, 305, 331, 

345, 380, 474, 500, 535, 556, 613, 634 cm-1. Raman spectra of monoclinic and tetragonal ZrO2 

phases share many common signals, however the signal located 140 cm-1 is peculiar only to the 

tetragonal phase, while the feature located at 345 cm-1 occurs only in monoclinic ZrO2 [110]. 

Thus, the Raman spectrum of VOx/ZrO2 indicates that a mixture of monoclinic and tetragonal 

ZrO2 phases is present. The spectrum of VOx/Al2O3 (Figure 11(v)) presents broad signals located 

at ca. 257, 338, 490, 601 cm-1, which we attribute to contributions from the cell window 

(silica). These features are more prominent in spectrum of VOx/Al2O3 compared with the other 

spectra due to the fact that Al2O3 is a poor Raman scatterer in comparison to the other support 

materials studied here. 

 

Figure 11: Raman spectra of supported vanadium oxides in range of 120-1200 cm-1 (i) V2O5; (ii) 

VOx/CeO2; (iii) VOx/TiO2; (iv) VOx/ZrO2; (v) VOx/Al2O3 

The position of the v(V=O) stretching band, which is located at 995 cm-1 for pure V2O5 [111], 

has been widely related to supported vanadia clusters of varying nuclearity [112–120]. With 

respect to the catalysts studied here, VOx/CeO2 (Figure 12(ii)) presents the most structured 

v(V=O) envelope.  The observation of several discrete V=O stretching modes suggests the 

presence of several different supported vanadia structures. With signals located at 1021, 1028 

and 1043 cm-1, the spectrum of VOx/CeO2, which has a vanadium surface density of 3.9 at/nm2, 

is in very good agreement with that previously reported for a VOx/CeO2 sample with a 

calculated surface density of 5 at/nm2 [112]. Bands located at 1022, 1030, and 1044 cm-1 were 
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tentatively assigned to V=O stretching modes associated with dimeric, trimeric and polymeric 

vanadia species, respectively. A fourth band located at 1008 cm-1, which is not observed in the 

spectrum of our VOx/CeO2 sample, was assigned to monomeric vanadia species. These 

assignments were based on the results of Baron et al [113] who used a combination of STM 

imaging and surface infrared spectroscopy to examine VOx clusters on a CeO2(111) surface. The 

band observed at 930 cm-1 has been assigned to V-O-V stretching in polyvanadate 

[114,121,122], while the broad background in the range 850-970 cm-1 has been assigned to 

various V-O-Ce modes [59,114,121]. The absence of obvious features located at 770 and 

841 cm-1 indicate that CeVO4 is absent from the VOx/CeO2 sample [123]. The spectrum of 

VOx/TiO2 (Figure 12(iii) exhibits a feature located at 1030 cm-1 with a shoulder at 1025 cm-1. 

The appearance of two features indicates the presence of at least two discrete supported 

vanadia structures. The Raman spectrum of the VOx/ZrO2 sample (Figure 12(iv)) exhibits a 

feature located at 1030 cm-1, which has previously been assigned as zirconia-supported 

polyvanadate species [115]. The broadness of this band may indicate that a number of 

different supported vanadia species coexist. The absence of signals located at 775 and 

982 cm-1 indicates an absence of a ZrV2O7 phase. The spectrum of VOx/Al2O3 (Figure 12 (v)) 

presents a broad feature located at 1031 cm-1 with a low frequency shoulder at 1015 cm-1
 

suggesting the presence of more than one vanadia species. The presence of an additional weak 

shoulder located at ca. 995 cm-1 indicates that V2O5 crystallites could also be present. 

However, since V2O5 is reported to have a Raman scattering cross section that is one order of 

magnitude greater than dispersed vanadium oxide species [124], we deduce that it is 

exceedingly low concentration. 
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Figure 12: Raman spectra of supported vanadium oxides in the range of 950-1100 cm-1 (i) V2O5; 

(ii) VOx/CeO2; (iii) VOx/TiO2; (iv) VOx/ZrO2; (v) VOx/Al2O3 

Based on previous work [32,125,126], Busca [127] affirms that the surface metal vanadyl 

species formed at low loading on different metal oxide supports (alumina, titania, zirconia and 

ceria) are similar and that the position of the V=O stretching wavenumber is only weakly 

dependent on the support and that the surface coverage is more critical, being slightly shifted 

upwards on increasing the vanadium loading [128,129]. The position of the V=O has been 

variously related to the nuclearity of supported vanadia clusters. The frequency of the V=O 

oscillator has been shown to follow the ranking polymerized vanadia > isolated vanadia > V2O5 

[115–118]. The increase in V=O stretching frequency has been interpreted as being due to 

increased dipole-dipole coupling between V=O oscillators in vanadia species with higher 

degrees of polymerization [112]. However, it has also been reported that the V=O stretching 

frequency follows the ranking isolated vanadia > polymerized vanadia > V2O5 [116]. This lack of 

consistency in the assignment of bands to particular cluster formations is particularly evident 

when comparing vanadia deposited on different support materials. For example, a Raman 

signal located at 1042 cm-1 is assigned to monomeric vanadia species in VOx/SiO2, while on 

VOx/CeO2 a features at similar energies (1044 cm-1 [112] and 1040 cm-1 [113]) have previously 

been assigned to polymeric VOx species. In contrast, signals observed at 1043 cm-1 in the 

Raman spectra of a VOx/CeO2(111) model system have been assigned to monomeric species 

based on comparison with scanning tunneling microscope images [113]. In addition bands 
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located at 1042 cm-1 for VOx/SiO2 samples [119,120] have been assigned to monomeric VOx 

species based on a comparison with trihalovanadyl complexes [130,131]. 

A combined DFT and multi-wavelength Raman spectroscopic investigation revealed that the 

fundamental V=O stretching mode of VOx clusters supported on silica is strongly coupled to 

vanadia-silica interface modes and that shifts in the position of this band cannot simply be 

interpreted as being due to a change in the bond strength and bond length of the vanadium 

oxygen double bond [132]. Treatment of the vanadyl stretching band as an isolated species 

that is independent of support vibrations, as is the case in the vast majority of the literature, is 

an oversimplification that may lead to erroneous results. It has been clearly shown that 

interface modes between vanadia and the support must be considered in order to assign 

spectral features to isolated and polymeric species [132]. In the absence of a universally 

accepted assignment of supported vanadia species based purely on the vanadyl stretching 

frequency, we refrain from making a precise statement regarding the structures of the 

supported vanadia species on the catalysts examined here. However, we can say with certainty 

that the surface of these samples is dominated by dispersed vanadia species with various 

degrees of nuclearity and/or local environment as reflected by the broad (and sometimes 

multistructured) V=O stretching bands observed by Raman spectroscopy. This assertion is 

supported by diffuse reflectance UV/vis measurements that show broad features exhibiting 

intensity over a wide energy range that incorporates vanadia species of varyingly nuclearity. 

Crucially, the presence of V2O5 can be excluded from all but the VOx/Al2O3 sample, which 

contains trace amounts at most. As a conclusion of the catalyst characterization we assume to 

have a set of catalysts with similar vanadia surface species that allow an identification and 

discussion of the support effects on the catalytic activity.  

 



 Results 
 

32 
 

4.1.3  OXIDATIVE DEHYDROGENATION OF ETHANOL 

Before determining the temperature dependence of the ODH of ethanol, the application of the 

MvK model is investigated by fitting of the rate and equilibrium constants to initial reaction 

rates. Therefore, variation of oxygen or ethanol partial pressure keeping the other one 

constant is done at 200 °C. The ODH-rate at steady-state conditions is calculated at ethanol 

conversions of less than 10%, i.e. at differential reaction conditions, by division of the 

acetaldehyde (AA) molar flow rate by the amount of vanadium atoms contained in the 

catalyst. This refers to the turn over frequency, if assuming every vanadium atom contributes 

equally to the reaction. Figure 13 and Figure 14 show the dependence of the ODH rate from 

oxygen and ethanol partial pressure. The curves illustrate the fitting data of the rate equation 

depict in equation (4-1).  

r = k2K1p
C2H5OH

1
n

1+K1p
C2H5OH

1
n +

k2K1p
C2H5OH

1
n

k5pO2

0.5

 
(4-1) 

All curves represent a high slope at low oxygen as well as low ethanol partial pressures and 

converge to a maximum value with increasing partial pressure. Therefore, at our reaction 

conditions, very fast reoxidation can be assumed according to Kilos et al. [2]. Because of 

k2/k5p(O2)^0.5 << 1, the rate is approximately equal to k2. Due to a strong parameter 

correlation between the equilibrium constant K1 and the rate constant k2 it is only possible to 

determine the product of both accurately by fitting of the rate equation. Table 3 represents 

the determined kinetic parameters. 

Table 3: Kinetic parameters for the ODH of ethanol at 200 °C 

Catalyst K1*k2 [molAA/molVs] k5 [molAA/molVs] 

VOx/Al2O3 0.172 ± 0.014 0.061 ± 0.003 

VOx/CeO2 0.545 ± 0.010 1.89 ± 0.09 

VOx/TiO2 5.0 ± 0.5 8.1 ± 1.7 

VOx/ZrO2 1.72 ± 0.13 0.69 ± 0.03 
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Figure 13: Dependence of the ODH rate at 200 °C and pEtOH = 12 kPa of ethanol from oxygen 

partial pressure  

 

 

Figure 14: Dependence of the ODH rate at 200 °C and pO2 = 6 kPa from ethanol partial pressure 

The product distribution was almost independent of the temperature for all catalysts. Ceria, 

zirconia, and titania supported vanadia catalysts exhibited a selectivity of greater than 98% to 

acetaldehyde with some diethyl-ether as a byproduct and carbon oxides as consecutive 

reaction products, while over alumina supported vanadia a higher selectivity towards 

diethylether (15%) was obtained, which is attributed to the Lewis or Brønsted acid sites 
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present on the alumina support [133]. Table 4 shows that the ODH-rates of the ethanol 

oxidation differ by almost three orders of magnitude over all supported catalysts with the 

ranking VOx/Al2O3 << V2O5 < VOx/CeO2 < VOx/ZrO2 << VOx/TiO2. Here, titania shows an 

outstanding performance. It must be noted that the apparent rate observed for V2O5 is 

erroneous due to the assumption of a surface density of 5 atoms/nm² and the formation of 

volatile vanadyl ethoxides. The transformation of the surface and loss of catalyst leads to an 

underestimation of the observed ODH-rate. The ethanol conversion over the pure support 

materials in this temperature range is negligible and does not alter the activity results. Only 

bare ceria reveals high activity to total oxidation products at temperatures higher than 200 °C, 

which is suppressed by loading it with vanadia as has been observed previously for different 

ODH reactions [3,134] and additionally in model studies [135]. Dehydrogenation rates were 

measured as function of temperature at all catalysts described above and the apparent 

activation energies were derived from the resulting Arrhenius-plots. The apparent activation 

energies and preexponential factors are summarized in Table 4.  

Table 4: ODH-rates (200°C), apparent activation energies and preexponential factors for the 

ODH of ethanol at supported vanadium oxide 

Catalyst VOx/Al2O3 V2O5 VOx/CeO2 VOx/ZrO2 VOx/TiO2 

ODH-rates [molAA/molVs] 0.006 0.055 0.088 0.11 0.41 

EA,app [kJ/mol] 91 77 72 80 66 

k2,∞ [molAA/molVs] 7.15E+07 1.52E+07 1.77E+07 9.26E+07 1.09E+07 

 

Previous studies have shown a strong influence of the support material on the ODH rate of 

various reactants like methanol, ethane and propane. Even though different conditions, i.e. 

temperature and feed composition, were used, they found the same ranking of activity, which 

is VOx/TiO2 > VOx/ZrO2 > VOx/CeO2 > VOx/Al2O3 > VOx/SiO2 [3,41,49,58]. An exception is 

methanol ODH, for which the observed reactivity sequence was VOx/CeO2 > VOx/ZrO2 > 

VOx/TiO2 > VOx/Al2O3 > VOx/SiO2 [1]. This support effect was also found for the oxidation of 

propene to acrolein [136]. However, one must interpret this observation with great care since 

the oxidation to acrolein is a 4e- reaction requiring two surface vanadyl sites and is showing a 

strong influence by the vanadium surface density [136]. Whereas we found the same activity 

ranking when pure vanadia is excluded (Table 4). In order to identify reactivity descriptors the 

catalysts were investigated by temperature programmed reduction with hydrogen and 

ethanol, impendence spectroscopy and hydrocarbons with varying CH-bond strengths. 
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4.1.4 TEMPERATURE PROGRAMMED REDUCTION WITH ETHANOL AND H2 

Figure 15 shows the temperature dependency of acetaldehyde evolution for the different 

supported catalysts when ethanol is employed as the reductant. For vanadia supported on 

titania, zirconia and ceria one product desorption peak can be observed. Vanadia supported on 

alumina gives two acetaldehyde evolution peaks. However, dehydration of ethanol 

commences at temperatures higher than 200 °C, producing ethylene, which also has a primary 

mass peak at 28 m/z and therefore compromises the MS-measurement due to an overlap with 

the acetaldehyde mass spectra. In the case of vanadia/alumina this phenomenon strongly 

overlaps with the product desorption peaks. Integration of the acetaldehyde signal indicates 

an approximate reduction of vanadium from oxidation state V to IV for the different catalysts, 

which supports the aforementioned model. Comparison of the peak maxima gives the ranking 

for the reactivity of VOx/TiO2 > VOx/ZrO2 > VOx/CeO2 > VOx/Al2O3. When using H2 as reductant a 

different ranking of reactivity is observed, which is VOx/ZrO2 > VOx/TiO2 > VOx/Al2O3 > 

VOx/CeO2. Integration of consumed hydrogen indicates a reduction from oxidation state 

V to III. The TPR results are very similar to other reported studies [3,41]. Table 5 summarizes 

the TPR peak maxima for both reductants ethanol and hydrogen. 
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Table 5: TPR and TPD peak maxima of supported vanadium oxide 

Catalyst VOx/Al2O3 VOx/CeO2 VOx/ZrO2 VOx/TiO2 

H2-TPR maximum 425°C 437°C 357°C 399°C 

EtOH-TPR maximum 175°C 145°C 125°C 116°C 

 

 

Figure 15: EtOH-TPR of supported vanadium oxide 

4.1.5 HYDROCARBONS WITH VARYING CH-BOND STRENGTHS 

In order to find a relationship between the ODH of ethanol and the ODH of hydrocarbons, the 

same series of catalysts in the ODH of propane, ethane, methane and cylcohexane was 

investigated. In the case of ethane and propane, where parallel reaction to carbon oxides can 

take place depended on the investigated support, the ODH-rates are calculated by fitting the 

rate constants to the triangular reaction network shown in Figure 1. For the other investigated 

substrates calculation of the ODH-rates is done under the assumption that no parallel reaction 

to carbon oxides takes place. This is justified by the high observed selectivity. The rate is 

obtained by division of the converted reactant molar flow rate by the amount of vanadium 

atoms in the catalyst. The explicit values for the ODH rates, the apparent activation energies 

and preexponential factors are given in Table 6. All reactions show the same reactivity ranking 

over the studied family of catalysts, although there is a significant change in the reaction 

temperature and the molecular structure of the reactants. Clearly, the close relationship 

between the apparent activation energies of ethanol and propane ODH as a function of the 

support material is manifested in Figure 16 as a linear correlation with 23±5 kJ/mol lower 
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barriers for ethanol oxidation. This indicates that the rate limiting steps of the ODH of an 

alcohol and an alkane are influenced by the same phenomena. This is reasonable, since 

hydrogen abstraction has been shown to be the rate determining step for both methanol and 

propane oxidation reactions [43,44]. For VOx/SiO2 catalysts, the predicted apparent Arrhenius 

barrier (DFT) for methanol of 104±5 kJ/mol (=∆H≠
503+R·503+∆CCSD(T)) [44] is also about 

20 kJ/mol lower than that predicted for propane, 123±5 kJ/mol (=∆H≠
750+R·750) [43]. The 

predicted barriers for ethane of 164±5 kJ/mol and methane of 170±5 kJ/mol are in the same 

order with our experiments but exhibit some divergence. 

Table 6: ODH-rates, apparent activation energies and preexponential factors for the ODH of 

methane, ethane, propane and cyclohexane 

Catalyst VOx/CeO2 VOx/ZrO2 VOx/TiO2 

Methane (600 °C) 

ODH-rates [molCOx/molVs] 0.002 0.0025 0.0388 

Ea,app [kJ/mol] 219 243 185 

k∞ [molCOx/molVs] 2.54E+10 8.67E+11 4.55E+09 

Ethane (450 °C) 

ODH-rates [molC2H4/molVs] 0.010 0.0062 0.081 

Ea,app [kJ/mol] 113 120 107 

k∞ [mol C2H4/molVs] 1.45E+06 2.89E+06 4.34E+06 

Propane (400 °C) 

ODH-rates [molC3H6/molVs] 0.023 0.033 0.261 

Ea,app [kJ/mol] 90 102 82 

k∞ [mol C3H6/molVs] 2.24E+05 2.56E+06 5.42E+05 

Cyclohexane (350 °C) 

ODH-rates [molC6H6/molVs] 0.024 0.048 0.134 

Ea,app [kJ/mol] 83 90 75 

k∞ [mol C6H10/molVs] 2.19E+05 1.69E+06 2.60E+05 
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Figure 16: Comparison of the apparent activation energy of propane and ethanol 

Under the assumption that all investigated reactants have a similar reaction mechanism, it is 

reasonable that the stronger CH bonds involved in the rate limiting step of these reactants 

compared to ethanol is responsible for the higher apparent activation energies of them.  

Table 7 provides the CH bond strengths of the investigated reactants including methanol for 

reasons of comparison. Clear, an exponential relationship can be found between the CH bond 

strength and the apparent activation energy as presented in Figure 17. It also contains two 

data points from methanol ODH at vanadia supported at zirconia and titania, which are in very 

good agreement with our data [42].  

Table 7: CH bond strength of the investigated substrates at supported vanadium oxide 

Substrate CH4 C2H6 C3H8 CH3OH C2H5OH C6H12 

DCH [kJ/mol] 439.4 

[137] 

420.5 

[137] 

410.51 

[137] 

402.4 

[138] 

389.42 

[138] 

401.93 

[138] 

 

                                                           
1 secondary CH bond at C2 
2 CH bond at C1 
3 Axial CH bond 
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Figure 17: Relationship of the apparent activation energy with the CH bond strength of 

different hydrocarbons including methanol [42] 
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4.1.6 IMPENDENCE SPECTROSCOPY 

Theoretical calculations by Sauer et al. suggest the oxygen defect formation enthalpy ΔHf as 

reactivity descriptor for supported vanadium oxide catalysts [45,46]. Table 8 provides ΔHf
 

measured by impendence spectroscopy for crystalline and supported vanadia according to 

Harth et al. [93]. Comparison of the defect formation enthalpies of the supported catalysts 

gives the ranking of VOx/TiO2 < VOx/CeO2 < VOx/ZrO2 < VOx/Al2O3, which is the same as for the 

observed apparent activation energies presented in Table 4. 

Table 8: Oxygen defect formation enthalpy of supported vanadium oxide 

Catalyst V2O5 VOx/Al2O3 VOx/ZrO2 VOx/CeO2 VOx/TiO2 

ΔHf [kJ/mol] 119 111 83 58 44 
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4.2 SUPPORTED MOLYBDENUM OXIDE AND RHENIUM OXIDE 

Supported molybdenum oxide and rhenium oxide were investigated with ODH of ethanol in 

order to investigate the influence of the support effect on alternative catalytically active 

materials. Table 9 shows the surface areas and the resulting surface density of molybdenum 

oxide and rhenium oxide on the support materials. Surface densities were calculated from the 

concentration of the appropriate metal in the sample by assuming a uniform dispersion over 

the entire surface of the support. Molydenia and rhenia species are significantly larger and 

tend more to form crystallites than vanadia, therefore the prepared catalysts all have a surface 

density of molybdenum or rhenium of around one atom per square nanometer. Only marginal 

reductions in both surface area and pore volume over the entire pore size distribution were 

observed after the impregnation and calcination treatment. 

Table 9: Physical properties of supported molybdenum oxide and rhenium oxide 

Support Surface Area 

[m²/g] 

Surface density 

[Mo at/nm²] 

Surface density 

[Re at/nm²] 

MOx/TiO2 153 0.54 0.96 

MOx/Al2O3 233 0.84 0.93 

MOx/ZrO2 99 1.08 1.27 

MOx/CeO2 65 0.87 1.27 

 

4.2.1 RAMAN SPECTROSCOPY AT AMBIENT CONDITIONS 

Raman spectroscopy was applied to verify the absence of MoO3 and ReO4 crystallites. Figure 

18 presents the Raman spectra of supported molybdenum oxide on several supports in the 

crucial range of 750 - 1100 cm-1. Below 750 cm-1 the spectra are mainly dominated by 

stretching modes of the support materials, which is already shown in Figure 11. The position of 

the hydrated v(Mo=O) stretching band is located around 950 cm-1 and is shifted to higher wave 

numbers by a higher degree of polymerization [117]. The absence of microcrystalline MoO3 is 

assured by the absence of the main stretching mode at 815 cm-1, whose Raman cross section is 

usually orders of magnitude greater than that of the surface species [139]. Figure 19 presents 

the Raman spectra of supported rhenium oxide. The crucial range is also situated at 750 - 

1100 cm-1. The symmetric stretching mode of the perrhenate ion at 971 cm-1 can be found at 

all support materials [140]. The Raman spectrum of zirconia reveals a second peak in the same 

range of wave numbers indicating a second surface structure. However, crystalline Re2O7 
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exhibits distinct stretching modes in the range of 700 cm-1 to 1000 cm-1 with a intense one at 

831 cm-1, which cannot be observed at any of the catalyst samples [141].  

 

Figure 18: Raman spectra of hydrated supported molybdenum oxide 

 

 

Figure 19: Raman spectra of hydrated supported rhenium oxide 
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4.2.2 OXIDATIVE DEHYDROGENATION OF ETHANOL 

The ODH-rate at steady-state conditions is calculated at ethanol conversion of less than 10% 

by division of the acetaldehyde molar flow rate by the amount of active component, i.e. 

molybdenum oxide or rhenium oxide, in the catalyst. Under the assumption that every 

molybdenum or rhenium atom contributes equally to the reaction rate this refers to the turn 

over frequency. Ceria, zirconia and titania exhibit a selectivity towards acetaldehyde of more 

than 95% with some carbon oxides as consecutive reaction products. The alumina supported 

catalysts have some diethyl-ether (15%) as a byproduct as already observed for vanadia 

supported on alumina. Supported rhenium oxide suffers from deactivation during time on 

stream, which is caused by evaporation of volatile rhenium species. A similar effect was 

already observed for crystalline V2O5. The ODH-rates and apparent activation energies are 

reported in Table 10 for supported molybdenum oxide and in Table 11 for supported rhenium 

oxide, respectively. In contrast to supported vanadium oxide, only a small variation of the 

ODH-rates can be observed with variation of the support material. Only alumina supported 

molybdenum oxide and rhenium oxide shows an ODH-rate, which is one order of magnitude 

lower than on the other support materials. Dehydrogenation rates were measured as a 

function of temperature at all catalysts described above and the apparent activation energies 

were derived from resulting Arrhenius-plots. The apparent activation energies for supported 

molybdenum oxide are the same in the range of experimental error. Supported rhenium oxide 

shows a broad scattering of the apparent activation energies, which can be caused by the loss 

of rhenium oxide during the experiments. Zhang et al. also found the same apparent activation 

energy for ODH of ethanol at molybdenum oxide supported on alumina and titania and a 

strong dependence of it with the surface concentration of molybdenum oxide, which was 

caused by formation of crystalline molybdenum oxide [142].  

Table 10: ODH-rates (200°C), apparent activation energies and preexponential factors for the 

ODH of ethanol at supported molybdenum oxide 

Catalyst MoOx/Al2O3 MoOx/CeO2 MoOx/ZrO2 MoOx/TiO2 

ODH-rates [molAA/molVs] 0.007 0.063 0.046 0.049 

EA,app [kJ/mol] 85 80 84 85 

k∞ [molAA/molVs] 1.77E+07 4.25E+07 8.72E+07 1.19E+08 
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Table 11: ODH-rates (200°C), apparent activation energies and preexponential factors for the 

ODH of ethanol at supported rhenium oxide 

Catalyst ReOx/Al2O3 ReOx/CeO2 ReOx/ZrO2 ReOx/TiO2 

ODH-rates [molAA/molVs] 0.006 0.029 0.031 0.024 

EA,app [kJ/mol] 74 80 64 71 

k∞ [molAA/molVs] 9.50E+05 1.98E+07 3.55E+05 1.63E+06 

 

4.2.3 TEMPERATURE PROGRAMMED REDUCTION WITH H2 

Table 12 summarizes the TPR peak maxima for hydrogen as reductant of supported 

molybdenum oxide and rhenium oxide. Comparison of the peak maxima for both active 

components gives the ranking CeO2 > Al2O3 > TiO2 ≈ ZrO2, which is very similar to supported 

vanadium oxide on these support materials. Depending on the TPR peak maxima it is not 

possible to find a relation to the reactivity data or apparent activation energies for supported 

molybdenum oxide as well as for supported rhenium oxide. It is reasonable that TPR 

experiments with ethanol as reductant would result in a similar relationship of the ODH-rate 

with the TPR peak maxima as already observed for supported vanadium oxide. These 

measurements were not carried out, because there was no support effect for supported 

molybdenum oxide and rhenium oxide found.  

Table 12: TPR peak maxima of supported rhenium and molybdenum oxide 

Catalyst Al2O3 CeO2 ZrO2 TiO2 

MoOx 415 °C 463 °C 375 °C 380 °C 

ReOx 323 °C 370 °C 260 °C 252 °C 

 

4.3 VANADIUM OXIDE SUPPORTED ON YTTRIUM DOPED CERIA 

The influence of an yttrium doping of ceria as support for vanadium oxide was investigated 

with the purpose to reduce the redox properties of ceria. Propane was used to quantify the 

effect on the catalytic activity of the vanadyl species towards ODH and total combustion.  

Table 13 shows the yttrium content, surface areas, loading of vanadium oxide and resulting 

surface densities of vanadium oxide for the synthesized catalysts. Vanadium surface densities 

were calculated from the concentration of vanadium in the sample by assuming a uniform 

dispersion over the entire surface of the support. Only a marginal reduction of the surface 
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areas was observed after thermal spreading and calcination treatment. It was also possible to 

adjust the intended surface density with an error of ±5%. 

Table 13: Physical properties of the catalysts 

Catalyst  

VOx/Ce1-nYnO2 

Yttrium content  

[mol%] 

Specific surface 

[m²/g] 

wt.% V Surface density  

[V atoms/nm²] 

V/CeY0 0 60.9 2.44 3.1 

V/CeY2 0.022 61.5 1.57 3.0 

V/CeY6 0.06 73.6 1.76 2.9 

V/CeY10 0.095 84.2 2.06 2.9 

V/CeY13 0.127 78.7 2.09 2.9 

V/CeY16 0.162 74.6 2.07 3.0 

 

4.3.1 X-RAY DIFFRACTION AND RAMAN SPECTROSCOPY AT AMBIENT CONDITIONS 

XRD pattern (Figure 20) of the catalysts only exhibit the existence of a ceria phase in fluorite 

structure. Yttrium occupies the lattice site of a cerium atom by creating an oxygen vacancy to 

maintain charge balance.  Ceria keeps its fluorite structure up to a concentration of 30 mol% 

yttrium [60]. Figure 21 presents the Raman spectra of the catalyst materials at ambient 

conditions. The band at 465 cm-1 is attributed to the symmetrical stretching of the Ce-8O unit 

[60]. The bands at 251 cm-1 and 541 cm-1 are assigned to oxygen vacancies in the lattice. Their 

shift to higher wave numbers with increasing yttrium concentration originates from the 

increase of oxygen vacancies [143]. On the basis of missing bands at 841, 700, 368 and 260 cm-

1, the formation of cerium vanadate can be excluded [144]. Even if the Raman spectra were 

not recorded at dehydrated state the band at 1005 cm-1 is visible which originates from the 

V=O stretching mode.  
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Figure 20: Diffraction pattern of vanadium supported at ceria with different content of yttria 

dopant 

 

 

Figure 21: Raman spectra of vanadium supported at ceria with different content of yttria 

dopant 



 Results 
 

47 
 

4.3.2  OXIDATIVE DEHYDROGENATION OF PROPANE 

The ODH of propane can be described with a simple triangular reaction network as already 

shown in Figure 1. Propane reacts to propene and this can react in a consecutive reaction to 

COx. Propane could also react in a direct oxidation pathway to COx as shown in the following 

reaction scheme.  

C3H8 + 0.5 O2 
k1→  C3H6 + H2O (4-2)   

C3H8 + (2 + 1.5 x) O2 
k2→  3 COx + 4 H2O (4-3) 

C3H6 + (1.5 + 1.5 x) O2 
k3→  3 COx + 3 H2O (4-4) 

It was found that the direct oxidation pathway can be neglected for the most catalyst systems. 

To prove this, the conversion selectivity trajectory for propene has to cross the ordinate at 

nearly 100% selectivity [3]. As shown in Figure 22, this is not the case for the investigated ceria 

catalyst systems. We assume that the direct oxidation pathway is caused by the distinct 

activity of the support material. Bare ceria reveals a higher activity than ceria partially coated 

with vanadium oxide [3]. The selectivity of bare ceria to propene is less than 10%. Therefore 

we assume that the direct oxidation pathway is dominated by the activity of uncovered 

support material and is not include in the calculation of the oxidative dehydrogenation rate 

(ODH). It is also evident that an increase of yttrium as dopant lowers the selectivity to 

propene.  

 

Figure 22: Propene selectivity conversion plot for the ODH of propane at vanadium supported 

at ceria with different content of yttria dopant at 450 °C 
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The ODH-rates were measured under differential reaction conditions (conversion less 

than 10%) and calculated under the assumption that every vanadium atom contributes equally 

to the overall ODH reaction rate. By modeling the triangular reaction network with a plug flow 

reactor model it was possible to separate the total oxidation pathway from the rest. Table 14 

provides the rate constants derived from the kinetic model. 

Table 14: Rate constants for the ODH of propane at vanadium supported at ceria with different 

content of yttria dopant at 450 °C 

Catalyst  k1 [mol/ls] k2 [mol/ls] k3 [mol/ls] k1/k2 

V/CeY0 54.7 ± 2 23.5 ± 2 1300 ± 100 2.33 

V/CeY2 23.2 ± 0.6 19.7 ± 0.6 680 ± 90 1.17 

V/CeY6 18.8 ± 0.9 14.6 ± 0.9 690 ± 90 1.28 

V/CeY10 16.0 ± 0.3 10.4 ± 0.3 430 ± 60 1.54 

V/CeY13 10.0 ± 0.1 8.7 ± 0.1 300 ± 50 1.15 

V/CeY16 8.3 ± 0.1 8.9 ± 0.1 81 ± 40 0.93 

 

Figure 23 illustrates the ODH-rate at 450 °C calculated from k1 for the differently doped 

catalysts. It demonstrates an exponential decay of the ODH-rate with increasing yttrium 

concentration, which approaches an ODH-rate of 0.006 ± 0.004 molC3H8/molVs at infinite 

yttrium concentration. This is an order of magnitude lower than the rate of the non doped 

catalyst. Comparison of the rate constant k1 of the ODH and k2 of the total oxidation pathway 

at the ceria surface illustrates, that the reaction at the vanadia centers respond more 

drastically to the doping than the uncovered ceria surfaces. This results in an overall decrease 

of k1/k2 and is the reason for the observed worse propene selectivity of vanadium supported 

on yttria doped ceria. The small increase of k1/k2 from an yttrium dopant concentration of 2 to 

10 mol% could be attributed to the strong increase of the oxygen mobility in the ceria lattice 

favoring the total oxidation pathway. 
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Figure 23: Dependence of the ODH rate with increasing yttrium content at 450 °C 

4.3.3 TEMPERATURE PROGRAMMED REDUCTION WITH H2 

Figure 24 shows the TPR measurements of the catalyst samples with heating rate of 2 K/min, 

10% H2 in N2 at a total flow rate of 60 Nml/min. The sample without yttrium doping has three 

reduction peaks, where two have a defined Tmax at 450 °C and 710 °C. The third reduction peak 

has its Tmax around 430 °C. This reveals a very broad temperature range of reduction and is 

strongly overlapping with the subsequent reduction peak. The peak at Tmax = 450 °C originates 

from the reduction of V5+ to V3+. The total amount of consumed hydrogen of the two first 

reduction peaks at the sample V/CeY0 (Figure 25) is 2.25 times higher than necessary for the 

reduction of V5+ to V3+. Theoretical calculations assume that the reduction of a Ce4+ to Ce3+ in 

close vicinity to a vanadium atom is strongly favored [47,59]. For the limiting case of 

monomeric vanadyl species this would lead to a factor of 2.5, which is decreasing to 2.0 for the 

limiting case of dimeric vanadyl species. The composition of the surface vanadyl species will be 

a mixture of monomeric, dimeric and higher polymeric species [145]. We assume that this is 

similar over the range of our investigated catalysts. Therefore we assume, that the broad 

reduction peak at Tmax = 430°C originates from ceria in close vicinity to vanadia surface species. 

This additional consumption decreases with increasing yttrium concentration (Figure 23) to a 

negligible value at the sample V/Ce16Y. According to that, the first reduction peak diminishes. 

The reduction peak at 710 °C is attributed to the reduction of Ce4+ to Ce3+ on the surface, 

which is not in close vicinity to vanadium. This one is still easier to reduce than bulk Ce4+ [146]. 

Also this peak diminishes with increasing yttrium content. 
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Figure 24: TPR of vanadium supported at ceria with different content of yttria dopant 

 

 

Figure 25: Ratio of consumed H2 to vanadium content of TPR experiments of vanadium 

supported at ceria with different content of yttria dopant 
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4.4 MN/NA2WO4/SIO2 AS CATALYST FOR THE OXIDATIVE COUPLING OF METHANE 

The oxidative coupling of methane over Mn/Na2WO4/SiO2 has been investigated at reaction 

conditions suitable for industrial applications up to 10 bar in a fixed bed reactor as well as by 

temporal analysis of products (TAP) by admitting pulses of methane, ethane and ethene 

oxygen mixtures to obtain insight in the reactivity of reactants and products. A detailed 

characterization of the catalyst was performed by Simon et al. [11]. A catalyst closely related 

to industrial application of appropriate size ranging from 200 to 300 µm and fluid dynamics 

was produced. The final catalyst was homogenously coated with Na2WO4 and Mn precursors 

resulting in crystalline phases of Mn2O3 and Na2WO4. The silica support (Silica Gel by Sigma-

Aldrich) is transformed into the stable cristobalite phase with a macroporous surface 

morphology. The final catalyst contains 2 wt.% Mn(II) and 5 wt.% Na2WO4 and has a surface 

area of 1.86 m²/g. The catalyst was chemically and mechanically stable during OCM. 

Magnesium oxide was obtained by Sigma-Aldrich (99.9%) with a specific surface area of 

78 m²/g and used as a reference catalyst. 

4.4.1 OXIDATIVE COUPLING OF METHANE IN A FIXED BED REACTOR AT INCREASED PRESSURE 

The results of the OCM reaction at pressures up to 10 bar and 700°C are shown in Figure 26. 

Experiments were performed with an empty reactor (left), a fix bed of quartz granules (middle) 

and a fixed bed of quartz granules with a layer of catalyst on top of it (right). The pattern tint 

inside the columns specifies the yield to carbon oxides, C2 and C3 components, respectively. 

The carbon balance for the pressure experiments exhibit integrity of 99.5%. Strikingly the 

empty reactor results in the highest conversion of oxygen over the full range of examined 

pressure, reaching almost complete conversion at 8 bar. Only a small increase in C2+ yield is 

observed above 5 bar, which is caused by the increasing influence of the total oxidation of the 

C2+ components. The sigmoid characteristic of the oxygen conversion is typical for reactions 

with orders higher than one. In contrast, the fixed bed of quartz granules results in a reduced 

residence time that leads to much lower conversion over the complete range of pressure. The 

behavior seems to be almost the same as in the empty reactor with a shift to higher pressures. 

Addition of Mn/Na2WO4/SiO2 on top of the quartz fixed bed regains higher oxygen 

conversions. The absence of a clear sigmoid behavior with increasing pressure indicates a 

more surface controlled reaction sequence, with a much higher yield of C2+ components 

compared to the reactor loaded only with quartz only. 

Figure 27 shows the corresponding selectivities to C2+ at the investigated pressures. The empty 

reactor as well as the fixed bed of quartz granules passes through a maximum selectivity to C2+ 

at 4 and 8 bar, respectively. In contrast, the addition of Mn/Na2WO4/SiO2 results in a steady 
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increase of selectivity to C2+ with increasing pressure. Its maximum is not reached within the 

investigated range of pressure. The reported isobaric conversion selectivity trajectories for 

OCM with this catalyst system show a loose in C2 selectivity with increasing conversion due to 

consecutive total oxidation. The observation of a higher selectivity in combination with a 

higher methane and oxygen conversion results in a clear benefit towards C2 selectivity due to 

higher pressure. 

For detailed understanding of the homogeneous gas phase reaction as well as the 

heterogeneous surface catalyzed reactions, it is necessary to quantify their contributions to 

the overall product mixture in order to maximize the C2+ yield. Zanthoff and Baerns developed 

a kinetic model for the gas phase contribution including 33 species and 192 elementary steps, 

which describes the product distribution and conversion at the end of the reactor accurately as 

long as the reactor temperature is higher than 600 °C [147,148]. A recent investigation of the 

spatial compositional profile along a reactor has also demonstrated discrepancies of the 

simulated profiles with respect to conversion and composition [148]. Better consistency could 

be achieved by extension of the gas phase model to more species and reactions. Marin et al. 

[149] coupled a gas phase reaction model to a heterogeneous catalysis one. However, the gas 

phase part of this model alone does not explain the observed increase in C2+ selectivity with 

increasing pressure at low oxygen conversions with quartz granules packing (Figures 2 and 3) 

[150].  

Nevertheless, it is necessary to couple a model describing the gas phase reaction to a model 

describing heterogeneous surface reactions. At typical reaction conditions kinetic data are 

obviously strongly compromised of gas phase contributions. This unusual approach is 

necessary due to the high complexity of OCM. Therefore we employed the TAP technique with 

the aim to directly obtain kinetic data of the CH bond activation reaction based on the 

assumption of this reaction as the rate determining step. Gaining the surface reactivity of C1 

and C2 without the influences of gas phase reactions is expected to reveal factors maximizing 

the yield of desired products while minimizing the formation of the undesired COx by-products.  
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Figure 26: Oxygen conversion at constant residence time over absolute pressures at 700 °C 

 

 

Figure 27: C2+ selectivity depended of absolute pressure at constant residence time 
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4.4.2 TEMPORAL ANALYSIS OF PRODUCTS 

Generally TAP measurements are performed with small pulse sizes resulting in gas transport by 

Knudsen diffusion, in which gas phase intermolecular collisions are negligible [151–154]. As 

depicted in Figure 30 the recombination of methyl radicals takes place in gas phase as 

reported by many authors [155–159]. The fact that we did not detect C2 products in the 

Knudsen diffusion regime supports this hypothesis. Figure 28 and 30 show the time resolved 

pulse responses at 700 °C and Table 15 provides the quantitative evaluation by the zeroth 

moment of the pulse response (i.e. integrated area of the pulse) for both catalysts. The 

product responses expect CO2 are noisier than the reactant responses and were smoothed for 

better illustration in Figure 28 and 30. The major differences in the reactivity of the two 

materials are the lower methane conversion and higher selectivity to ethane of 

Mn/Na2WO4/SiO2 compared to those of magnesia. The carbon balance for the TAP 

measurements exhibits integrity of 97%. 

Table 15: Reactivity data of the two catalysts determined from TAP data at 700 °C 

Catalyst X CH4 S CO S CO2 S C2H6 S C2H4 

Mn/Na2WO4/SiO2 ~2% 3.6% 1.4% 95% 0% 

MgO 16.0% 83.4% 14.6% 2% 0% 

 

 

Figure 28: TAP response of CH4/O2/Ne 4/1/2 at magnesia at 700°C 
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Figure 29: TAP response of CH4/O2/Ne 4/1/2 at Mn/Na2WO4/SiO2 at 700°C 

The positions of the peak maxima give evidence about the reaction sequence. In Figure 28 one 

can clearly see that carbon monoxide is formed in parallel to the formation of ethane from 

methane. The origin of CO formation via a consecutive oxidation of methyl radicals is 

reasonable (Figure 6). Methyl radicals are produced from methane at the catalyst surface by 

direct interaction with surface adsorbed oxygen [151]. They can be oxidized before desorption 

or by re-adsorption at the catalyst or quartz surface; if not they combine to ethane in the gas 

phase with a nonreactive collision partner or on the surface. The delayed peak maxima 

observed for magnesia compared to those of Mn/Na2WO4/SiO2 indicate more stable surface 

intermediates over magnesia, easing the consecutive oxidation of methyl radicals. This 

explains the inferior selectivity to C2 products (Table 15). For magnesia the response time of 

carbon dioxide is strongly delayed, indicating that it is produced by species strongly adsorbed 

onto magnesia or simply carbon dioxide interacts strongly with the catalyst surface. Analogous 

behavior can be observed when using ethane or ethylene as feed gas (not shown). No 

conversion could be observed due to pulsing of methane, ethane or ethene mixtures in a 

reactor only filled with quartz particles. Therefore a gas phase activation of these components 

can be excluded. These observations can be summarized in the reaction scheme of the OCM 

depicted in Figure 30. 
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Figure 30: Mechanism of the oxidative couling of methane with Ox as surface oxygen species 

and M as unreactive collision partner 

4.4.3 PULSE EXPERIMENTS WITH ISOTOPIC LABELED OXYGEN 

The nature of the active site was investigated by simultaneous pulsing of a mixture of CH4 and 

O18
2 at 700°C. The catalysts were preoxidized with O16

2 in front of this experiment. The TAP 

response for both catalysts exhibits a similar shape as shown in Figure 28 and 34. Interestingly, 

no formation of isotopic labeled products(CO18
2, CO16O18, CO18 or H2O

18) could be observed 

neither at magnesia or Mn/Na2WO4/SiO2. Even though oxygen exchange with the lattice takes 

place resulting in formation of O16
2 and O16O18. The relative composition of the oxygen species 

for both catalysts is given in Table 16. In contrast to magnesia, Mn/Na2WO4/SiO2 provides only 

a negligible amount of the mixed isotope oxygen.  

Table 16: Relative composition of released oxygen species of the TAP response of a 

CH4/O18
2/Xe mixture 

Catalyst O16
2 O16O18 O18

2 

Mn/Na2WO4/SiO2 0.481 0.094 0.425 

MgO 0.139 0.245 0.616 

 

Pulse experiments only containing isotopic labeled oxygen and neon were conducted over a 

broad temperature range to reveal the contribution of the oxygen exchange with the lattice. 

Figure 31 and 33 illustrate the quantitative evaluation at magnesia and Mn/Na2WO4/SiO2 by 

the zeroth moment of the TAP response. In the case of magnesia, a significant exchange starts 

already at 500 °C resulting in the formation of the mixed isotope O16O18. With increasing 

temperature the fraction of this isotope passes through a maximum, which is directly 

connected with a steady increase of the O16
2 fraction. This sequence is directly related to a 
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consecutive reaction of the mixed isotope as depicted in formula (4-5), which is in accordance 

with the work of Karasuda et al. [160]. 

O218 → O16O18 →  O218  (4-5) 

Mn/Na2WO4/SiO2 provides a different behavior. With increasing temperature a rising amount 

of oxygen irreversible adsorbs on the catalyst. At 600 °C the formation of O16
2 can be observed, 

which is in the same temperature region as on magnesia. In contrast to magnesia the 

intermediate mixed isotope is not desorbed from the surface. In fact, it cannot be observed at 

any temperature. Since it is know, that Mn/Na2WO4/SiO2 provides significant redox properties, 

the irreversible adsorption of oxygen can only be attributed to a temperature induced 

reduction of the catalyst material at UHV conditions [161]. Nevertheless, both catalyst systems 

provide a significant oxygen exchange rate at our typical test conditions of 700 °C. 
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Figure 31: Oxygen exchange of O18
2/Ne 2/1 at MgO 

 

 

Figure 32: Oxygen exchange of O18
2/Ne 2/1 at Mn/Na2WO4/SiO2 
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4.4.4 SEQUENTIAL PULSE EXPERIMENTS 

Furthermore, sequential pulse experiments were used to investigate the reactivity of adsorbed 

oxygen at 800 °C. First oxygen is pulsed and next a pulse of methane is given with an offset of 

0.0, 0.5 and 1 seconds. It should be mentioned that no product formation occurs by pulsing 

first methane and then oxygen. The oxygen response for magnesia is presented in Figure 33A. 

The response of the oxygen pulse has a similar shape with an abrupt decay shortly after the 

pulse of methane. This rapid oxygen consumption is attributed to weakly adsorbed but highly 

reactive oxygen species. Due to decreasing concentration of these species with time, a 

decrease of the reaction products with increasing delay of the methane pulse is expected to be 

observed. Carbon dioxide is identified as product showing the expected behavior (Figure 33B). 

In contrast, in Figure 33C the pulse intensity of ethane is not decreasing with delayed methane 

pulses. The integrated quantities are presented in Table 17. This indicates the presence of a 

second species of more strongly adsorbed oxygen that is responsible for the methyl radical and 

C2 formation.  

Table 17: Integrated quantities of the components presented in Figure 33 

Catalyst MgO Mn/Na2WO4/SiO2 

Δt [s] O2 CO2 C2H6 O2 CO2 C2H6 

0 2.15E-2 8.93E-2 1.15E-2 7.83E-1 8.59E-3 1.33E-2 

0.5 1.58E-1 5.28E-2 1.16E-2 1.15 8.23E-3 1.28E-2 

1 2.23E-1 4.50E-2 1.16E-2 1.21 6.77E-3 1.38E-2 

 

The oxygen response for Mn/Na2WO4/SiO2 is shown in Figure 33D. When the two pulses are 

made at the same time the total pulse size is bigger, farther from Knudsen diffusion regime, 

and convective flow is more important, rendering the responses narrower. Immediately after 

methane enters the reactor, the oxygen response passes through a small maximum, which is 

not followed by an abrupt decay. The small maximum is an artifact resulting from the 

introduction of methane and is also visible in the inert gas response (not shown). The absence 

of the fast decay indicates the lack of a high amount of highly reactive adsorbed oxygen 

species as observed for MgO. Nevertheless, Mn/Na2WO4/SiO2 shows a similar temporal 

response as magnesia at varying delay time of methane pulse for carbon dioxide and ethane as 

presented in Figure 33E and 34F, revealing the presence of a second species of more strongly 

adsorbed oxygen. Therefore it is reasonable that the ratio between strongly and weakly 

adsorbed oxygen species is responsible for the much higher C2 selectivity of Mn/Na2WO4/SiO2 

compared to that of magnesia. Based on the TAP experiments, we are able to investigate the 



 Results 
 

60 
 

main surface reaction pathways of the OCM kinetically without disturbance by the gas phase 

contribution.  

 

Figure 33: TAP responses of alternated pulsing of first oxygen and delayed methane at 800 °C 

4.4.5 TEMPERATURE DEPENDENCE OF HYDROCARBON ACTIVATION  

Determination of apparent activation energies requires a constant amount of active sites 

within the studied temperature range. Due to the reduction of Mn/Na2WO4/SiO2 in vacuum, 

that is temperature dependent, a constant amount of active sites is not provided. A reduction 

of magnesia in vacuum was not experimentally observed. Therefore the temperature 

dependence of the surface reactions of methane and the desired intermediates can only be 

provided for magnesia. Rate constants were determined from the zeroth moment of the 

reactant response assuming a first order rate expression of the hydrocarbon (methane, ethane 

or ethene) and oxygen [154]. Therefore, only apparent activation energies could be 
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determined from the Arrhenius plot in Figure 34, as presented in Table 18. A loss of active sites 

by agglomeration was not observed. Interestingly, the apparent activation energies of 

methane and ethane are the same within the experimental error. The ratio between the pre-

exponential factors of ethane to methane is 1.5, which is in accordance with the ratio of CH 

bond quantity. Buyevskaya et al. found a significant difference between methane with 

70 kJ/mol and ethane with 29 kJ/mol for samarium oxide, which was assigned to the different 

strength of the C-H bonds involved in the rate limiting step [151]. A similar value for the 

apparent activation energies of methane and ethane could be caused by the fact, that the 

bond cleavage is not the controlling parameter.  

 

Figure 34: Ahrrenius plot of different substrates from TAP experiments at magnesia 

 

Table 18: Kinetic data of magnesia in the TAP reactor 

 CH4 C2H6 C2H4 C3H8 

Ea,app [kJ/mol] 113 ± 2 115 ± 6 82 ± 3 118 ± 7 

k∞ [mol/ls] 2.27E+07 3.40E+07 1.18E+06 7.23E+07 
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5 DISCUSSION AND CONCLUSION 

5.1 OXIDATIVE DEHYDROGENATION OF ALKANES AND ALCOHOLS 

As mentioned previously, several authors tried, more or less successfully, to correlate the 

ODH-rate with the reducibility of the surface vanadyl species by H2-TPR experiments or the 

electro negativity of the cation of the support material [49,162]. Figure 35 summarizes the TPR 

peak maxima of EtOH-TPR and H2-TPR experiments. Clear, no correlation can be found for TPR 

maxima with hydrogen. Instead, a good agreement is obtained for TPR maxima with ethanol. It 

is reasonable to conclude that the vanadyl species are only partially reduced by ethanol 

resulting in vanadia at oxidation state 4, but are fully reduced by hydrogen resulting in vanadia 

at oxidation state 3.   

 

Figure 35: Dependence of the ODH rate of ethanol from the Tmax of EtOH-TPR and H2-TPR 

Oxygen defect formation also leads to a (partially) reduced catalyst, and, hence, the oxygen 

defect formation energy has been also suggested as reactivity descriptor [45,47,163,164]. 

VOx  → VOx-1   +  1/2 O2 (5-1)  

Figure 36 shows the proposed energy profile of the oxidation of ethanol exemplary for vanadia 

supported on alumina, beginning with the oxidized state of the catalyst and the reactants in 

the gas phase. A similar reaction energy profile has been obtained by DFT for the methanol 

oxidation on vanadia supported on silica [44]. The first step is the adsorption of ethanol, 
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Figure 36: Proposed energy diagram for the ODH of ethanol at supported vanadium oxide 

It is followed by the rate limiting step, abstraction of hydrogen, occurring via transition state 

‘TS’, where the catalyst is partially reduced: 
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(5-3)  

Experimentally, it is only possible to measure the energy difference between the situation 

before the adsorption of ethanol and the formation of ‘TS’ in a steady state experiment. This is 

the apparent activation energy, Ea,app, which includes the adsorption enthalpy, ∆Ha(C2H5OH), 

and the intrinsic barrier for the rate limiting step. An estimation of the adsorption energy 

∆Ha(C2H5OH) ≈ 48 kJ/mol is obtained from ∆Ha(CH3OH) = 38 kJ/mol [44] plus an increment of 

10 kJ/mol for the CH2 group. The product formation involves the formation of two V(IV) atoms 

and the desorption of acetaldehyde: 

V
IV

V
IV

(OH)2(OC
2
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4
)  → V

IV
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IV
(OH)2 + C

2
H

4
O(g) (5-4) 

The last step is the oxidation of the catalyst by oxygen. 
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The enthalpy of oxidation corresponds to the inverse of the enthalpy of defect formation, 

∆Hdef = 111 kJ/mol, Table 8). Desorption of water (∆Ha(H2O) = - 86 kJ/mol [50]) formally 

completes the reaction cycle and connects with the gas phase reaction to the overall reaction 

enthalpy, ∆HR = -179 kJ/mol.  

C
2
H

5
OH(g) + 0,5 O

2
(g)  →  C

2
H

4
O(g) + H2O(g) (5-6) 

By altering the support, the oxygen defect formation enthalpy is decreased which is followed 

by a decrease of the apparent activation energy as it is shown by the correlation in Figure 37. 

When the values for pure vanadia are omitted, there a very good linear correlation with 

r = 0.999. The straight line has a positive y-axis intercept at ∆HDef = 0, which is located at 

50 kJ/mol for ethanol. The inconsistency of the V2O5 defect formation enthalpy is probably 

related to defect formation in the bulk instead of only on the surface.  

 

Figure 37: Dependence of the apparent activation energy for the ODH of ethanol with the 

oxygen defect formation enthalpy 

Figure 38 represents the obtained apparent activation energies of five different substrates in 

dependence of the oxygen defect formation enthalpy for the three investigated catalyst, 

namely vanadium supported at ceria, titania and zirconia, respectively. As already seen in 

Figure 37 for all reactants a good linear agreement of the apparent activation energy with the 

defect formation enthalpy can be observed supporting the similar mechanism of alcohols and 

alkanes. Figure 39 illustrates the summarized results on the mechanism of the ODH of an 
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alcohol and an alkane instancing ethanol and propane. The CH bond activation is the rate 

limiting step for the reaction of both substrates.  

 

 

Figure 38: Relationship of the apparent activation energy with the oxygen defect formation 

enthalpy 

 

 

Figure 39: Mechanism of the ODH of ethanol (I) and propane (II) [43] at dimeric vanadiumoxide 

A detailed comparison of different substrates requires the activation energies, which are 

obtained by addition of the enthalpy of adsorption to the apparent activation energy.  
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Therefore, the obtained correlation over the CH bond strength in Figure 17 has to be adjusted. 

Table 19 provides the enthalpies of adsorption for the investigated substrates. The enthalpy of 

adsorption of ethanol is derived by the estimation above. ∆Ha(CH4) is obtained from ∆Ha(C2H6) 

by subtraction an increment of 10 kJ/mol for the CH2 group. The enthalpy of adsorption at 

vanadia for cyclohexane is not available, it is assumed to be in the range of the enthalpy of 

adsorption at a silica surface [165]. The resulting dependence on the CH bond strength is 

depicted in Figure 40. In contrast to Figure 17 the activation energy converges here to a 

minimal value EA,0 with decreasing CH bond strength. EA,0 follows the same trend with variation 

of the support material as the apparent activation energies for all investigated reactants. The 

contribution of the CH bond strength to the activation barrier is not significant until it reaches 

a value of 410 kJ/mol. The lower apparent activation energy of ethanol compared to propane 

is therefore only accounted to the higher enthalpy of adsorption of ethanol. A linear free 

energy relationship with the oxygen defect formation enthalpy is also fulfilled by EA,0 as shown 

in Figure 41. The slope is 0.41 ± 0.06 with an intercept of the ordinate EA,int at 94 ± 4 kJ/mol. 

EA,int corresponds to the intrinsic energy barrier, which is corrected by the strength of the CH 

bond and the oxygen defect formation enthalpy. 

Table 19: Enthalpy of vaporization of the investigated substrates at supported vanadium oxide 

Substrate CH4 C2H6 C3H8 CH3OH C2H5OH C6H12 

ΔHv [kJ/mol] 13 23 [166] 33 [166] 38 [44] 48 46 [165] 

 

 

Figure 40: Relationship of the apparent activation energy with the CH bond strength of 

different hydrocarbons including methanol [42] 
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Figure 41: Relationship between the extrapolated activation energy with the defect formation 

enthalpy 

In the case of ceria as support material it is also reducible beside the vanadia. TPR 

measurements provide the confirmation, that the reduction of Ce4+ at the surface in close 

vicinity to vanadium is favored in comparison to separated Ce4+ at the surface. It also verifies 

the hypothesis that the reducibility of Ce4+ is decreased by addition of yttrium. Both cerium 

species at the surface are affected. At an yttrium concentration of around 15 mol% their 

enhanced reducibility is almost suppressed.  

The catalytic experiments clearly present, that doping of ceria with yttrium does result in a 

reduction of the effective ODH rate. It is obvious, that the decline of the reducibility of Ce4+ is 

responsible for this effect, which is in accordance with DFT calculations done by Sauer et al. 

[47,59]. Furthermore, it is possible to quantify the contribution of ceria to the activity by 

plotting the ODH rate against the excess amount of hydrogen consumed in the TPR 

experiments as presented in Figure 42.  
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Figure 42: Relationship of the ODH of propane with the ration of consumed hydrogen to 

vanadium content 

A comparison of the ODH rate at a hydrogen to vanadium ratio of one with the ODH rate of 

non doped ceria as support provides the contribution of cerium to the activity. The ODH rate is 

increased by one order of magnitude. One has to mention effects which can falsify our results. 

Due to the high doping concentration there will be also yttrium in close vicinity to vanadium, 

which yields in the formation of V-O-Y bonds and could affect the reactivity of the vanadyl 

species. This should be coupled with a shift of Tmax in the TPR experiments [3,41,145], which 

could not be observed. A second effect of doping is that the oxygen mobility in the material is 

getting strongly increased by the formation of oxygen vacancies [167]. This could have a 

positive effect on the activity of the bare support as observed on a similar system [168]. Since 

even for the bare support material an exponential decay is observed, the positive effect of the 

increased oxygen mobility compared with the eased reducibility is negligible. We assume 

therefore, that increased oxygen mobility in the lattice is not affecting the activity of the 

vanadyl species as well.  

5.2 OXIDATIVE COUPLING OF METHANE 

The experiments at elevated pressures point out that the yield of C2+ components increases 

with increasing pressure at the same residence time. Without a catalyst the yield is passing 

through a maximum, which is caused by the acceleration of the consecutive oxidation of C2+. 

This occurs in homogenous gas phase reactions as well as heterogeneously catalyzed surface 

reactions at the catalyst, the reactor wall, and quartz packing. It is evident that the unselective 
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gas phase reactions are more accelerated by higher pressures than surface catalyzed reactions. 

Thus it is reasonable that each specific reactor setup will pass through a different maximum 

yield of C2+ components with increasing pressure. The methane conversions for maximizing the 

C2 yield are expected in the 60-75% range. Therefore sufficient oxygen has to be provided at a 

constant, but relatively low oxygen partial pressure. Kinetic models for OCM are developed 

from experiments in plug flow reactors with a relatively high oxygen fraction in the feed. 

Therefore, for reactor simulations it is necessary to extrapolate these models to low fractions 

of oxygen leading to inaccuracies in the prediction of conversion and selectivity. Nevertheless, 

it is not possible to avoid the formation of hotspots inside the catalyst bed, due to the strongly 

exothermic total combustion. Jaso et al. [169] showed that the use of a fluidized bed reactor 

can overcome this flaw by providing isothermal conditions even at high oxygen to methane 

ratios. On the other hand, the broad residence time distribution of the gas will favor 

consecutive reactions, which are lowering the C2 yield. Additionally, the physical stress could 

destroy the catalyst material during fluidization, but this was not observed in the case of 

Mn/Na2WO4/SiO2. Another potential approach was shown by Carr et al. by using a simulated 

countercurrent moving-bed chromatographic reactor to prevent total oxidation products by 

continuous separation of the reaction products [170]. C2 yields of more than 50% were 

obtained [171,172]. 

Concerning the different strength of the CH bonds between methane and ethane one could 

expect lower activation energy for ethane, which is obviously disadvantageous for the C2 yield. 

Interestingly magnesia does not show this behavior indicating a subsequent higher activation 

barrier to overcome. From the kinetic data it is now possible to estimate the maximum yield 

which would be achievable assuming that methane, ethane and ethene are only activated by 

surface catalyzed reaction pathways and each CH activation successfully leads to the formation 

of the desired product. We used a simplified reaction network of consecutive reactions 

assuming a constant oxygen partial pressure as shown below and simulated it by application of 

a plug flow reactor model. 

2 CH4 
kCH4,O2�777� C2H6

kC2H6,O2�7777� C2H4

kC2H4,O2�7777� 2 COx (5-7) 

rCH4
 = kCH4

pCH4

2  (5-8) 

rC2H6
 = kC2H6

pC2H6
 (5-9) 

rC2H4
 = kC2H4

pC2H4
 (5-10) 

Figure 43 shows the maximum yield of C2 components as a function of the methane conversion 

at 750 °C. The maximum yield of C2 is around 60%, at a methane conversion of 75%. 
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Additionally, we simulated the C2 yield at atmospheric conditions and constant oxygen partial 

pressure including gas phase reactions by application of a plug flow reactor model and the 

reaction model by Sun and Marin, which is the only available micro kinetic model for magnesia 

based catalysts [149]. The maximum C2 yield is predicted to be around 42% at a methane 

conversion of 60%. A comparison with the experimental data of other research groups with 

this model leads to a good prediction of the methane conversion, but a strong overestimation 

of the C2 selectivity [173].  

 

Figure 43: Maximum yield dependent of methane conversion for magnesia from TAP 

measurements, the micro kinetic model of Sun/Marin [149] and maximum obtained C2 yield 

from literature [174–177] 

Takanabe et al. [178] simulated the C2 yield dependent of the methane conversion (Figure 44) 

for Mn/Na2WO4/SiO2 in a recirculating batch reactor at atmospheric pressure including direct 

oxidation pathways form methane and ethane to carbon oxides. The maximum C2 yield is 

located around 24% at a methane conversion of 55%. Comparison of the simulated C2 yield 

with those available in literature using various reactor setups and reaction conditions exhibits 

a conspicuous consistency. It is reasonable to assume that suppression of unselective gas 

phase activation of methane, ethane and ethene will lead to notable higher C2 yields as already 

shown for magnesia above.  
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Figure 44: Simulated yields of C2 products as a function of methane conversion for 

Mn/Na2WO4/SiO2 calculated using the kinetic parameters obtained from the OCM reaction in a 

recirculating batch reactor [178] (solid line) in comparison to singular reported C2 yields from 

literature [169,179–187] (cross symbol) 

Independent of the type of reactors, different kinetic models used (TAP or normal pressurized 

reactor), and the type of catalysts, a methane conversion between 60% and 75% seems to be 

optimal to maximize the C2 yield. Due to the explosion limit of methane/oxygen mixtures and 

the suppression of undesired gas phase reactions, the oxygen partial pressure must be kept at 

a low level. Therefore, a distributed oxygen feed along the reactor would be a good alternative 

which could be implemented by means of a membrane or stage-type reactor. The high 

exothermic nature of the OCM and consecutive total oxidation lead to the risk of hot spot 

formation, which has to be prevented. The outcome could be degradation of the catalyst or at 

worst thermal runaway of the reactor.  

From this qualitative insight into the reaction mechanism and the thermodynamical data some 

indication for the reaction engineering and reactor design can be drawn. The complexity of the 

reaction mechanism prevents accurate simulations of the derived reactor concepts. Therefore 

these have to be tested and investigated in detail before further upscaling.  
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Even though Mn/Na2WO4/SiO2 was not suited for the determination of kinetic parameters at 

vacuum conditions due to vacuum-induced surface reduction, it was possible to find some 

significant differences between the catalyst and magnesia, explaining the higher C2+ selectivity 

observed for Mn/Na2WO4/SiO2. Oxidation to carbon oxides proceeds over magnesia and 

Mn/Na2WO4/SiO2 mainly by reaction of weakly adsorbed oxygen. The formation of methyl 

radicals proceeds by a second more strongly adsorbed oxygen species. Mn/Na2WO4/SiO2 

provides a much higher ratio of strongly adsorbed oxygen to weakly adsorbed oxygen, which 

highly improves the selectivity to C2. Also, very fast oxygen exchange between adsorbed and 

lattice oxygen was observed for both materials, but at present it was not possible to assign the 

methyl radical formation to a specific oxygen species by studies using labeled oxygen. There 

are still many open questions about the nature of the oxygen species responsible for the 

methyl radical formation and the rate and selectivity determination step. Nevertheless 

qualitative suggestions for the reactor design and operation can be drawn. 



 Symbols and Abbreviations 
 

73 
 

6 SYMBOLS AND ABBREVIATIONS 

Latin Characters 

c mol/l Concentration 

DCH kJ/mol Dissociation enthalpy of CH bond 

EA kJ/mol Activation energy 

EA,0 kJ/mol Activation energy 

EA,app kJ/mol Apparent activation energy 

EA,int kJ/mol Intrinsic activation energy 

Ei  Temporal probability density 

f(R)  Kubelka-Munk function 

Fi  Temporal distribution 

k mol/ls Rate constant 

k∞ mol/ls Preexponential factor 

K  Equilibrium constant 

n  Constant for Freundlich adsorption isotherm 

ṅi  mol/s Molar flux 

Ni mol Amount of substance 

p  Partial pressure 

R J/molK Gas constant 

r mol/ls Reaction rate 

S  Selectivity 

t s Time 

T °C Temperature 

Tmax °C Temperature with maximum on hydrogen consumption 

V0  Nml/min Volume flow 

x  Substance amount fraction 

X  Conversion 
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Greek Characters 

α  Scaling parameter BEP relation 

β kJ/mol Scaling parameter BEP relation 

ΔE kJ/mol Differential energy 

ΔEa kJ/mol Differential activation energy 

ΔH* kJ/mol Enthalpy of defect formation and of migration 

ΔHa kJ/mol Enthalpy of adsorption 

ΔHf kJ/mol Enthalpy of oxygen defect formation 

ΔHm kJ/mol Enthalpy of migration 

ΔHR kJ/mol Enthalpy of reaction 

Δt s Differential time 

σ S/m Electric conductivity 
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Abbreviations 

AA  Acetaldehyde 

amu  atomic mass unit 

BEP  Bell-Evans-Polanyi 

BET  Brunauer, Emmett and Teller 

BJH  Barrett, Joyner and Halenda 

DRS  Diffuse Reflectance Spectroscopy 

FID  Flame Ionization Detector 

C1  Hydrocarbons with a chain length of one 

C2  Hydrocarbons with a chain length of two 

C2+  Hydrocarbons with a chain length of two or more 

DFT  Density Functional Theory 

GC  Gas Chromatography 

ICP-OES  Inductively Coupled Plasma-Optical Emission Spectroscopy 

MFC  Mass Flow Controller 

MS  Mass Spectroscopy 

MvK  Mars-van-Krevelen 

OCM  Oxidative Coupling of Methane 

ODH  Oxidative Dehydrogenation 

TAP  Temporal Analysis of Products 

TCD  Thermal Conductivity Detector 

TPR  Temperature Programmed Reduction 

TS  Transition State 

UHV  Ultra High Vacuum 

UV-vis  Ultra Violet-Visible 

XRD  X-ray Diffractometry 
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10 APPENDIX B: ADDITIONAL FIGURES 

 

Figure A1: Arrhenius diagram ODH of propane 

 

 

Figure A2: Arrhenius diagram ODH of cyclohexane 
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Figure A3: Arrhenius diagram ODH of ethanol 


