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Abstract  

The search for highly productive catalysts for propene production is becoming increasingly 

important to bridging the propene demand-consumption gap which is increasing every year. 

As a solution, the oxidative dehydrogenation of propane (ODP) is predicted to become an 

alternative process because of its intrinsic advantages, though its industrial application has 

failed so far due to the low propene productivities reached. Therefore, ODP has been 

investigated using different ternary (VOx)n-(TiOx)n/SBA15 catalysts for the fundamental 

understanding of the catalysts’ structure-reactivity relationship.  

In order to find a productive catalyst, a matrix of catalysts was synthesized by sequential 

grafting of titanium and vanadium alkoxides on a well-defined, mesoporous SBA15 support. 

These catalysts were prepared by Till Wolfram (Fritz Haber Institute, Berlin). Our part of the 

project was focused on the kinetics and thus on the performance of the catalysts. Selected 

catalysts were tested under ODP reaction conditions to acquire the accurate kinetic data 

needed to gain better insight into the ODP reaction mechanism. All catalysts studied were 

stable under reaction conditions. In the large catalyst set, the most productive catalysts were 

found to have a composition of metal loadings close to the monolayer coverage. By 

comparing the catalysts, it was observed that three-dimensional nanoparticles negatively 

influenced the propene productivity by accelerating the combustion reactions. The 

4V/13Ti/SBA15 catalyst presented the highest propene productivity (5,5 gpropene/gcat/h), which 

invoked a detailed kinetic analysis revealing that high vanadia dispersion is required to 

achieve high propene selectivity. Apparently, the formation of a joint V-Ti oxide monolayer is 

crucial to obtaining improved reaction rates without sacrificing propene selectivity.  

Finally, the most promising catalysts were extensively studied using Electron Paramagnetic 

Resonance (EPR) after being exposed to H2 or ODP reaction conditions. A quantitative study 

carried out on different binary-supported vanadia catalysts demonstrated that even under 

identical preparation and loading conditions, the nature of the active state would be severely 

influenced by the support material. This, in turn, influences the catalyst activity for propane 

activation to be proportional to the extent of reducibility of vanadia at the same time. Also, 

EPR confirmed that ODP most probably occurs via the pathway involving V
4+

 centers instead 

of V
3+

. EPR experiments over ternary (VOx)n-(TiOx)n/SBA15 catalysts reduced with H2 

confirmed that V
4+

 and Ti
3+

 centers are simultaneously present. Under ODP conditions, rapid 

Ti
3+

 reoxidation occurs because of the presence of O2. However, Ti
3+

 formation and 

participation during ODP reaction cannot be discarded completely.   
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Zusammenfassung 

Die Suche nach hoch produktiven Katalysatoren wird für die Produktion von Propen 

zunehmend bedeutend, um die jährlich größer werdende Kluft zwischen Angebot und 

Nachfrage zu stillen. Wegen ihrer inhärenten Vorteile gilt die oxidative Dehydrierung von 

Propen (kurz: ODP) als aussichtsreicher Lösungsansatz für die Zukunft, obwohl deren 

industrielle Anwendung bislang an den zu niedrigen Produktionsraten von Propen scheiterte. 

Aus diesem Grund wurde in der vorliegenden Studie die ODP an verschiedenen ternären           

(VOx)n-(TiOx)n/SBA15-Katalysatoren untersucht, um die Beziehung zwischen der Struktur 

und der Reaktivität der Katalysatoren auf fundamentaler Ebene zu verstehen. 

Um einen möglichst produktiven Katalysator zu erhalten, wurde eine breite Matrix an 

Katalysatoren durch Grafting von Titan- und Vanadium-Alkoxiden auf hochdefinierten, 

mesoporösen SBA15-Träger synthetisiert. Die Katalysatoren wurden am Fritz-Haber-Institut 

der Max-Planck-Gesellschaft in Berlin hergestellt. Unser Anteil des Projekts konzentrierte 

sich auf die Untersuchung der Kinetik und somit auf das Verhalten der Katalysatoren 

währende der Reaktion. Anschließend wurden ausgewählte Katalysatoren ausführlicher unter 

ODP-Reaktionsbedingungen getestet, um exakte kinetische Daten zu erhalten. Alle 

Katalysatoren erwiesen sich unter Reaktionsbedingungen als stabil. In der Auswahl an 

Katalysatoren hoben sich die produktivsten hervor, indem sie eine hohe metallische Beladung 

aufweisen, die nah an einer monomolekularen Bedeckung liegen. Beim Vergleich der 

Katalysatoren bei gleicher Verweilzeit wurde beobachtet, dass dreidimensionale Nanopartikel 

die Produktivität des Propens negativ beeinflussen, indem sie die Verbrennung des Propens 

beschleunigen. Zugleich jedoch zeigte der hoch dispergierte Katalysator 4V/13Ti/SBA15 die 

höchste Produktivität für Propen (5,5 gpropene/gcat/h), während die Formierung einer 

Monomolekularschicht aus V-Ti-Oxid als entscheidend herausstellte, um eine bessere 

Reaktionsrate zu erzielen, ohne dafür die Selektivität des Propens zu beeintächtigen. 

Schließlich wurden die vielversprechendsten Katalysatoren, die zuvor entweder H2 oder ODP-

Bedingungen ausgesetzt worden waren mit der Elektronen-Paramagnet-Resonanz (EPR) 

untersucht. Eine quantitative Studie, die an verschiedenen, binären  Vanadiumoxid-

Katalysatoren durchgeführt wurde, zeigte, dass sogar bei identischer Vorbereitung und 

Beladung das Verhalten der aktiven Spezies massiv vom Trägermaterial beeinflusst wird. 

Dies wiederum steuert die Aktivität der Katalysatoren in Bezug auf die 
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Aktivierung des Propens und ist zugleich proportional zur Reduzierbarkeit des Vanadiums. 

Die EPR-Versuche bestätigten ebenfalls, dass ODP am wahrscheinlichsten über den 

Reaktionsweg mit V
4+

-Zentren anstelle von V
3+ 

abläuft. Die EPR-Versuche über ternären, per 

H2 reduzierten (VOx)n-(TiOx)n/SBA15-Katalysatoren wiederum belegen, dass V
4+

- und Ti
3+

-

Zentren zur gleichen Zeit anwesend sind. Unter ODP-Bedingungen tritt wegen der Gegenwart 

von O2 eine rasche Re-Oxidation von Ti
3+

 ein. Dennoch kann eine Formierung von Ti
3+

Ionen 

und deren Beteiligung an einer ODP-Reaktion nicht vollständig ausgeschlossen werden. 
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1. Introduction 

1.1 Motivation 

Currently, the demand for energy and feedstock materials from the chemical industry seems 

unlimited. However, because of obvious limitations related to the availability of oil, the 

energy and chemical industries are undergoing considerable changes. In recent years, major 

restructuring has occurred in the oil, petrochemical, and chemical industries, with increasing 

attention devoted to the use of natural gas as a chemical feedstock rather than just as a fuel. 

Among other reasons, natural gas as a chemical feedstock has become increasingly important 

because natural gas reserves appear to exceed oil reserves. Natural gas (C1 to C4 alkanes) as a 

chemical intermediate represents a major challenge for the 21
st
 century, motivating the 

catalytic scientific community to go further in order to step by step replace oil as a feedstock, 

just as oil replaced coal during the 20
th

 century. The goal is the development of technologies 

for transforming natural gas components into more highly-valued chemicals or liquid fuels 

easily transportable to the end-user market. The manufacturing of some of the most important 

chemicals, such as polymers, synthetic fibers, elastomers, detergents and fuel components, 

has been based on the use of molecules offering a definite attack point for further selective 

reactions, such as unsaturated aliphatic or aromatic hydrocarbons. Therefore, light olefins are 

favored feedstock as fundamental building blocks for the petrochemical downstream and 

refining industries.  

Olefins are the starting material for manufacturing an impressive number of commodities and 

specialties for our daily use (Figure 1.1). Ethylene and Propylene derivates form the core of 

the commodities chemical industry, whereas butane and pentane olefins are transformed into 

valuable components for fuels. At present, the major traditional source of light olefins is 

steam cracking and, particularly for the C3
+
 compounds, Fluid Catalytic Cracking (FCC). 

Dehydrogenation of light alkanes and non-conventional processes (e.g. metathesis) also 

contribute; although to a lesser extent to the production of light olefins.  

Steam cracking utilizes pyrolysis of saturated hydrocarbons in the presence of steam, whereas 

FCC transforms heavier molecules of different feeds (atmospheric or vacuum gas oil) into 

products in the range of valuable fuels (e.g. gasoline, diesel). Both are conditioned to several 

factors that determine the cracking profitability (feed value, optimum yields, maximum 

recovery of energy, maintenance requirements, etc.). 

 



Introduction 

 

15 
 

 

 

Miscellaneous

15%

ABS

12%

SB Latices

13%

8,61%

12,92%

13,46%

28,53%

36,49%

 

 

     34%

SB Rubber

     

Polybutadiene

                    26%

Butadiene Derivates

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Main derivates of light olefins. 
[1] 

 

On the other hand, dehydrogenation of light alkanes is the most direct and selective way to get 

a defined olefin. However, reaction characteristics pose inherent difficulties and some 

constraints in developing commercial processes 
[2]

. For example, conversion is limited by 

thermodynamics and high temperatures which are needed to achieve reasonable economic 

conversions. Such high temperatures, besides making the process more expensive, are critical 

for the paraffin and olefin stability. Furthermore, several side reactions are induced, including 

alkylation of formed aromatic rings eventually leading to coke formation affecting the 

stability of the process due to catalyst deactivation by the coke deposit on its surface. 

Moreover, dehydrogenation of alkanes is strongly endothermic and some technologies operate 

at a paraffin partial-pressure lower than one atmosphere due to the increase in the number of 

moles that occurs during the dehydrogenation reaction.  

Because propylene demand has been growing significantly in the last decade and is expected 

to continue in this trend, the oxidative dehydrogenation of propane is seen as an alternative 

and promising process to compete with the present ones and might contribute in decreasing 

the growing gap between the demand and production of propene. Its desired industrial 
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implementation is supported by the fact that the reaction is exothermic, is thermodynamically 

unrestricted, needs comparably lower temperatures considering the temperatures required in 

the processes mentioned above, and thus minimal coke deposition ensuring long-term stability 

of the catalyst. However, due to undesirable consecutive and parallel combustion reactions, 

the propene yields are still not sufficient to satisfy the minimum requirements for scaling up 

the process from the lab to the industrial plant scale. In other words, increasing the 

productivity toward propylene by controlling the catalytic performance is a challenge which 

has not been met so far.  

Although supported vanadium oxide catalysts have shown superior activity-selectivity than 

other catalysts based on molybdenum or chromium, they are still not productive enough from 

an industrial viewpoint. Previous studies in our group 
[3,4]

, motivated by the reason mentioned 

above, have established a solid background on the topic serving as an advanced starting point 

for our study. A marked supporting effect in the ODP kinetics, as well as in propene 

selectivities, has been confirmed 
[4]

 which motivated us for an extended review aimed at 

identifying the most promising tuning parameters from ODP literature by excluding 

contradictions in a variety of publications.  

After identifying the most promising parameters, we observed that TiO2-supported vanadium 

oxide catalysts showed considerably high turnover frequency (TOF) and low surface area, 

whereas SiO2-supported vanadium oxide catalysts have higher surface areas that are useful for 

preparing catalysts with a high number of active sites. Thus, we attempted to improve the 

propene productivity with a synergy effect created by mixing metal oxides, specifically 

vanadium, titanium, and silica oxides – namely ternary catalysts.  

The aim of the present investigation was to verify the anticipated synergy effect in terms of 

propene productivity observed over (VOx)n-(TiOx)n/SBA15 type catalysts. This was 

performed by carefully controlling both the catalyst synthesis and the reaction conditions in 

order to determine the optimal V/Ti ratio for the maximum propene productivity. This 

approach was augmented by Electron Paramagnetic Resonance spectroscopy focused on the 

catalysts' structure elucidation, as well as the identification of the species involved during 

ODP. 
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1.2 State of the Literature: A Critical Review of the Kinetics for the Oxidative 

Dehydrogenation of Propane over Supported Vanadium Oxide Catalysts  

Despite the large number of literature reviews dealing with selective oxidation of light 

hydrocarbons 
 [5-9]

, a critical overview of the ODP reaction kinetics has still not appeared. In 

2006, Grabowski et. al.
 [9]

 published a detailed review regarding the mechanism and kinetic 

models for oxidative dehydrogenation of alkanes. This first review was very useful because it 

pointed out important kinetic details as well as the main problems of oxidative 

dehydrogenation of light and saturated alkanes.  

Recently, ODP as well as ODE literature was reviewed 
[10]

 showing the several different 

reaction conditions at which ODP can be carried out. The authors were focused on: (1) main 

features affecting the catalytic properties of systems based on supported vanadium oxide and 

molybdenum oxide, (2) characteristics of catalysts producing outstanding olefin yields, (3) the 

reaction network of partial and total oxidation, and (4) the contribution of homogeneous 

reactions to the formation of olefins during the oxidation dehydrogenation of alkanes.   

Although important ODP reaction aspects were summarized and discussed in the above-

mentioned reviews (e.g., supported vanadium and molybdenum oxide catalysts, bulk 

catalysts, conversion versus selectivity trajectories, productivity towards propene, 

contribution of homogeneous gas-phase reactions, etc.), other significant fundamental aspects 

were not considered at all (e.g. support effect, vanadia loading effect, vanadia precursor or 

synthesis method influences, structure-reactivity relationships, in situ or operando studies, 

etc.). Clearly, there is still a lot of room for summarizing the ODP literature considering the 

aforementioned aspects. 

Cavani et. al. 
[10]

 used the propene productivity (expressed as kgpropene/kgcatalyst/hour) to 

compare the ODP literature. However, important aspects have been missed, complicating the 

accurate interpretation of the collected data. In order to do it properly and obtain substantial 

information, the comparison needs to be performed at similar reaction conditions, avoiding 

total oxygen conversion and homogeneous gas-phase reactions in order to allow appropriate 

assignments of the influence of either the catalyst or the reaction parameters. 

In the present ODP state of the literature, we endeavor to cover the majority of the large 

number of publications with an emphasis on: (1) catalyst synthesis: to focus on the influence 

of synthesis methods on the final vanadium oxide surface species, (2) catalyst 

characterization: to identify the molecular structures of the supported vanadium oxide species 
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as well as the oxide support surface physical and chemical characteristics, (3) kinetics: to 

understand how reaction rates depend on variables such as concentration of gas-phase 

reactants, temperature, and pressure (Moreover, kinetics provides a basis for manipulating 

experimental variables to increase the ODP rates and minimizing undesired parallel 

combustion rates), (4) structure-activity relationship: to examine the influence of the 

concentration as well as molecular structures of the surface vanadium oxide species and oxide 

support on the reaction kinetics, and (5) reaction mechanism: to use the structure-activity 

relationships as well as kinetic studies plus theoretical calculations to corroborate and/or 

propose reaction paths that will build up the reaction mechanism.    

The objective of this state of the literature is only to compile the ODP-literature that includes 

both reliable catalyst structural characterization and kinetic data. Reliable catalyst structural 

characterization means at least clear verification of the presence of either highly dispersed 

surface vanadium oxide species or V2O5 nanoparticles in the investigated catalyst. Reliable 

kinetic data means to consider at least the reaction rates (which are suitable for recalculating 

other kinetic parameters) instead of typically presented selectivity vs. conversion plots. 

Compiling the literature results at the same reaction conditions also requires some 

calculations and assumptions to extrapolate the ODP reaction rates reported in the different 

studies and comparing them at the same reaction conditions. Such calculations and 

assumptions are shown in Appendix A. Finally, this state of the literature summarizes reliable, 

thoroughly analyzed data for the oxidative dehydrogenation of propane over supported 

vanadium oxide catalysts. It provides a useful reference document for researchers interested in 

the ODP reaction by supported vanadium oxide catalysts since important and useful aspects of 

the ODP reaction are compared and discussed.        

1.2.1 Synthesis of Vanadium Oxide Catalysts 

Catalysts are the workhorses of chemical transformations in the industry. Approximately 85-

90% of the products from the chemical industry are made in catalytic processes 
[11]

. Many 

solid catalysts are based on an active phase or phases supported on a porous inorganic solid. 

The important physical properties of the support material and of the catalyst per se are: the 

surface area (often very large), pore volume, pore size (and its distribution, which can be very 

narrow or very broad), and the size and shape of the particles, among others. Several 

transition metals have been used as a catalyst for different reactions. Nevertheless, due to its 

physical and chemical properties, vanadium is considered to be one of the most important and 

useful metals to be used as a catalyst. Actually, the most dominant non-metallurgical use of 
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vanadium is in catalysis 
[12]

. Vanadium oxide catalysts have been used in many industrial 

catalytic processes, yielding valuable products 
[2, 13-15]

 and, in numerous catalytic reactions at 

lab scale, are waiting to be improved so they can finally applied at large scale 
[16-19]

. In many 

cases, they are doped with promoters to improve their activity or selectivity, while different 

supports are used to improve mechanical strength, thermal stability, and longevity. A number 

of reviews have been published on oxidation catalysts containing vanadium 
[20]

. The catalytic 

activity of vanadia is attributed to its reducible nature and its ability to easily change its 

oxidation state from V
+III

 up to V
+V

 
[21]

. Most catalysts based on vanadium oxide consist of 

vanadia phases deposited on the surface of an oxide support, such as SiO2, Al2O3, TiO2, ZrO2, 

and in minor quantities on CeO, NbO5, MgO and zeolites. The manner in which the vanadium 

oxide is introduced onto a support has a significant influence on the properties of the active 

component in the final catalyst. Typically, the main method of dispersing vanadium oxide on 

the aforementioned support materials is the classic insipient-wetness impregnation method. 

Aside from this, adsorption from the solution (grafting) and ion exchange methods have also 

been used extensively. To a lesser extent, other catalyst synthesis methods have been used, 

such as vapor-fed flame synthesis 
[22]

, flame spray pyrolysis 
[23,24]

, sputter deposition 
[25]

, and 

atomic layer deposition 
[26]

. The chemical vapor deposition (CVD) process using volatile 

molecular metal precursors [i.e., O=VCl3 
[27, 28]

, O=V(OC2H5)3 
[29] 

or O=V(OiPr)3 
[30]

] to 

modify the support oxide surface s and provide a way to control the dispersion of the active 

sites have also been used. The impregnation method is most employed to synthesize 

vanadium oxide catalysts for ODP. It denotes a procedure whereby a certain volume of 

solution containing the vanadium oxide precursor is put in contact with the solid support. If 

the volume of solution either equals or is less than the pore volume of the support, the 

technique is referred to as incipient wetness 
[31]

. This particular synthesis route, as it is 

evidenced in the literature, shows a broad variation of vanadium oxide surface species at 

loadings below the monolayer coverage, depending on the synthesis conditions. Moreover, it 

offers little control over surface species and their dispersion. Also, this method may lead to 

the formation of three-dimensional V2O5 particles, even at low vanadium oxide loadings 
[20]

. 

A variety of ways, based on the impregnation method using ammonium methavanadate as the 

precursor, have been reported. A mixture of water with oxalic acid, using methanol as a 

solvent instead of water, and varying the acidity of the solution have been reported in order to 

improve the precursor solubility, which leads to better vanadium oxide dispersion on the 

support material
[32-34]

. On the other hand, impregnation of different supports, starting with 

organic soluble precursors such as solutions of either vanadyl acetylacetonate (VO(acac)2) in 
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toluene 
[35-37]

, (VO(iPrO)3, VO(OC2H5)3, or VO(OC2H7)3 in 2-propanol 
[38,40]

, have shown that 

a higher amount of vanadium oxide can be added onto the support material, leading to highly 

dispersed catalysts without three-dimensional V2O5 nanoparticles below the loading needed to 

form the monolayer. This is due to the higher solubility of the last-mentioned precursors in 

comparison to NH4VO3. Since the surfaces of the support materials are mainly composed of 

oxygen atoms and hydroxyl groups, the adsorption from the solution or grafting methods, also 

known as the anchoring method, is based on attaching vanadia from the solution through 

interaction with the hydroxyl groups on the surface of the support. Several grafting methods 

have been widely used to prepare supported catalysts 
[41-43]

. The grafting method helps to 

achieve a high percentage of metal loading and also helps to disperse the active metal sites by 

appropriately tuning the preparation procedures. The ion exchange method permits that ionic 

vanadium oxide species present in an aqueous solution are electrostatically attracted by 

charged sites of the support surface. It allows, in a controlled way, for example the 

introduction of more vanadium oxide species into MCM41 by keeping its mesoporous 

structure more than in the direct hydrothermal method 
[44]

. A summary of the design strategies 

for the molecular-level synthesis of supported catalysts can be found elsewhere 
[45]

. Another 

method, which has shown interesting results in terms of vanadium oxide dispersion, is the 

flame spray pyrolysis method (FSP) 
[46-49]

. It offers a relatively simple, rapid, waste-free, and 

scalable synthesis capable of producing high sample amounts, e.g. 1,1Kg/h of nanoparticles 

[50]
.  

It is important to emphasize that, besides the aforementioned methods employed to disperse 

vanadium oxide on different material supports, the calcination treatment used to prepare the 

final vanadium oxide catalyst is also important to consider for generating the desired active 

catalytic component. At high calcination temperatures, mixed oxide compounds or solid 

solutions can be formed with some oxide supports (e.g. Zr(V2O7)2 
[51-53]

 and AlVO4 
[54]

). Also, 

it is important to remark that the majority of the above-mentioned methods, except for the 

FSP method, are inherently limited in scalability. Most of them have been employed to 

prepare small catalyst amounts, generally as model catalysts. Although they have shown 

reproducibility to some extent, batch effects cannot be excluded completely. Scaling the 

catalyst production, which is added to its cost, is still a challenge to take into account before 

employment of a possible synthesis method of preparing vanadium oxide catalysts. Recently, 

in order to exclude batch effects, considerably large quantities of catalysts were produced by 

grafting alkoxide precursors on SBA15 (c.a. 8 grams) 
[55]

.  
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In summary, the relative concentrations of the surface vanadia species strongly depend on the 

specific metal oxide support, the surface vanadium density, the catalyst synthesis method, the 

preparation conditions, solvents, and temperature of calcination. Undoubtedly, new insight 

into the preparation of supported vanadium oxide catalysts is expected in the near future. 

Definitely, the synthesis and molecular design of highly productive catalysts require tuning 

concepts of solution chemistry, solid-state chemistry, and inorganic chemistry in addition to 

good experimentalist skills, which altogether will provide the optimal approach to preparing 

catalysts by design. 

1.2.2 Characterization of Vanadium Oxide Catalysts  

The relation between the structural properties of the catalytic active vanadium oxide phase 

and the physical and chemical surface properties of the oxide support needs to be addressed in 

order to answer, as assertively as possible, the critical fundamental questions: (i) What is the 

catalytic active site and its molecular/electronic structure? (ii) How many catalytic active sites 

are present on the surface? (iii) What is the surface chemistry of the catalytic active site? (iv) 

How does the surface chemistry relate to the properties of the support and the molecular 

structure/electronic of the vanadium oxide catalytic active phase? Quantitative structure-

composition-activity/selectivity relationships can only be established once characterization of 

the catalysts provides fundamental information about the vanadium oxide catalytic active 

sites, especially under reaction conditions (the oxidation state of vanadium, its coordination 

environment, molecular structures of the different vanadia species, and number of catalytic 

active vanadia sites participating in the reaction). 

Multiple characterization techniques are required to obtain a complete understanding of the 

supported vanadium oxide catalysts. The chemical composition and micro- and meso-

structure of the supported vanadium oxide catalysts are provided from bulk ICP analysis/X-

ray fluorescence and electron microscopy and nitrogen adsorption. Fundamental information 

about the supported vanadium oxide phase(s) is typically obtained with FTIR, UV-vis, 

Raman, solid state NMR, and Electron Paramagnetic Resonance (EPR) spectroscopy 
[56-57]

. 

Theoretical and UHV experiments also provide relevant information about the different 

vanadia species formed on the catalyst surface 
[58]

. Corresponding information about the 

physical and chemical surface properties of the oxide support can be obtained with BET 

surface area and surface characterization techniques (XPS and LEIS spectroscopy). Operando 

spectroscopy studies that simultaneously combine fundamental spectroscopic surface 

phenomena with catalytic performance have recently been introduced and have become the 
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cutting edge approach in catalysis research to establish structure-activity relationships 
[59]

. The 

evolution of spectroscopic instrumentation catalyst characterization since the 1950s can be 

found in reference 
[60]

 and the detailed fundamental aspects of each spectroscopic technique 

can be found elsewhere 
[56, 57, 61-64]

.  

The different vanadia phases that can be present in supported vanadium oxide catalysts are 

illustrated in Figure 1.2. The distribution among the different vanadium oxide structures 

depends on the synthesis method, V-precursor, solvent, calcination temperature, vanadium 

oxide loading, oxide support, etc.  

 

 

Figure 1.2. Suggested structures of supported vanadium oxide catalysts formed at loadings below (a-c), reaching 

the monolayer (d) and above the monolayer coverage (e). 

 

At loadings below monolayer surface coverage (Figure 1.2a-c), isolates and oligomers of 

surface VO4 species are present. The surface VO4 species possess three different oxygen 

atoms: oxygen forming a vanadyl group (V=O), oxygen bridging two vanadium atoms (V-O-

V), and oxygen bridging a vanadium atom and oxide support cation (V-O-support). 

Depending on the vanadia surface density as well as the support material, the vanadia  

monolayer coverage can be reached (Figure 1.2d). Monolayer coverage theoretically 

represents completion of a 2D surface vanadium oxide overlayer on the oxide support and 

occurs immediately before 3D V2O5 crystallites start to grow (Figure 1.2e). The concept of 

the oxide monolayer was first suggested by Russell and Stokes in 1946 
[65]

. The preparation, 

characterization, and catalytic activity of vanadium oxide monolayer catalysts have been 

reviewed 
[20]

. The different surface vanadia species are mostly derived from Raman (Figure 

1.3) 
[66-70]

 and UV-visible spectroscopy 
[71,72]

.  The three-dimensional V2O5 nanoparticles 
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(NPs) can be detected with XRD (only for NPs > 4 nm) 
[73,74]

 and all NPs can be detected with 

Raman spectroscopy. 

     

 

 

 

 

 

 

 

Figure 1.3. Typical Raman features attributed to (a) highly dispersed surface VO4 species and (b) surface VO4 

species and three--dimensional V2O5 NPs. The position of the Raman shift depends on the oxide support material 

and vanadia coverage as given in the literature 
[66-70]

.  

 

Raman spectroscopy is an extremely powerful and versatile technique for characterizing 

supported metal oxide catalysts and, in particular, supported vanadium oxide catalysts since it 

can provide fundamental information about molecular structures of the catalytic active sites 

during the ODP reaction. Raman spectroscopy is particularly suited to studying supported 

vanadium oxide catalysts since most of the employed support materials are not Raman-active 

or at least not in the region where vanadium oxide species exhibit Raman bands. Accurate 

determination of experimental monolayer surface coverage for supported vanadium oxide 

catalysts based on Raman spectroscopy have been reported (Table 1.1). Although V2O5 NPs 

are expected to be present at vanadium oxide loadings greater than monolayer coverage,  

V2O5 NPs can also be present below monolayer coverage when the precursor salt is not well 

dispersed over the oxide support in the synthesis step or when a weak interaction exists 

between the vanadium oxide and the support (e.g. with SiO2). Both cases lead to the 

formation of V2O5 particles, even at loading far away from the theoretical monolayer 

coverage. An unquestionably highly dispersed V2O5-supported catalyst should deliver a 

Raman spectrum as shown in Figure 1.3a. The surface VO4 species give rise to a Raman band 

at 1027-1040 cm
-1

, corresponding to the vanadyl bond (V=O) vibration, and the crystalline 
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V2O5 phase exhibits a band at 983-998 cm
-1

, corresponding to the short V=O bond between 

the internal (VO5)n sheets (Figure 1.3b).   

Combining the results from several spectroscopic techniques with the corresponding reaction 

kinetic data can significantly contribute to establishing a molecular-level understanding of the 

catalyst’s structure-activity/selectivity relationships. 

Table 1.1. Reported vanadia surface densities at which the experimental monolayer coverage is reached.  

Support BET surface 

area [m
2
/g] 

Vanadia surface density  

[Vatom/nm
2
] - (V2O5 wt. %)  

Synthesis method 

Precursor – solvent* 

 

ref 

SiO2 
333 

3,3 (15) FSP – AMV-H2O [58] 

Al2O3 
~222 9,3 (23,7) IWI- Viso-2-propanol [71] 

TiO2 
~45 9,2  (5,9) IWI- Viso-2-propanol [71] 

ZrO2 
~34 8,1  (4) IWI- Viso-2-propanol [71] 

CeO ~36 9,2  (4,8) IWI- Viso-2-propanol [71] 

Nb2O5 
~57 7,6  (6,1) IWI- Viso-2-propanol [71] 

*FSP = flame spray pyrolysis. AMV = ammonium methavanadate. IWI = insipient wetness impregnation. Viso = vanadium  isopropoxide. 

 

1.2.3 Kinetics of Oxidative Dehydrogenation of Propane over Supported Vanadium 

Oxide Catalysts 

As mentioned before, enhancing the selectivity as well as the productivity toward propene 

through partial oxidation of propane under oxygen atmosphere has been a great challenge 

during the last two decades. Many researchers have been focusing either on developing new 

catalysts or improving the available ones with the purpose of reaching attractive and 

applicable propene yields 
[10]

. Despite these kinetic studies playing an important role in 

sorting out this challenge, only a limited number of publications that concern a detailed ODP 

kinetic study are found in the vast ODP literature. Moreover, the common denominator of the 

majority of publications is the missing connection between reactivity and active site structure. 

Several papers focus on the catalytic reactivity and propene yield (mostly showing the 

propene selectivity/yield vs. propane conversion plots) without deepening into either the 

kinetic details (e.g. reduction-oxidation constants, propane/propene oxidation activation 

energies, reaction orders, etc.) or the reaction mechanism. 
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As shown in Table 1.2, different kinetic models have been used for the kinetic description of 

the oxidative dehydrogenation of light alkanes: (1) Mars-van Krevelen model (MvK) 
[75]

 (2) 

Eley-Rideal model 
[76, 77]

, (3) Langmuir-Hinshelwood model 
[78]

, and (4) Power Law model 

[79,80]
. The MvK model is the most suitable for describing the ODP reaction over different 

vanadium oxide catalysts 
[53, 81-83]

, even though the MvK model has also been considered as 

inconsistent and incorrect for general reduction-oxidation reactions on solid catalysts 
[84]

. 

Table 1.2. Different rate laws reported for ODP over different vanadium oxide catalysts. 
  

Mechanism General kinetic equation Examples 

Mars-van Krevelen 

(lattice oxygen)   
            

 

              
 

 

[53, 81-83] 

Eley-Rideal  

(reaction between adsorbed O2 and 

gaseous or weakly adsorbed R) 
  

    
    

   
        

   [85,87] 

Langmuir-Hinshelwood  

(uniform surface with one type of 

site) 
  

    
      

   
      

    
       

 
 [88] 

Power Law       
   

 
 [89-90] 

a r is the reaction rate; k, the reaction rate constant; kox, kred, the rate constant of oxidation or reduction; n = 1 or 0.5 for O2 molecular or 

dissociative adsorption; P, propane; Ko2, Kp, the adsorption coefficient of Ox or P; a, the stoichiometric coefficient.   

 

In 2006, Grabowsky et. al. 
[9]

 published a review focusing on, among other things, the kinetics 

of the oxidative dehydrogenation of light alkanes, where ODP kinetics over vanadium oxide 

catalysts was one of the crucial discussion points. By that date, taking into account just the 

reaction kinetics and kinetics modeling, the author had pointed out the initial ODP kinetic 

works which established the first-needed procedures to kinetically explain how the production 

of propene from the oxidative dehydrogenation of propane could take place. The 

aforementioned review not only summarized relevant information about the variety of kinetic 

models accepted for ODP, but also pointed out discrepancies between the different kinetic 

models using mostly residuals of fitting procedures. Moreover, it summarized the assumptions 

on which employed kinetic models were based.  

Just to mention an example, Creaser et. al. 
[91]

 proposed a Langmuir-Hinshelwood model 

wherein the authors assumed that either all the reactants adsorbed on the same site or that 

oxygen adsorbed on separate sites, and propane reacted directly with oxygen on the catalyst´s 

surface. Additionally, it was assumed that equilibrium is established between the adsorbed 
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and gas-phase propene when carbon oxides are produced as a consecutive reaction. In the 

same paper, two types of Mars-van Krevelen models (MvK) were also considered. The first 

MvK model was based on the assumption that the reaction rate is proportional both to the 

pressure of propane and to the fraction of free sites, whereas in the second MvK model, the 

reaction rate depends on the degree of the catalyst´s oxidation. All models were fit into the 

experimental data with similar fitting errors, but both Mars-van Krevelen type models fit the 

data satisfactorily without any large correlation between the parameters, and, in the opinion of 

the authors, they were most suitable for the description of the experimental data. Nowadays, 

those assumptions summarized and discussed by Grabowsky et. al 
[9]

 are very important and 

useful since new computational kinetic tools are able to provide as well as predict crucial 

kinetic parameters which are essential to establishing the consistent bases for either 

corroborating or proposing new ODP reaction mechanisms.  

Also, Grabowsky et. al.
 [9]

 summarized and presented relevant kinetic data as well as the rate 

equations employed in the applied kinetic models. The author clarified every assumption for 

each reviewed publication which highlights this review. As the author pointed out, this review 

is to survey the main facts and concepts on the kinetics of oxidative dehydrogenation of light 

alkanes, taking into account the main catalysts employed until that date. Important to notice is 

the fact that the author quoted less than 18 papers for ODP during the period of 1994 to 2006. 

Studying the influence of the type of support, promoters, acid-base properties, and type of 

oxygen on the performance of oxidative partial reactions was also discussed. 

Nevertheless, considering that reaction kinetics is a key point, more details about the catalyst 

properties (synthesis and characterization) were poorly presented, mostly due to the fact that 

reviewed and quoted studies did not present that information. Although the apparent 

activation energy was used to study the support and promoter effect, several parameters are 

different from each other, diminishing the accuracy of the comparison. We are not suggesting 

that this attempt is necessarily wrong in all aspects.  

As mentioned, including catalyst synthesis-preparation, catalyst testing, reactor and process 

engineering, kinetic modeling, in-situ studies, and theoretical calculations, there is a huge 

amount of works related to the oxidative dehydrogenation of propane. Quoting solely 

publications with enough catalyst characterization data (at least catalyst surface area, 

nominal-apparent vanadia concentration, and vanadia dispersion) as well as valuable 

experimental kinetic information (at least activation energies or reaction rates) instead of 

publications with only selectivity-conversion plots (which are the majority of them), the huge 
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number of papers could be summarized, as complied below. In summary, what we want to 

show in our study is our attempt to properly compare several results found in literature as a 

product of an extensive and meticulous revision considering TiO2, ZrO2, Al2O3, and SiO2 as 

support materials. The selected parameters for the comparative study are the (1) reaction 

temperature (°C), (2) apparent activation energy of oxidative propane dehydrogenation 

(KJ/mol), (3) propane consumption turnover frequency (s
-1

), (4) catalyst surface area (m
2
/g), 

(5) V2O5 loading (%wt), (6) surface vanadia density (#Vatom/nm
2
), and (7) catalyst synthesis 

method. 

1) Reaction temperature:  

Qualitatively, reaction rates tend to increase with increased temperature. As mentioned above, 

the quantification of such increases is given by the activation energy. This means that 

comparing kinetic data (reaction rates) at different reaction temperatures is wrong; it should 

be done at the same reaction temperature. Besides, that temperature should not be high 

enough for homogeneous gas-phase reactions to start to occur.  

2) Temperature dependency of the oxidative dehydrogenation of propane:  

Apparent activation energy (Ea) is an important parameter for considering the height of the 

energy barrier that the system must overcome for the reaction to proceed. The Ea facilitates 

the explication for agreements and/or disagreements commonly encountered in literature. In 

particular, data with substantial mass transfer limitations can be identified from Ea because it 

strongly decreases in comparison to a kinetically controlled reaction. Also, the Ea provides a 

quantitative way to measure the support effect in ODP as well as helps to identify if parallel 

reactions are taking place. Moreover, ODP activation energy provides the basis for 

recalculating reaction rates at different reaction temperatures by extrapolation. 

3) Propane consumption turnover frequency, TOF: 

The TOF is the number of times that the catalytic reaction in question takes place per catalytic 

site per unit of time for a fixed set of reaction conditions (temperature, pressure or 

concentration, reactants ratio, and extent of reaction) 
[92]

. In the 1960s, Boudart proposed the 

concept of the turnover frequency 
[93,94]

. He denoted the turnover frequency (dimension s
-1

) as 

the reaction rate respective to the number of active sites, which was typically measured in 

separate adsorption experiments. This concept became extremely popular in the area of 

catalysis, both theoretical and applied. However, the TOF is commonly either criticized or the 
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object of discussion in heterogeneous catalysis, mainly due to the unknown real number of 

active sites. 

 Normally in ODP, in order to calculate the TOF over vanadium oxide catalysts, it is assumed 

that vanadium oxide is highly dispersed on the catalyst surfaces and each V atom is involved 

in the reaction. However, this assumption is sometimes only based on vanadium loadings 

which are below the theoretical loading to form the monolayer, instead of being supported by 

a proper catalyst characterization (e.g Raman or UV-vis spectroscopy). This leads to doubts 

about the interpretation of reported TOF data. 

As mentioned above, depending on the employed synthesis method, V2O5 particles can be 

formed even at loadings below the theoretical monolayer. In addition, it becomes more 

complicated if the catalysts studied have any promoters, a ternary structure type (M1Ox)n-

(M2Ox)n/support, or the presence of three-dimensional surface species. Reactivity of bulk-

catalyst expressed in TOF units (s
-1

) is not truthful either. All these aspects make the situation 

quite complex for predicting how many atoms are involved in the reaction.  

In spite of the considerations needed to trust in the TOF as a reliable kinetic parameter to 

properly compare different kinetic data, it is extensively used in literature to express how fast 

a reaction takes place. So, using very well-characterized model catalysts, the comparison 

based on TOFs should provide us with realistic information to propose unquestionable 

conclusions regarding the influence of vanadium oxide loadings, support effect, and reaction 

conditions in the oxidative dehydrogenation of propane.    

4)  Catalyst surface area, 5) V2O5 loading and 6) vanadia surface density:  

Given that TOF is strongly linked to the vanadium oxide dispersion, the three features 

together – surface area, vanadium oxide loading, and vanadia surface density – play an 

important role for the proper analysis of the kinetic data. Varying one of these three 

parameters, the vanadium oxide surface species involved in the ODP reaction would no 

longer be the same. The reaction kinetic parameters obtained from different vanadium oxide 

species express different catalytic activity. It is much more remarkable if the vanadium oxide 

loadings overcome the monolayer coverage. The monolayer concept 
[65]

, which considers the 

vanadium oxide loading as well as the type of support oxide, plays an important role that 

should be considered in establishing solid conclusions when different kinetic data is 

compared.  
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(7) The synthesis method. 

The method used to synthesize the catalyst strongly influences the final vanadium oxide 

species on the catalyst surface. Supported vanadium oxide catalysts are commonly prepared 

by incipient wetness impregnation using NH4VO3 and H2O as precursor and solvent, 

respectively. Oxalic acid is normally added to improve the precursor solubility. Comparing 

this method with other ones reported in literature, together with the aspects mentioned above, 

a solid conclusion can allude to catalysts prepared differently and by distinct researcher 

groups.  

Unfortunately, from the vast, available ODP literature, just a few papers illustrate all the 

aforementioned parameters. Attempting to include as many carefully performed works as 

possible, and using the data originally reported in these papers, some recalculations, 

assumptions, and considerations were made. In order to make a comparison study properly 

based on the aspects discussed, the following experimental conditions were also required: 

Experimental Requirements: 

Besides the seven parameters for a comparative study mentioned above, important 

experimental requirements were carefully chosen. We also take into account that chemical 

processes occurring in laboratory-scale reactors not only consist of chemical reactions but 

also include physical phenomena such as mass and heat transport. For ODP, this implies 

excluding or minimizing phenomena as follows:  

(1) Carrying out the experiments at temperatures distant enough, preferably below 550°C, that 

homogeneous gas-phase reactions start to occur, perturbing both the overall reaction rate and 

the desired product selectivity. Moreover, at such elevated temperatures, it is hard to 

distinguish and separate the contribution of homogeneous gas-phase reactions and the 

catalytic reactions taking place at the same time.  

(2) Using V2O5 loadings only up to the monolayer, since highly dispersed vanadium oxide is 

an important prerequisite for achieving higher propylene yields and avoiding consecutive total 

combustion reactions. Vanadium oxide surface species are strictly correlated to the material 

support, to its surface area, and to the catalyst preparation. Studying data from highly 

dispersed catalysts by means below the vanadium oxide monolayer allow us to investigate the 

influence of different vanadium oxide species in ODP. Additionally, highly dispersed 

catalysts permit us the most appropriate interpretation of TOF rates.  
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(3) Running the kinetic experiments at low propane conversion, preferably below 10%, in 

order to guarantee uniformity of the chemical composition through the catalyst bed. This is 

achieved by using either small amounts of catalyst, a high feed flow rate, or both (low 

residence time). Furthermore, using manageable residence times is important for minimizing 

the errors associated with the measurements and guaranteeing reproducibility.  

(4) Discarding kinetic data obtained under transient conditions and thereby accumulating only 

data obtained at steady state conditions. 

(5) Excluding data obtained over binary-promoted or doped catalysts since the active center 

involved in the reaction would not be clear and therefore difficult to correlate to the TOFs. 

For the same reason, ternary type catalysts are also excluded from the comparison.   

(6) Excluding both internal and external mass transport limitations that could perturb the 

overall ODP reaction rate.  

(7) Minimizing heat transfer effects which are intimately linked to mass transport limitation. 

The accumulation of both reactants and products in any location on the catalyst bed would 

facilitate the formation of hot spots, leading to undesired total combustion reactions. This is 

very important to take into account, given that ODP is a strongly exothermic reaction. 

(8) Avoiding total oxygen conversion in order to guarantee catalyst stability as coke formation 

is suppressed. Moreover, if total oxygen conversion is reached, the reaction mechanism would 

be different to the one proposed for ODP.  

(9) Guaranteeing catalyst stability by not only avoiding total oxygen conversion as pointed 

out above but also using catalysts that present good thermal and mechanical stability 

properties in order to avoid either sintering of the active vanadium oxide species or the 

collapse of the support oxide structure at reaction conditions blocking the active centers 

affecting the ODP reaction kinetics. 

(10) Considering associated measurement experimental errors as they corroborate the 

accuracy of the reported ODP kinetic data. Unfortunately, not that many works reported the 

kinetic data with the associated errors, possibly because either the errors are negligible or it 

demands several measurements, which is time-consuming. Moreover, carbon balance is a 

very important parameter to consider, which ensures that the kinetic data is calculated 

properly. Interestingly, carbon balance is mentioned in just few publications. Mostly at high 
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propane conversion levels, although at low ones as well, carbon balance is strictly necessary 

to ensure accuracy in the kinetics data obtained from the experiments.   

In order to provide accurate kinetic data, all the aforementioned aspects should be taken into 

account. Peculiarly, the last five aspects (from 6 to 10) are still not at all considered in the 

majority of the published works. However, since none of the reviewed studies have 

incorporated or considered these aspects all together, the comparison made in our study is 

sustained on considerations and/or assumptions plus recalculations that are explained, for the 

publications for which they were required, in Appendix A. The reason for the absence may 

be, among others, either “basic” assumptions (e.g. theoretical vanadium oxide monolayer) or 

the complexity of indispensable experiments (e.g. experiments employing different catalyst 

particle sizes to discard mass transfer limitations). 

Taking into account the selected conditions to compare the data as well as considering the 

experimental requirements mentioned above, we carefully collected kinetic data from 

vanadium oxide catalysts supported on TiO2, ZrO2, Al2O3, and SiO2 which is described and 

discussed next. 

Supported V2O5/TiO2 Catalysts: 

Supported V2O5/TiO2 catalysts have received much attention in the literature because of their 

industrial importance in partial oxidation reactions 
[30]

. The supported V2O5/TiO2 catalysts 

reported in the literature for ODP and their synthesis methods and reported kinetics are listed 

in Table 1.3. For all of the analyzed and collected kinetic data for the majority of the reported, 

spported V2O5/TiO2 catalysts were prepared by incipient wetness impregnation with aqueous 

NH4VO3 as the precursor. In many of the syntheses, oxalic acid was also added to the aqueous 

solution because of the very low aqueous solubility of AMV. Only one publication reported 

ODP kinetic data for supported V2O5/TiO2 catalysts prepared by the grafting method using 

vanadyl acetylacetonate as the precursor 
[35]

. 

The ODP apparent activation energies for the supported V2O5/TiO2 catalysts as a function of 

vanadia loading on TiO2 are shown in Figure 1.4. The reported activation energy for ODP by 

the supported V2O5/TiO2 catalysts is ~60 ± 12 KJ/mol and do not vary much as a function of 

surface vanadia coverage, oxide support, synthesis method, and the laboratory performing the 

research. Data at monolayer coverage was omitted since crystalline V2O5 NPs may be present 

in these studies and therefore complicate the ODP activation energy.  
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Table 1.3. Summarized ODP kinetic data for V2O5/TiO2 catalysts as well as catalyst properties of selected 

publications encountered in literature.     

Ea 1 

[KJ/mol] 

TOFpropan 

[*10-3 s-1] 

Temp 

[°C] 

BET 

[m2/g] 

V2O5 

[%wt] 

V 

[atom/nm2] 

Synthesis Method 

(precursor-solvent)§ 
Ref 

44 – 76 
2,2 – 12,9 (400°C) 

6 – 74 (500 °C) 
300 – 500 106 – 111 1,0 – 5,8 0,6 – 3,6 

IWI 

 (AMV - H2O) 
[95] 

65 – 73 

26 – 28 (380°C) 

36  – 42 (400°C) 

 163 - 226 (500°C) 

340 – 400 43 – 49 1 – 3 1,4 – 4,6 
IWI 

 (AMV - H2O) 

[96] 

 

43 – 51 

1 – 7 (300°C) 

4,9 - 26,4 (400°C) 

160 – 50 (500°C) 

300 – 550 29,1 – 46,8 1,3 – 9,7 1,8 – 22 
IWI 

 (AMV - H2O) 
[97] 

54 - 400 40 – 41 783 – 765 3,2 – 6,6 
IWI 

 (AMV - H2O) 
[83] 

- 
18,5 (400°C) 

126,1 (500°C) 
500 41 5 8,1 

IWI 

 (AMV - H2O) 
[98] 

- 
20,4 (400°C) 

101 (500°C) 
450 – 500 35,3 3,87 7,1 

IWI 

 (AMV - H2O) 
[99] 

70 
15,7 (400°C) 

79,2 (500°C) 
250 – 600 43 5 7,7 

IWI 

 (AMV - H2O) 
[100] 

56 
58 (400°C) 

212 (500°C) 
250 – 350 66 1,6 1,5 

Grafting 

(VAc. - toluene) 
[35] 

- 
18,6 (400°C) 

126,4 (500°C) 
500 41 5 8,1 

IWI 

 (AMV - H2O) 
[101] 

- 

0,5 – 2,4 (333°C) 

1,5 – 12,4 (400°C) 

5,5 – 84,2 (500°C) 

333 58 – 73,5 0,7 – 5 0,63 – 5,7 
IWI 

 (AMV - H2O) 
[102] 

§ IWI= incipient wetness impregnation. AMV = ammonium methavanadate. OA= oxalic acid. VAc.= vanadium acetyl acetate.  

 

The reported ODP TOF kinetic values are rather similar at high surface vanadia coverage but 

are quite different at low surface vanadia coverage as presented in Figure 1.5. One set of 

researchers, Deo et. al. 
[96]

 and Lemonidou et. al 
[97]

, reported almost constant TOF values as a 

function of surface vanadia loading, whereas a second set of researchers, Volta et. al. 
[95]

 and 

Iglesia et. al. 
[102]

 reported that the TOF values increase with surface vanadia loading (Figure 

1.5). A closer examination of the source of the TiO2 support indicates that the group 

employing Degussa P-25 titania exhibits higher and constant TOFs with surface vanadia 

coverage. It is well known that Degussa P-25 is one of the cleanest titania supports
 
and is the 

reference titania for photocatalytic studies 
[103-106]

. The very similar TOF from multiple 

catalysis laboratories using the Degussa P-25 TiO2 support is encouraging. 
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Figure 1.4. ODP activation energies as a function of vanadia loading on TiO2 support. The gray background 

represents the experimental monolayer coverage reached so far. The number inside square brackets [#] indicates 

the quoted references. Open symbols represent the recalculated data which is explained in Appendix A-i. 

 

The much lower TOF values at low coverage reported by Volta et. al. 
[95]

 and Iglesia et. al.
[102]

 

require closer examination of the TiO2 supports used by the different research laboratories. 

Both Volta et. al. 
[95]

 and Iglesia et. al.
[102]

 employed high-surface TiO2 supports from BASF 

and tioxide, respectively, that extensively sintered when impregnated with vanadia and 

calcined. During extensive sintering of an oxide support, the catalytic active vanadia phase 

may become encapsulated by titania and, thus, not be able to participate in the catalytic 

oxidation reaction 
[107]

. Furthermore, the probability of encapsulation decreases with vanadia 

loading and may be responsible for the apparent increase observed with vanadia loading. The 

P-25 titania, however, possessed about a 50% lower BET surface area than the high surface 

area of the BASF and tioxide titania supports, and its BET surface area remained relatively 

stable with vanadium oxide impregnation and calcination. Although the P-25 titania support is 

quite clean of surface impurities, surface chemical analysis for the BASF and tioxide titania 

supports were not provided. Consequently, the ODP TOF values with the P-25 titania support 

are the most representative and reliable kinetics for the supported V2O5/TiO2 catalysts and 

demonstrate that the ODP TOF kinetics are independent of the surface vanadia coverage 

(surface VO4 monomer vs. polymer).   
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Figure 1.5. Propane consumption TOF rates as a function of vanadia coverage over V2O5/TiO2 catalysts at (a) 

400 and (b) 500 °C. The number inside square brackets [#] indicates the quoted references. Open symbols 

represent the extrapolated data which is explained in Appendix A-ii. 

 

Supported V2O5/ZrO2 catalysts: 

ZrO2 is considered to be an excellent support material for the synthesis of highly dispersed 

oxides. Reliable kinetic data as well as catalyst properties obtained from V2O5/ZrO2 catalysts 

are listed below in Table 1.4. In comparison to supported V2O5/TiO2 catalysts (Table 1.3), 

supported V2O5/ZrO2 catalysts have been studied in ODP to a lesser extent.  

Once again, the majority of the published kinetic data is based on V2O5/ZrO2 catalysts 

prepared by the IWI method with aqueous AMV as the precursor. In many of the syntheses, 

oxalic acid was also added to the aqueous solution because of the very low solubility of 

AMV. In addition, two publications reported ODP kinetic data for supported V2O5/ZrO2 

catalysts prepared by incipient wetness impregnation of ZrO2 using vanadium isopropoxide 

(VTiP) and 2-propanol as precursor and solvent, respectively 
[38,40]

. Only one study reported 

ODP kinetic data for supported V2O5/ZrO2 catalysts prepared by the grafting method using 

vanadyl acetylacetonate (Vac.) as the precursor 
[35]

. 
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Table 1.4. Summarized ODP kinetic data for V2O5/ZrO2 catalysts as well as catalyst properties of selected 

publications encountered in literature.   

Ea 1 

[KJ/mol] 

TOFpropan 

[*10-3 s-1] 

Temp 

[°C] 

BET 

[m2/g] 

V2O5 

[%wt] 

V 

[atom/nm2] 

Synthesis Method 

(precursor-solvent)§ 
Ref 

94 - 112 -  82 - 36 5,6 - 15 4,5 - 9 
IWI 

 (AMV - H2O) 
[108] 

- 

1,2 – 2,4 (333°C) 

11,2 – 9,0  (400°C) 

67,9 – 95 (500°C) 

333 180 – 340 2 – 30 0,4 – 5,5 
IWI 

 (AMV - H2O) 
[53] 

- 

9,4 – 6,9 (350°C) 

28,4 – 67,3 (400°C) 

173 – 711 (500°C) 

300 – 350 - 0,4 – 4,0 0,8 – 8,1 
IWI 

(VtiP- 2-propanol) 
[40] 

99 

28,3 (430°C) 

13,3 (400°C) 

131 (500°C) 

430 170 10 3,9 
IWI 

 (AMV - H2O) 
[109] 

51,1 – 81,1 

0,1 – 1,5 (300 °C) 

1,3 – 7,4 (400°C) 

10 – 60 (500 °C) 

300 - 500 73,4 – 29,7 1,5 – 10,0 1,3 – 5,5 
IWI 

 (AMV - H2O) 
[97] 

- 
6 (400°C) 

26 (500) 
450 - 500 70,7 3,96 3,5 

IWI 

 (AMV - H2O) 
[99] 

- 

18 – 80 (430 °C) 

9,9 – 36,8 (400°C)  

60,2-  388 (500°C) 

430 144 - 160 2 - 15 0,9 – 6,2 
IWI 

 (AMV - H2O) 
[110] 

78 
56 (400°C) 

340 (500°C) 
400 108 1,6 1,0 

Grafting 

(VAc. - toluene) 
[35] 

- 

1,5 – 2,6 (333 °C) 

7 – 29,2 (400°C) 

42,5 – 309 (500°C) 

333 144 - 160 2 - 15 0,9 – 6,2 
IWI 

 (AMV - H2O) 
[102] 

 

9,8 – 10,2 (350 °C) 

42,3 – 44 (400°C) 

447 – 465 (500°C) 

350 - 1 - 4 2,0 – 8,1 
IWI 

(VTiP - 2-propanol) 
[38] 

§ IWI= incipient wetness impregnation. AMV = ammonium methavanadate. OA= oxalic acid. VAc.= vanadium acetyl acetate. VTiP = 

vanadium triisopropoxide.  

 

The ODP apparent activation energies for the V/ZrO2 catalysts as a function of vanadium 

oxide loading are shown in Figure 11. The reported activation energy for ODP for supported 

V2O5/ZrO2 catalysts is ~78 ± 21 KJ/mol and slightly increases as a function of surface 

vanadia coverage, oxide support, synthesis method, and the laboratory performing the 

research. As can be seen in Figure 1.6, not many studies have been done focusing on the ODP 

activation energy over V2O5/ZrO2 type catalysts. 
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Figure 1.6. ODP activation energies as a function of vanadia loading on ZrO2 support. The gray background 

represents the experimental monolayer coverage reached so far. The number inside square brackets [#] indicates 

the quoted references. Open symbols represent the recalculated data which is explained in Appendix A-i. 

 

The reported propane consumption TOFs over V2O5/ZrO2 catalysts are rather different both in 

magnitude as well as in trend as a function of vanadia coverage as presented in Figure 1.7. 

Some researchers – Wachs et. al. 
[38,40]

, Bell et. al. 
[53]

, and Boghosian et. al. 
[97]

 – reported 

almost constant TOFs as a function of vanadia loading, whereas Iglesia et. al. 
[102,110]

 reported 

raising TOFs as a function of vanadia loading. In comparison to the other studies included in 

Figure 1.7, Bell et. al. 
[53]

 and Iglesia et. al. 
[102,110]

 are the only ones using the zirconium 

oxyhydroxide (ZrO(OH)2) as support, which is prepared by precipitation from a zirconyl 

chloride solution. Nonetheless, Bell et. al. 
[53]

 reported nearly constant propane consumption 

TOFs over catalysts similarly prepared, contradicting the rising TOFs obtained a few years 

later. This inconsistency invokes a detailed characterization of the support in order to figure 

out a possible interaction of unexpected species - “impurities”- with the well-characterized 

vanadium oxide species. 
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Figure 1.7. Propane consumption TOF rates as a function of vanadia coverage over V2O5/ZrO2 catalysts at (a) 

400 and (b) 500 °C. The number inside square brackets [#] indicates the quoted references. Open symbols 

represent the extrapolated data which is explained in the Appendix A-ii. 

 

Supported V2O5/Al2O3 catalysts: 

The supported V2O5/Al2O3 catalysts have been extensively studied, as can be seen in Table 

1.5. As is the case for the material supports discussed previously, the majority of V2O5/Al2O3 

catalysts are prepared by the IWI method using AMV as the precursor. In many of the 

syntheses, oxalic acid was added to the aqueous solution to improve the AMV solubility. Few 

publications reported ODP kinetic data for V2O5/Al2O3 catalysts prepared by the grafting 

method using vanadyl acetylacetonate (Vac) as the precursor 
[35,36,111,112]

. Only a couple of 

studies were carried out for catalysts prepared by the IWI method using vanadyl 

triisopropoxide and 2-propanol as precursor and solvent, respectively 
[38,39]

. Dissolving V2O5 

powder in oxalic acid followed by mixing the resulting solution with the Al2O3 support also 

appears to be an alternative method for preparing V2O5/Al2O3 catalysts 
[113]

.  
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Table 1.5. Summarized ODP kinetic data over V2O5/Al2O3 catalysts as well as catalyst properties of selected 

publications encountered in literature.     

Ea 1 

[KJ/mol] 

TOFpropan 

[*10-3 s-1] 

Temp 

[°C] 

BET 

[m2/g] 

V2O5 

[%wt] 

V 

[atom/nm2] 

Synthesis Method 

(precursor-solvent)* 
Ref 

81 - 350 - 500 148 - 182 5 -15 1,8 – 6,7 IWI  (AMV - H2O) [83] 

117 - 120 

1,3  (390°C) 

1,8 (400°C) 

26,6 (500°C) 

330 - 390 95 2 1,4 
IWI 

 (AMV - H2O) 
[114] 

- 
2,7 (400°C) 

41 (500°C) 
500 185 4,8 1,52 

IWI 

 (AMV - H2O) 
[98] 

- 
 0,1 – 1,2 (400°C) 

1 – 18 (500°C) 
500 

109,4 – 

97,5 
2,4 – 12 1,5 – 8,8 

Grafting 

(VAc. - toluene) 
[111] 

- 
1,7 (400°C) 

16 (500°C) 
450-500 186,8 4,0 1,3 

IWI 

 (AMV - H2O) 
[99] 

80,3 - 300 - 400 141 15,8 4,4 IWI  (AMV - H2O) [115] 

- 

0,7 – 3,6 (400°C) 

5 – 29  (475°C) 

9 – 53,3 (500°C) 

400 - 500 8,7 - 124 0,9 – 16,9 0,5 - 129 
Grafting 

(VAc. - toluene) 
[36] 

113 
6,8  (400°C) 

92,6 (500°C) 
400 - 500 96 2,1 1,4 

Grafting 

(VAc. - toluene) 
[35] 

- 
2,8 (400°C) 

41,1(500°C) 
500 209 4,8 1,5 

IWI 

 (AMV - H2O) 
[101] 

- 

0,1 – 1,5 (333°C) 

0,9 – 15,1 (400°C) 

12,7 - 226 (500°C) 

333 86 - 100 0,7 – 15 0,5 – 7,7 
IWI 

 (AMV - H2O) 
[102] 

- 

1–1,4 (350°C) 

5,1 – 7,5 (400°C) 

68,8 – 112 (500°C) 

350 - 3 – 20 1 – 8 
IWI 

(VTiP - 2-propanol) 
[38] 

87 

2,5  (380) 

 4,6 (400°C) 

63,2 (500°C) 

380 - 480 258 2 0,9 
IWI 

 (AMV - H2O) 
[116] 

- 

1 – 9,3 (400°C) 

1,8 -18 (430°C) 

7,7 – 69,3 (500°C) 

430 86 - 100 0,7 – 10 0,5 – 7,7 
IWI 

 (AMV - H2O) 
[110] 

111 
2,2 (400°C) 

40,4 (500°C) 
400 -500 106,6 2,5 1,6 

Grafting 

(VAc. - toluene) 
[112] 

100 - 92 

3,5 – 4,9 (380°C) 

6 – 8,1 (400°C) 

57,6 - 68 (500°C) 

380 110 - 165 5 - 15 2 - 9 
IWI 

 (AMV - H2O) 
[117] 

103 
2,5 – 17,5 (400°C) 

27 – 190 (500°C) 
310 - 400 

91,1 – 

108,1 
3,1 – 14,8 1,9 – 10,7 

IWI 

(VTiP - 2-propanol) 
[39] 

96 

1 (380°C) 

1,7 (400°C) 

15,5 (500°C) 

380 146 10 4,5 
IWI 

 (AMV - H2O) 
[96] 

- 

1,5 – 3,9 (400 °C) 

4,7 – 12,0 (440°C) 

21,7 – 52,7 (500 °C) 

440 8,7 – 124 0,5 – 9,5 0,3 – 72,3 
V2O5 powder 

(OA) 
[113] 

IWI= incipient wetness impregnation. AMV = ammonium methavanadate. OA= oxalic acid. VAc.= vanadium acetyl acetate. VTiP = 

vanadium triisopropoxide.  



Introduction 

 

39 
 

The ODP apparent activation energy for the V2O5/Al2O3 catalysts as a function of vanadia 

loading is shown in Figure 1.8. The reported activation energy for ODP for supported 

V2O5/Al2O3 catalysts is ~98 ± 12 KJ/mol and does not vary at all as a function of surface 

vanadia coverage, oxide support, synthesis method, and the laboratory performing the 

research. As previously mentioned, data at monolayer coverage was omitted. Compared with 

the previously studied supports (TiO2 and ZrO2), interestingly, several kinetics studies have 

been performed reporting ODP activation energies. 

Bell et. al. 
[39]

 prepared the catalysts by incipient-wetness impregnation of Al2O3 with 2-

propanol solutions of vanadyl isopropoxide reaching a high dispersion of vanadium (~8,7 

Vatom/nm
2
) without the presence of three-dimensional V2O5 particles. Such vanadia surface 

density of ~8,7 Vatom/nm
2
 is slightly higher than that reported by Wachs et. al., which was 

~8,1 Vatom/nm
2
 
[38]

. However, a few years later, Wachs et. al. reported vanadia surface density 

around ~9,3 Vatom/nm
2
 

[71]
, which is the highest vanadia dispersion on Al2O3 support 

encountered in literature. Unfortunately, neither Bell et. al. 
[39]

 nor Wachs et. al. 
[38,71]

 reported 

the ODP activation energy for such catalysts containing vanadia surface densities close to the 

monolayer coverage. 

 

Figure 1.8. ODP activation energies as a function of vanadia loading on Al2O3 support. The gray background 

represents the experimental monolayer coverage reached so far. The number inside square brackets [#] indicates 

the quoted references. Open symbols represent the recalculated data which is explained in Appendix A-i. 
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Deo et. al. 
[117]

 prepared V2O5/Al2O3 catalysts with vanadium surface densities close to the 

monolayer coverage (~9 Vatom/nm
2
) by the incipient-wetness impregnation method using an 

aqueous solution of AMV avoiding the formation of V2O5 nanoparticles as corroborated by 

Raman spectroscopy. The obtained ODP apparent activation energy for such a catalyst was  

~92 KJ/mol (Figure 1.8) 
[117]

. On the other hand, Iglesia et. al. 
[114]

 produced V2O5 

nanoparticles already above ~3,6 Vatom/nm
2
 by using the same synthesis method. These 

catalysts containing V2O5 nanoparticles showed ODP activation energies of ~120 KJ/mol 

indicating that small V2O5 nanoparticles influence the ODP activation energy negligibly 
[114]

.  

Figure 1.9 describes the tendency of propane consumption rate as a function of vanadia 

surface density. Clearly, different TOF magnitudes are observed to be as huge as one order of 

magnitude. TOFs, in some cases, stay almost constant going from low to high vanadia surface 

densities 
[36,38,113,117]

, whereas TOFs rising as a function of vanadia loading are observed 

elsewhere 
[39,102,110]

. Schubert et. al. 
[111]

 reported constant TOFs up to approximately 4,5 

Vatom/nm
2
. Above this vanadia dispersion, the reactivity drastically dropped, indicating that 

vanadia species on Al2O3 support might agglomerate, leading to V2O5 nanoparticles affecting 

the TOFs. Unfortunately, in-situ measurements are missing to corroborate this feasible 

argument. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Propane consumption TOF rates as a function of vanadia coverage over V2O5/Al2O3 catalysts at (a) 

400 and (b) 500 °C. The number inside square brackets [#] indicates the quoted references. Open symbols 

represent the recalculated data which is explained in Appendix A-ii. 
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On the other hand, rising TOFs as a function of vanadia loading has been obtained from 

different authors but nonetheless from the same group 
[39,102,110]

. First, in 1999, Iglesia et. al. 

[102]
 published TOFs rising as a function of vanadia loading over catalysts prepared by 

incipient wetness impregnation of Al2O3 with aqueous AMV solutions. Few years later, 

Iglesia et. al. 
[110]

 once again published TOFs increasing with vanadia loading over catalysts 

similarly prepared, perhaps using the same catalyst batch. Comparing both studies, the only 

difference is the reaction temperature, which was 333°C and 430°C, respectively. Although 

the obtained TOF trend was the same, considerable differences in the TOF´s magnitude are 

observed which cannot be only attributed to the extrapolation from lower to higher 

temperatures. Moreover, Bell et. al. 
[39]

, in 2005, published the same behavior – rising TOF as 

a function of vanadia loading over catalysts prepared by incipient wetness impregnation of 

Al2O3 – but this time with 2-propanol solutions of vanadium triisopropoxide. Peculiarly, the 

data reported in the three above-mentioned studies are not very well reproducible. 

Additionally, they are the only studies reporting such TOF trends as a function of vanadia 

loading.  

It would be interesting to study the properties of the support in terms of the preparation 

method of the support itself, e.g. wet chemistry and calcination, among others. Even though 

the reactivity of the support is normally measured under reaction conditions showing 

negligible contribution in terms of reactivity (except for CeO support) 
[35]

, the characterization 

of the support itself is still missing. This characterization could provide important information 

regarding a probable contribution of the impurities possibly presented on the support’s surface 

which could interact with the vanadia species, positively and/or negatively disturbing the 

ODP rates.  

Separately, a few years later, Wachs et. al. 
[38]

 prepared the catalysts using the same 

procedure, but TOFs did not increase as a function of vanadia loading, contradicting the 

results previously reported by Bell et. al. 
[39]

. The experiments were carried out at quite 

similar reaction temperatures, indicating that the extrapolation should not dramatically 

influence the differences found in both studies. What is different when comparing both 

studies, in terms of how the experiments were performed, is the fact that the C3H8 to O2 ratio 

was disparate; Bell et. al. 
[39]

 used a ratio equal to 8, whereas Wachs et. al. 
[38]

 used a ratio 

equal to 3. This indicates that the catalysts were reduced at the ratio C3H8/O2 = 8 more than 

C3H8/O2 = 3. However, such different conditions could influence the selectivity towards 
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propene but not the propane consumption TOFs since the reaction order with respect to 

oxygen is found to be zero 
[112]

.  

Another difference found in the studies mentioned above is the Al2O3 support used, which 

was provided for different companies. Bell et. al. 
[39]

 used Al2O3 (Degussa AG; BET = 107 

m
2
/g), prepared by burning alumina chloride, whereas Wachs et. al 

[38]
 used Al2O3 

(Engelhard; BET = 222 m
2
/g), prepared by wet chemistry. Aside from the different BET 

surfaces areas and due to the different methods employed to prepare the Al2O3, differences on 

the surface could also be expected, e.g. impurities such as the rest of the chlorine which could 

interact with the vanadia species, the reason for such differences encountered by the 

aforementioned authors. 

Supported V2O5/SiO2 catalysts: 

V2O5/SiO2 catalysts are the most studied in ODP, as shown in Table 1.6. Once again, the 

majority of V2O5/SiO2 catalysts were prepared by IWI with AMV and H2O as precursor and 

solvent, respectively. In some cases, methanol was used instead of H2O in order to improve 

the AMV solubility 
[32-34,118,119]

. In many cases, oxalic acid was additionally added to the 

aqueous solution to improve the AMV solubility. In addition, the grafting method has also 

been used to prepare V2O5/SiO2 catalysts, being the second most-used methodology. 

Interestingly, only one publication reported ODP kinetic data for supported V2O5/SiO2 

catalysts prepared by the IWI method using VTiP and 2-propanol as precursor and solvent, 

respectively 
[38]

. 

The apparent activation energy for ODP by supported V2O5/SiO2 catalysts as a function of 

vanadia loading is shown in Figure 10. The reported activation energies for ODP by the 

supported V2O5/SiO2 catalysts are ~117 ± 28 KJ/mol. Contrary to the other supports studied, 

there is a wide variation in the ODP apparent activation energies as a function of vanadia 

coverage, oxide support, synthesis method and the laboratory performing the research. The 

largest discrepancies in ODP activation energies are observed at low vanadia loadings (< 1 

Vatom/nm
2
) approaching each other at higher vanadia loadings (˃ 1 Vatom/nm

2
). Data at 

monolayer coverage was omitted since crystalline V2O5 nanoparticles may have been present 

in these studies and complicate the ODP activation energy. 
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Table 1.6. Summary of ODP kinetics over supported V2O5/SiO2 catalysts as well as catalyst properties of 

selected publications encountered in literature.  

Ea 1 

[KJ/mol] 

TOFpropan 

[*10-3 s-1] 

Temp 

[°C] 

BET 

[m2/g] 

V2O5 

[%wt] 

V 

[atom/nm2] 

Synthesis Method 

 (precursor-solvent)§ 
Ref 

103 - 400 - 500 - 4,8 0,7 IWI (AMV - H2O) [120] 

146 
1,3 (400°C) 

37,9 (500°C) 
400 - 500 151 0,6 0,3 

Grafting 

(VAc -Toluene) 
[35] 

- 

0,4 – 1,4 (400°C) 

5 - 17 (475°C) 

10,7 – 36,3 (500°C) 

400 - 500 227 – 892 1,07 – 20 0,08 – 25,4 
Grafting 

(VAc. - Toluene) 
[36] 

106 - 168 

0,1 – 0,3 (400°C) 

0,5 – 2,6 (450°C) 

1,9 – 7,3 (500°C) 

425 - 525 168 – 281 5,3 – 50,8 1,3 – 20 
 IWI 

 (AMV - H2O) 
[121] 

- 
0,2 (400°C) 

6  (500°C)c 
500 286 5 1,2 

IWI 

 (AMV - H2O) 
[101] 

105 – 141 
2,5 – 11 (500°C) 

0,2 – 0,4 (400°C) 
425 - 525 311  - 746 1,3 – 14,6 0,09 – 3,11 

IWI 

 (AMV - H2O) 
[122] 

78 – 158 

1,5 – 1,1 (400°C) 

4 – 7 (450°C) 

18 – 23,4 (500°C) 

450 - 475 790 – 1059 0,36 – 9,46 0,02– 0,44 

Grafting 

VAc. (Toluene) 

VSul. (Water) 

[37] 

134 – 151 
0,15 – 0,23 (400°C)* 

3,6 – 4,3 (500°C)* 
380 - 450 459 – 118 2,3 – 13,6 0,6 – 3,1 

Grafting 

(BD- H2O) 
[123] 

- 
0,1 – 0,6 (400°C) 

2 – 16 (500°C) 
500 300 – 1049 4,8 – 20 0,4 – 25,5 

Grafting 

(VAc. - toluene) 
[42] 

137  - 168 

0,2 – 0,2 (400°C) 

20 – 39,6 (550°C) 

5,5 – 9,2 (500°C) 

450 – 550 300 – 820 2,5 – 10 0,3 – 1,6 
IWI 

 (AMV - methanol) 
[32] 

- 

0,002–0,02(400°C) 

0,9 – 7,4 (600°C) 

0,1 – 0,6 (500°C) 

600 222 – 592 1,8 – 16 0,2 – 2,4 
IWI 

(AMV - methanol) 
[33] 

- 

0,005–0,05(400°C) 

1,9 – 16,1(600°C) 

0,1 – 1,3 (500°C) 

600 222 – 985 1,9 – 16 0,2 – 2,4 
IWI 

(AMV - methanol) 
[34] 

- 

0,02 – 0,04 (400°C) 

0,6 – 1,3 (500°C) 

2,3 – 5,1 (550°C) 

500 – 550 181 – 1113 0,5 – 1,4 0,03 – 0,2 
IWI 

 (AMV - H2O) 
[124] 

 
0,8 (400°C) 

24 (500°C) 
500 790 9,5 0,44 

Grafting 

(VAc. - toluene) 
[43] 

63 – 114 

0,03 – 0,2 (400 °C) 

0,2 – 1,7 (500 °C) 

0,34 – 2,4 (520°C) 

425 - 600 4,5 – 848 7,2- 8,6 0,6 – 1,6 
IWI 

 (AMV - H2O) 
[125] 

- 

0,2 – 0,5  (400°C) 

0,01 – 0,03 (333°C) 

5,2 -  12,1 (500°C) 

333 251 – 287 2 – 15 0,46 - 4 
IWI 

 (AMV - H2O) 
[102] 

- 

0,28 – 0,29 (350°C) 

2,1 – 2,2 (400°C) 

53 – 54,9 (500°C) 

350 - 5 – 12 1,5 – 2,6 
IWI 

 (VTiP - 2-propanol) 
[38] 

- 

 0,7 (400°C) 

 7,1 (500°C) 

43,8 (600°C) 

600 451 8 1,18 
IWI  

(AMV - methanol) 
[119] 
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Ea 1 

[KJ/mol] 

TOFpropan 

[*10-3 s-1] 

Temp 

[°C] 

BET 

[m2/g] 

V2O5 

[%wt] 

V 

[atom/nm2] 

Synthesis Method 

 (precursor-solvent)§ 
Ref 

35 

0,02 – 0,2 (400°C) 

 0,5 – 5,5 (500°C) 

1,8 – 22,0 (550°C) 

400 - 650 448 – 591 2,5 – 28,6 0,15 – 2,40 
IWI   

(AMV - methanol) 
[118] 

- 

0,04 – 0,1  (400°C) 

0,2 – 1,8 (500°C) 

0,6 – 6,8 (550°C) 

550 50 – 1013 1,1 – 18,4 0,1 – 24,4 
Grafting 

(VAc. - ethanol) 
[126] 

62 
5,3 – 14,7 (400°C) 

22,2 – 61,1(500°C) 
500 706 – 1109 1 – 3,7 0,09 – 0,35 

IWI 

 (AMV - H2O) 
[127] 

- 
0,3 (400°C) 

6,6 (500°C) 
500 286 5 1,2 

IWI 

 (AMV - H2O) 
[98] 

81 – 126 

0,8 – 2 (400°C) 

5,2 – 15,3 (500°C) 

11,1 – 35,3 (550°C) 

400 -550 333 – 119 3 – 50 0,6 – 27,6 
FSP 

(AMV) 
[48] 

- 

0,7 –  (400°C) 

20 – 300 (500°C) 
500 413 – 871 2,7 – 3,9 0,4 – 1,1 

Grafting 

(VAc. - toluene) 
[128] 

90 

1,5 – 3,6 (400°C) 

12,1 - 28,8 (500°C) 

41,4 – 98,9 (575°C) 

500 - 620 592 – 819 0,2 – 1,7 0,02 – 0,19 
MCS 

(AMV-H2O ) 
[129] 

* data provided directly by the authors. § IWI= incipient wetness impregnation. VAc.= vanadium acetyl acetate. AMV = ammonium 
methavanadate. FSP = flame spray pyrolysis. VTiP = vanadium triisopropoxide. BD = butylammonium decavanadate. MCS = miscellaneous 

catalyst synthesis.  

 

Baiker et. al. 
[48]

 published an ODP activation energy, ~120 KJ/mol, for the V2O5/SiO2 

catalyst with the highest vanadia surface density reported so far (~3,3 Vatom/nm
2
).  Quite 

similar surface vanadia monolayer coverage of ~2,6 Vatom/nm
2
 is reported by Wachs et. al. 

[71]
. However, in this study, the ODP activation energy is missing. Propane consumption 

TOFs as a function of vanadia surface density over supported V/SiO2 catalysts is presented in 

Figure 1.11. Visibly, a broad range of TOF values is found in literature but the majority 

remain constant as a function of vanadia coverage. None of the authors reported rising TOFs 

as a function of vanadia coverage, as was observed for the other analyzed supports (TiO2, 

ZrO2, Al2O3). On the contrary, some publications reported slight decreases in propane 

consumption TOFs 
[33,34,48,129]

. Baiker et. al. 
[48]

 evidenced by in-situ Raman spectroscopy that 

high loading of amorphous vanadia species transforming into three-dimensional V2O5 

nanoparticles under reaction conditions is the reason for a decrease in reactivity. This 

argument could be valid to explain the other studies showing similar trends, although, in situ 

characterization is missing for the majority. 
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Figure 1.10. Propane oxidation activation energies as a function of vanadia coverage on SiO2 support. The gray 

background represents the experimental monolayer reached so far. The number inside square brackets [#] 

indicates the quoted references. Open symbols represent the recalculated data which is explained in the 

Appendix A-i. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Propane consumption TOF rates as a function of vanadia coverage over V2O5/SiO2 catalysts at (a) 

400 and (b) 500 °C. The number inside square brackets [#] indicates the quoted references. Open symbols 

represent the recalculated data which is explained in the Appendix A-ii. 

 

0 2 4 6 8 10 12

20

40

60

80

100

120

140

160

180

200

Ea = 117  28 KJ/molV/SiO
2

 

 

 [120]

 [35]

 [121]

 [122]

 [37]

 [123]

 [32]

 [125]

 [127]

 [48]

 [129]

E
a
 (

K
J
/m

o
l)

V
atom

 (nm
-2
)

  monolayer

0 1 2 3 4 5

0,01

0,1

1

10
a

V
atom

 (nm
-2
)

T
O

F
p

ro
p

a
n

e
 (

1
0

-3
 s

-1
)

 

 

 [35]

 [36]

 [121]

 [101]

 [122]

 [37]

 [42]

 [32]

 [33]

 [34]

 [124]

 [43]

 [123]

 [102]

 [38]

 [119]

 [118]

 [126]

 [127]

 [98]

 [48]

 [128]

 [129]

V/SiO
2

400°C

0 1 2 3 4 5

0,1

1

10

100
b

T
O

F
p

ro
p

a
n

e
 (

1
0

-3
 s

-1
)

V
atom

 (nm
-2
)

 

 

 [35]

 [36]

 [121]

 [101]

 [122]

 [37]

 [42]

 [32]

 [33]

 [34]

 [124]

 [43]

 [123]

 [102]

 [38]

 [119]

 [118]

 [126]

 [127]

 [98]

 [48]

 [128]

 [129]

V/SiO
2

500°C



Introduction 

 

46 
 

Also, Figure 1.11a shows that Wachs et. al. 
[38]

 and Baiker et. al. 
[48]

 reported the highest 

propane consumption TOFs. Despite the catalysts being prepared using different methods 

(Table 1.6), both authors concluded that the catalysts showed unique properties in terms of 

vanadia dispersion, exhibiting predominantly isolated monomeric VOx species up to a 

relatively high vanadia surface density. Contrary to decreasing TOFs at high loadings reported 

by Baiker et. al. 
[48]

, constant TOFs at high vanadia loading is reported by Wachs et. al. 
[38]

. A 

possible reason for this difference is that Wachs et. al. 
[38]

 carried out the experiments at 350 

°C, which is much lower than needed for a possible phase transformation of the vanadia 

species evidenced by Baiker et. al. 
[48]

 at 550 °C. Moreover, Wachs et. al. 
[38]

 worked at low 

propane conversions (below 3%) to avoid undesired secondary reactions, whereas Baiker et. 

al. 
[48]

 worked at considerably high propane conversions, from ~8,5 to 25 %. Such high 

conversion levels could increase undesired secondary combustion reactions which would 

perturb the overall reaction rate, as well as the propene selectivity. Furthermore, at such high 

propane conversion, direct combustion of propane also takes place and total oxygen 

conversion is expected. In order to verify if the vanadium oxide transforms into three-

dimensional species, an interesting experiment would run ODP at 500 – 550°C over the 

catalysts prepared by Wachs et. al. 
[38]

. It would conclusively confirm the fact that catalysts 

obtained by FSP are less stable than those prepared by the incipient wetness impregnation 

method. 

Trunschke et. al. 
[123]

, using a grafting/anion exchange procedure, synthesized highly 

dispersed vanadium catalysts reaching up to 3.1 Vatom/nm
2
. It is important to notice that in this 

study, TOFs did not change with vanadia loading. However, lower TOFs were found. 

Figure 1.11 also shows that the higher propane consumption TOFs are obtained over catalysts 

prepared by methods different to the incipient wetness impregnation, using AMV and H2O as 

precursor and solvent, respectively (see also Table 1.6). Fan et. al. 
[129]

 reported acceptably 

high TOFs at low vanadia coverage but a dependence of TOFs on vanadia loading (Figure 

1.11). Important to notice here is the fact that the reported data was obtained over novel cage-

like mesoporous vanadosilicate catalysts, which were prepared in a different manner than the 

rest of the data included in Figure 1.11. The employed synthesis method could lead to the 

encapsulation of vanadia species inside the silica structure that could have undesirable 

consequences, especially in terms of TOFs because not all vanadia would be participating in 

the reaction. 
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Fan et. al. 
[118]

 and Vidal-Moya et. al. 
[126]

, mixing vanadia and silica precursors prior the 

catalyst calcination reported similar TOF values, both showing a decrease in reactivity as a 

function of vanadia loading. This could be attributed to not all vanadia being on the catalyst 

surface but also in the silica bulk, as was reported characterizing the V2O5/SiO2 catalysts by 

NMR V
51

 
[130]

. In additional, both studies were performed at 550 °C. At this temperature, 

agglomeration of vanadia species forming V2O5 nanoparticles could take place, as was 

previously mentioned 
[48]

.   

The lowest TOFs in Figure 1.11 were reported by Fan. et. al. 
[33,34]

, preparing the catalysts by 

impregnating SBA15 with a methanol solution of AMV. Interestingly, despite the lowest 

reactivity, this work 
[33]

 was presented in Cavani´s review 
[10]

 as one of most promising due to 

the high propene yield obtained. This evidenced that a proper comparison of different 

catalysts prepared by different research groups should not be done using the typical propene 

selectivity-propane conversion plots. The reason for the lowest calculated reactivity might be 

due to the far extrapolation from the high temperature (600 °C), at which the experiments 

were carried out. At this high temperature, parallel combustion of propane is expected, 

perturbing the linearity of the Arrhenius plot and making the TOF extrapolation no longer 

accurate. 

From the reviewed and analyzed literature, it can be conclusively seen that several 

experimental parameters can perturb the ODP kinetic data. Figure 1.12 summarizes the ODP 

apparent activation energies (Ea) as a function of vanadia coverage for the support materials 

studied. The error bars represent the standard deviation that evidences the discrepancy 

between the reported data studied. It is obvious that vanadium oxide loading does not perturb 

the Ea considerably. Only over V2O5/TiO2 catalysts does the Ea show a slight decrease at 

loadings above half monolayer coverage. The small standard deviation represented by the 

error bars evidences that the majority of data studied is in accordance. 
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Figure 1.12. Apparent ODP activation energy as a function of vanadia coverage over different material supports. 

The values represent an average of the reported data and the error bars represent the standard deviation. 

 

Different supported vanadium oxide catalysts with submonolayer coverage present ODP 

apparent activation energies within a range of 45 – 170 KJ*mol
-1

, evidencing the strong 

support influence in ODP. The tendency from highest to lowest activation energies is: V/SiO2 

˃ V/Al2O3 ˃ V/ZrO2 ˃ V/CeO ˃ V/TiO2. In addition and for comparison, ODP apparent 

activation energy over V2O5/NbO5 
[131]

 and V2O5/CeO 
[35]

 are ~157 and 68 KJ/mol, 

respectively.  

Figure 1.13 summarized the TOFs as a function of vanadium coverage for the various support 

materials studied. The vanadia coverage used for each support shown in Figure 1.13 is based 

on values presented in Appendix A-Table A.1 and Table A.2. Considering average values 

from the revised literature, constant TOFs as a function of vanadia coverage are observed. 

The same trend has also been observed over V2O5/Nb2O5 catalysts 
[131]

. On the other hand, 

Figure 1.13 also corroborates the strong support influence in ODP-TOFs, as was observed for 

the apparent activation energies in Figure 1.12.    
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Figure 1.13. Propane consumption TOFs as a function of vanadia coverage over different material supports at 

500°C. The values represent an average of the reported data and the error bars represent the standard deviation. 

 

When analyzing the huge amount of ODP literature, agreements and/or disagreements in the 

kinetics are often found. However, they are not detected and identified only by reading the 

publications in detail. Further analysis and calculations are normally needed to find the reason 

for such discrepancies existing in the ODP literature. Thus, our main motivation was to 

review the ODP literature and subsequently unify concepts and conclusions from the reported 

results considering only the reliable studies. The main idea was to establish solid conclusions 

for better understanding of the structure-reactivity relationships based on reported data and 

cross-comparison. Such conclusions are summarized next. 

A detailed catalyst structure is still missing for a huge fraction of publications. Among the 

catalysts with different active components, supported vanadium oxide catalysts have shown 

the best yield toward propene from propane under ODP conditions. Definitely, the ODP 

mechanism is hardly influenced by the support material used.  

The discrepancies found regarding constant or variable TOFs as a function of vanadia 

coverage could be due to the presence of impurities existing in some material supports, 

originating from their preparation. Also, the synthesis method used to prepare the catalysts 

plays an important role due to the possibility of vanadia being present in the bulk rather than 

on the surface, limiting the number of vanadia centers participating in the reaction and, as a 
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consequence, altering the kinetics (encapsulated vanadia). The synthesis method also defines 

the formation of three-dimensional V2O5 nanoparticles (NPs) at unexpected loadings. Such 

NPs are conclusively much more reactive than two-dimensional VOx species, being 

unselective because the NPs accelerate the combustion reactions. Showing the differences in 

the catalyst structure as well as in the ODP reactivity depending on the synthesis method and 

vanadium oxide precursor was one of our initial goals in carefully reviewing the ODP 

literature. Conclusively, highly dispersed catalysts are not easy to prepare via the IWI method 

using AMV and H2O as precursor and solvent, respectively. On the other hand, the other 

presented synthesis methods provide high vanadia dispersion up to almost reach the 

theoretical monolayer coverage.  

Also, an interesting observation was the fact that the propene selectivity trajectories as a 

function of propane conversion are pretty similar, no matter the support material used (Figure 

1.14). This indicates that the ratio between the rate constant of the dehydrogenation step (k1) 

and the propene oxidation step (k2) has to be roughly the same or can only vary within a small 

range no matter how reactive the catalyst is. In addition, the selectivity increases with 

increasing reaction temperature (Figure 1.15), indicating that ODP should be performed at a 

temperature as high as possible, up to a temperature where unselective gas phase reactions can 

be excluded. 

Moreover, also representing the core of our study, the evidenced strong support effect has 

opened the utilization of mixed oxide support materials, which combines the beneficial 

properties of both SiO2 (high surface area and selectivity) and TiO2 (high reactivity), 

constituting a promising approach to the improvement of propene productivity in ODP. 

Moreover, ternary (VOx)n-(TiOx)n/SiO2 type catalysts have demonstrated promising catalytic 

performance in various selective oxidation reactions 
[73,132-136]

. 
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Figure 1.14. Selectivity-conversion trajectories considering the reviewed publications over different supported 

V2O5 oxide catalysts. The number inside square brackets [#] indicates the quoted references. 

 

 

 

 

 

 

 

 

 

Figure 1.15. Selectivity-conversion trajectories at different temperatures for V2O5/SiO2 and V2O5/TiO2 catalysts. 

Data originally reported elsewhere 
[35]
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1.3 Fundamentals 

The chemical industry of the 20
th

 and 21
st
 centuries could not have developed to its present 

status on the basis of non-catalytic stoichiometric reactions alone. Reactions can, in general, 

be controlled on the basis of temperature, concentration, pressure, and contact time. Raising 

the temperature and pressure will enable stoichiometric reactions to proceed at a reasonable 

rate of production, but the reactors in which such conditions can be safely maintained have 

become progressively more expensive and difficult to make. In addition, there are 

thermodynamic limitations to the conditions under which products can be formed. Without 

catalysts, many reactions that are common in the chemical industry would not be possible, 

and many other processes would not be economical 
[11]

. 

1.3.1 Fundamental Steps Taking Place in Heterogeneous Catalysis 

Heterogeneous catalysis lies at the heart of many technologies for the production of 

petrochemicals, bulk chemicals, and for pollution abatement. It differs from homogeneous 

catalysts in the fact that substrates and catalysts exist in different phases, e.g. gas-solid, 

whereas homogeneous catalysts coexist in the same phase, normally liquid. The five basic 

steps governing all heterogeneous catalytic processes when a gas mixture is passed through a 

catalytic reactor containing a solid catalyst are: (1) diffusion of the reactants to the active site 

(this term covers boundary layer diffusion and pore volume diffusion), (2) adsorption of at 

least one reactant on the catalyst surface, (3) surface reaction, (4) desorption of the products, 

and (5) diffusion away from the active site. The rates for steps 1 and 5 are determined by 

diffusion coefficients and porosity, whereas steps 2 - 4 are determined by chemical 

phenomena occurring at the molecular scale. Regarding the diffusion phenomena, two 

diffusion processes need to be considered in heterogeneous catalysis, namely diffusion across 

the boundary layer that surrounds the catalyst pellet (external diffusion) and diffusion inside 

the pore volume (internal diffusion). In the appropriate experimental conditions, either of 

these processes can be rate limiting. Both external and internal diffusion phenomena were 

previously investigated in our group, and the fundaments can be found in detail elsewhere 
[3]

. 

1.3.2 Chemical Kinetics of Hydrocarbon Oxidation 

Chemical kinetics provides the necessary information for understanding how reaction rates 

depend on variables such as concentration, temperature, and pressure. Kinetics provides a 

basis for manipulating these variables to increase the rate of a desired reaction and minimize 
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the rates of undesired reactions. Catalysis is an extremely important tool within the domain of 

chemical kinetics. There are five basic types of kinetic rate laws commonly used to describe 

heterogeneous reactions.  They are listed in Table 1.7. 

In the exemplary case of ODP, the models listed in Table 1.7 have also been applied in ODP 

and are summarized elsewhere 
[9]

. However, the Mars-van Krevelen mechanism (MvK) is 

commonly proposed for ODP 
[53, 81-83]

. In 1954, Mars and van Krevelen published the results 

of a study of the oxidation of benzene, toluene, naphthalene, and anthracene over vanadium 

oxide catalysts 
[75]

. The study consisted of an examination of the influence of hydrocarbon and 

oxygen partial pressures on the reaction rates measured in a fluidized bed reactor. The 

mechanism proposed, based on DFT calculations, that hydrocarbon extracts lattice oxygen 

from the surface layer of the catalyst, thereby generating a reduced catalyst (Figure 1.16). 

 

 

 

Figure 1.16. Reaction mechanisms of ODP as proposed by Rozanska et al.
 [137]

 for isolate VO4 vanadium oxide 

surface species.  

 

The extent of the reduction generated during steady state operation of the catalyst varies, and 

it is not a crucial factor in the determination of the kinetics. However, an important part of the 

MvK mechanism is that the lattice oxygen is replenished by gas phase oxygen in a reoxidation 

process. The mechanism may be visualized as follows: 

           
    
                                       (equation 1) 
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                                   (equation 2) 

 

where β is the stoichiometric requirement in lattice oxygen to generate the reaction product, P, 

OL represents a lattice oxygen anion, ∎ represents the corresponding vacancy, and R is the 

component to be oxidized. At a steady state, the rates of these reactions are equal, hence  

 

                              
    

                              (equation 3) 

so 

                                                     (equation 4) 

 

then, 

                                                  
      

 

               
 
                                  (equation 5) 

 

Substituting into (equation I) and solving gives: 

             

                             
            

 

              
                             (equation 6) 

 

Interestingly, proof of the operation of an MvK mechanism has come to rely much more 

heavily on techniques, such as isotopic studies, which distinguish between the incorporation 

of gas phase and lattice oxygen into reaction products, than on traditional kinetic methods. 

One of the reasons for this is the very large amount of experimental data needed to distinguish 

between the MvK mechanism and the other mechanisms commonly encountered in 

heterogeneous catalysis. 
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Table 1.7. Rate laws for heterogenous catalysis
a
 
[138]

. 
 
 

Mechanism Kinetic equation Linear transformation Examples           [ref] 

Mars-Van Krevelen 

(surface oxido-reduction)   
            

 

              
 

 

     
  

 

      
  

 

       
            

   
             [139] 

       
       
                   [140] 

Eley-Rideal (reaction between 

adsorbed O2 and gaseous or 

weakly adsorbed R) 

  
    

    
   

     
    

  
 

  
  

 

   
   

 

   
    

   
      

          
                     [141] 

Langmuir-Hinshelwood 

(uniform surface with one type 

of site) 

  
    

      
   

      
    

       
  

no linear transformation; r passes 

through a maximum equal to k/4. 
           

   
                [139] 

Langmuir-Hinshelwood 

(uniform surface with two 

types of sites) 

  
    

      
   

      
    

          
  

  
  

 

    
   

       
  

 

   
    

      
 

  
  

          
        
                   [142] 

           
  
          [138] 

Power Law       
   

          
       
                    [143] 

a is the reaction rate; k, the reaction rate constant; kox, kred ,rate constant of oxidation or reduction; n = 1 or 0,5 for O2 molecular or dissociative adsorption; R, component to oxidize; Ko2, KR, adsorption coefficient of Ox or R; 

a, stoichiometric coefficient.   
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2. Experimental 

2.1 Catalyst Preparation  

For this study, the well synthesized and characterized catalysts were provided by Dipl. Chem. 

Till Wolfram from Fritz-Haber-Institute (Berlin). The details of support and catalyst synthesis 

can be found elsewhere 
[55]

 and are briefly summarized.  

First of all, to exclude batch effects, mesoporous silica SBA15 was synthesized in large 

quantities allowing a single batch of SBA15 to be used to prepare catalysts in sufficient 

quantities (ca. 8 g per catalyst) required for extensive catalytic measurements and 

comprehensive characterization. Vanadium and titanium oxide species were introduced by 

grafting alkoxide precursors. SBA15 was synthesized adopting and up-scaling the original 

synthesis method described in the literature 
[144]

. The preparation was performed in an 

automated laboratory reactor (LabMax, Mettler-Toledo) that allows the synthesis of 350 g of 

the non-calcined, template containing SBA15 precursor in a single batch. In detail, 256.5 g of 

the triblock co-polymer EO20PO70EO20 (EO = ethylene glycol, PO = propylene glycol, 

BASF Pluronic P123, Aldrich) were dissolved at 308 K in 4800 ml 1.6 M HCl (CARL 

ROTH), yielding a clear solution after 6 hours. Subsequently, 552.9 g of tetraethoxysilane 

(TEOS, 99+ %, Alfa Aesar) were added within 3 minutes. The solution quickly turned cloudy 

and was stirred for 12 h at 308 K. After aging for 24 h at 358 K, the white suspension was 

filtered over a P2 glass frit without washing. The resulting white powder was dried at 353 K 

for 12 h and pestled afterwards. The polymer was removed by calcination in static air in a 

muffle furnace applying the following temperature program: heating rate 0.5 K/min to 473 K, 

2 h holding time, heating rate 1 K/min to 823 K, 4h holding time). After cooling down to 

room temperature, 165 g fine white powder of SBA15 was obtained.  

The (TiOx)n/SBA15 supports were prepared by grafting titanium (IV) isopropoxide 

((Ti(OCH(CH3)2)4, Acros Organics 98+%) on the silica surface via reaction with the surface 

silanol groups of SBA15 adding an appropriate amount of an alkoxide stock solution. For 

preparation of the stock solution, 250 g (Ti(OCH(CH3)2)4 were mixed with 750 g dry 

isopropanol yielding a bright yellow solution containing 25 wt.% Titanium(IV) isopropoxide. 

The radius of one Ti(OCH(CH3)2)4 molecule is approximately 1nm. The maximum loading 

that can be achieved in one grafting step avoiding undesired segregation of titania is 

approximately 8 wt.% Ti. For titanium loadings higher than 8 wt.%, the procedure was 

repeated in a sequential manner with intermediate calcination. Dehydration of the sample 
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between grafting cycles is important to avoid hydrolysis of the alkoxide precursor by water 

trapped in micropores, which can lead to formation of an unsupported crystalline TiO2 phase. 

Lower Ti loadings were similarly obtained in a single step by adjusting the concentration of 

the titanium isopropoxide solution by dilution with isopropanol. One grafting step was carried 

out as follows. At first, SBA15 was dried for 16 h at 403 K to remove physisorbed water. 

Then, 120 g of dried SBA15 were suspended in 2000 ml dry isopropanol. The alkoxide was 

then allowed to react with the silica surface by transferring 712.5 g Ti stock solution to the 

SBA15 suspension and stirring for 2 h at room temperature. Titanium was added in excess 

corresponding to a nominal loading of 20 wt.% Ti on SBA15. The colour of the suspension 

was lightened after several minutes turning from bright to light yellow. After 2 h, the 

suspension was filtered over a P2 glass frit applying vacuum and washed twice with 500 ml 

dry isopropanol. The white filter cake was dried at 353 K and 80 mbar dynamic vacuum for 2 

h and pestled. The organic residues were removed by calcination in static air in a muffle 

furnace applying the following temperature program: heating rate 0.5 K/min to 473 K, 2 h 

holding time, heating rate 1.5 K/min to 823 K, 2 h holding time. 

 

After cooling down to room temperature, 133 g fine white powder of (TiOx)n/SBA15 were 

obtained. For synthesis of, e.g., 13 wt.% Ti on SBA15, three grafting steps have been carried 

out. The final (TiOx)n/SBA15 powder is more compact and whiter than the SBA15 mother 

material. Grafting of vanadium oxide species to the SBA15 and (TiOx)n/SBA15 supports was 

performed in a similar manner using vanadium(V) triisopropoxide (O=V(OCH(CH3)2)3, Alfa 

Aesar 96%) as precursor. For preparation of a bright orange vanadium(V) triisopropoxide 

stock solution that contains 20 wt.% of the alkoxide, 20 g O=V(OCH(CH3)2)3 was mixed with 

80 g dry isopropanol. The V loading was varied by adjusting the volume of the stock solution 

that was added to the support suspension. Exemplarily, we describe here the synthesis of the 

catalyst 4V/13Ti/SBA15. In a first step, 8 g of the support were dried for 16 h at 403 K and 

suspended in 300 ml dry isopropanol. 10.09 g of the V species stock solution were transferred 

to the suspension of 13Ti/SBA15 in isopropanol and stirred for 2 h at room temperature. 

Again, an excess of V was applied corresponding to a nominal loading of 5 wt.% V on 

13Ti/SBA15. Afterwards isopropanol was removed by evaporation at 323 K at a residual 

pressure of 50 mbar. The obtained light orange powder was pestled. Organic residues were 

removed by calcination in static air in a muffle furnace applying the following temperature 

program: heating rate 0.5 K/min to 473 K, 2 h holding time, heating rate 1.5 K/min to 823 K, 

2 h holding time). After cooling down to room temperature, 8.5 g fine powder of 
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4V/13Ti/SBA15 was obtained. The color of the slight yellowish product changed with time 

after exposing the sample to air that contains moisture from very light yellow to darker 

yellow-orange and finally to dark orange. Though the guest phases are present as oxides we 

label the samples according to the loading in terms of percentage weight loading of metallic 

vanadium or titanium (rounded to the nearest 0.5%). In the case of mixed samples the label 

for titanium refers to the percentage weight loading of the Ti/SBA15 mother material from 

which it was prepared. For example, 17Ti/SBA15 refers to SBA15 with 17.1 wt% Ti while 

4V/17Ti/SBA15 refers to the same 17Ti/SBA15 sample with 3.9 wt% vanadium although the 

addition of vanadium has adjusted the titanium loading to 16.3 wt%. 

 

2.2 Physico-Chemical Characterization of Catalysts 

2.2.1 Surface Area Determination by Nitrogen Physisorption 

Nitrogen physisorption is the most frequently used technique to characterize solid catalysts 

since it provides important information regarding to the porosity as well as the specific 

surface area of the solid materials. For evaluation of both the surface area and the pore size 

distribution of a solid from a single isotherm, nitrogen is the most suitable adsorptive. For 

determination of surface area alone, argon provides an alternative to nitrogen, but argon 

cannot be used at temperatures around -196 °C for the assessment of pore size distribution. If 

the specific surface is relatively low (< 5m
2
 g

-1
, say) krypton, also at ~77K, offers the 

possibility of higher precision in the actual measurement of the adsorption, but not necessarily 

higher accuracy, than that obtained with nitrogen or argon in the resultant value of specific 

surface. The use of other adsorptive is not recommended except for the study of the structure 

of the surface (e.g. by water or alcohols), or as molecular probes for evaluation of micropore 

size (e.g. using molecules of different size and shape).  

 

The catalyst and support surface area were determined by nitrogen sorption performed at 77 K 

on an AUTOSORB-6B analyzer (Quantachrome). Surface areas were determined using the 

empirical adsorption isotherm method of Brunauer, Emmett, and Teller (BET) assuming a 

cross-sectional area of 16.2 Å
2
 for adsorbed nitrogen. The BET method (equation 7) extends 

the monolayer adsorption to multilayer adsorption in the range of relative pressures p/p0 of 

0,05 to 0,35. Regarding to the choice of experimental method, a volumetric technique is 

generally to be preferred especially when reasonable accuracy is required in the region of high 



Experimental 

 

59 
 

relative pressure, as in the estimation of pore size distribution. A gravimetric technique (e.g. 

recording vacuum microbalance or silica spring), is useful however, if changes in the mass of 

the absorbent itself (as a result, say, of oxidation, reduction or thermal descomposition) need 

to be measured at the same time as the isotherm. In our study, the microporous fraction of the 

surface area was determined using t-plot analysis and pore size distributions were calculated 

from the adsorption branch of the isotherms using NLDFT method. Samples were degassed 

for 10 hours at 300 °C and 0,15 mbar before experiments in order to ensure a clean and dry 

surface. All the required calculations were performed using the software package 

AUTOSORB-1 (Quantachrome, 1-software AS1Win V2.11). 

 

 

  

    
 

  
 
 

 

   
 

   

   

 

  
   (equation 7) 

 

2.2.2 Metal oxide phase determination by X-Ray Diffraction  

 

X-ray diffraction (XRD) is a well establish and useful technique to obtain structural 

information about crystalline solids being important for solid-state physics, biophysics, 

medical physics, chemistry, biochemistry, among others. Fundaments about how it works are 

found elsewhere 
[63, 145-147]

. A brief overview of XRD is described next.  

 

When X-rays interact with crystalline materials a diffraction pattern is obtained. The X-ray 

diffraction pattern of a pure substance is, therefore, like a fingerprint of the substance. 

Normally, it is distinguished between single crystal and polycrystalline or powder 

applications. The single crystal sample is a perfect (all unit cells aligned in a perfect extended 

pattern) crystal with a cross section of about 0.3 mm. The single crystal diffractometer and 

associated computer package is used mainly to elucidate the molecular structure of novel 

compounds, either natural products or manmade molecules. Powder diffraction is mainly used 

for “finger print identification” of various solid materials since in a mixture of substances 

each produces its pattern independently of the others. The powder diffraction method is thus 

ideally suited for characterization and identification of polycrystalline phases.  
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X-ray diffraction (XRD) is the elastic scattering of X-ray photons by atoms in a periodic 

lattice causing constructive interference. The photon scattering follows the Bragg relation, 

which is given by equation 8: 

 

nλ = 2dsinΘ;      n = 1,2, …             (equation 8) 

 

with λ being the wavelength of the X-rays, d being the distance between two lattice planes, Θ 

being the angle between the incoming X-rays and the normal to the reflecting lattice plane and 

n being the integer naming the order of the reflection 
[145]

. 

In Bragg's law the lattice spacing can be calculated by measuring at the angles of 2Θ. 

Different crystal structures and compounds possess characteristic lattice spacings. The width 

of the diffraction lines contains information on the crystallite size in the specimen. This is an 

important information especially for supported catalysts, which often tend to agglomerate and 

thereby decrease in their catalytic performance. The Scherrer equation (equation 9) allows a 

rough estimation of the mean crystallite size < D ˃. 

 

                                  < D ˃ = K λ / β1/2 cos Θmax    (equation 9) 

 

Where K is a constant dependent on the shape of the crystallites, β1/2 is the full width at half 

maximum intensity and Θmax is the angular position of the peak maximum.  

For highly-ordered mesoporous samples, XRD peaks can be found at values of 2Θ between 

nearly zero and 10. In this case, the X-rays are diffracted not at the atomic lattice but at the 

pores of the material. From values measured at 2Θ the spacing between the centers of the 

pores (unit cell parameter a0) can be estimated. 

In our study, the inter-pore spacing, a0, was determined from small angle X-ray diffraction 

patterns measured using a transmission diffractometer (STOE STADI P) equipped with a 

primary focusing Ge monochromator (Cu Kα1 radiation) and a scintillation counter. Powder 

X-ray diffraction measurements, using the same diffractometer type and applying a position 

sensitive detector, excluded the presence of large crystalline V2O5 and TiO2 domains from all 

samples. The wall thickness of deposited metal oxide guest phases was estimated by 

comparing the average pore diameter determined by nitrogen adsorption and the interpore 

spacing, a0, of the bare support and the loaded catalysts. 
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2.2.3 Molecular structure of the catalysts by FTIR Spectroscopy 

 

Infrared refers to that part of the electromagnetic spectrum between the visible and microwave 

regions 
[56,57,148-151]

. Infrared spectroscopy is a technique based on the vibrations of the atoms 

of a molecule. Such vibrations can involve either a change in bond length (stretching) or bond 

angle (bending) of the studied molecule. An infrared spectrum is commonly obtained by 

passing infrared radiation through a sample and determining what fraction of the incident 

radiation is absorbed at a particular energy. The energy at which any peak in an absorption 

spectrum appears corresponds to the frequency of a vibration of a part of a sample molecule. 

In infrared (IR) spectroscopy, the replacement of dispersive spectrometers by FTIR 

instruments in the 1980s drastically reduced the time scale for acquisition of an IR spectrum, 

from minutes to seconds.  

Today, with ‘‘conventional’’ FTIR instruments, the fast FTIR acquisition mode allows sub-

second time resolution. Infrared spectroscopy studies can be also routinely performed under in 

situ experimental conditions. The available IR cells can function over a wide temperature 

window (-180 to ~500
o
C), high pressure (~20 atms), and variable gas atmospheres. IR 

spectroscopy, however, also gives rise to strong signals from the gas phase molecules that 

must be subtracted to enable detection of surface species on the catalyst. IR spectroscopy 

cannot be conducted in aqueous environments because of its strong absorption by water and 

requires the use of Attenuated Total Reflection (ATR) crystals to be able to obtain a signal in 

water. The intensity of the IR signal also decreases with temperature due to thermal 

broadening and usually it is difficult to detect the IR signal above ~500-600 
o
C. Analyzing 

chemisorption of probe molecules by IR spectroscopy can usually provide surface chemical 

information, important to figure out catalyst structure as well as possible reaction pathways 

needed to elucidate and propose reaction mechanism.  

In our study, FTIR spectra were collected using a Perkin-Elmer PE 100 spectrometer fitted 

with a deuterated triglycine sulphate (DTGS) pyroelectric detector (32 accumulated scans, 4 

cm
-1

 resolution). Self-supporting sample wafers with an areal density of ca. 10 mg/cm
2
 were 

prepared by pressing at 13.5 MPa were located within a stainless steel infrared transmission 

cell fitted with CaF2 windows. Samples were dehydrated at 450 °C for a period of 1 h in 200 

mbar of O2. The oxygen atmosphere was exchanged several times during this procedure to 

remove evolved water. For CO adsorption measurements, the activated sample was cooled to 

-196 °C using liquid N2, evacuated, and backfilled with 2 mbar He (Westfalen, 99.999%) 
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before recording a spectrum of the dehydrated catalyst sample. The pressure of CO 

(Westfalen, 99.97%) was sequentially increased and spectra acquired at each pressure. Data 

are presented as difference spectra where the spectrum of the dehydrated catalyst (at -196 °C) 

has been subtracted from that of the sample in the presence of an equilibrium pressure of ca. 

0.04 mbar CO. 

 

2.2.4 Molecular structure of the catalysts by Raman Spectroscopy 

 

Fundamentals, techniques and application of Raman spectroscopy are very well established 

and exemplified in literature 
[56,57,149,151-154]

. The Raman effect results from the inelastic 

scattering of electromagnetic radiation upon interaction with matter, the energy exchange is in 

the vibrational region. Raman scattering affords information about the structure and properties 

of molecules from their vibrational transitions. However, the fundamentals of Raman 

scattering are different to those the infrared absorption, which gives them a complementary 

character. The infrared absorption is linked to a direct resonance between the frequency of the 

infrared radiation and the vibrational frequency of a specifc vibration mode. Transitions that 

involve changes in the dipole moment of the molecule during vibration are active in infrared. 

Thus, infrared absorption is a one-photon event. The Raman transitions among energy levels 

also correspond with the transitions between vibrational states, but Raman scattering is a two-

photon event. In this case, the property involved is the change in the polarizability of the 

molecule during vibration. The light scattered consists of both elastic radiation (Rayleigh 

scattering) and inelastic scattering (Raman scattering). The Raman photons are shifted in 

frequency (energy) from the frequency of the incident radiation, the shift correspoonds to the 

vibrational energy that is gained or lost in the molecule. 

 

Compared to FTIR spectroscopy, Raman exhibits several advantages:  

 

• Raman may use any excitation wavelength (UV to IR).  

• The optics in a Raman system is rather simple, in particular for visible Raman.  

• The design of in situ cells is much more versatile than for IR if Raman works with UV or 

Visible light. Quartz and glass are appropriate and the system has no limitation regarding the 

temperature of the sample, as long as it is not high enough to produce visible radiation (black 

body radiation, near 900°C).  
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• Microscopy accessories allow Raman studies with extremely little amount of sample, next to 

picograms and low laser power on the sample.   

• The presence of water is not a problem if Raman works with visible or UV radiation. Thus, 

it is possible to study aqueous solutions and system under supercritical conditions.  

• Raman spectroscopy is very sensitive to microcrystals and amorphous phases, < 4 nm, 

which are not detectable by XRD.  

• The phase of the sample is not critical (gas, liquid, solid).  

• Typical spatial resolution for Raman microscopy is ~1 micrometer region, which is             

wavelength dependent, and the spatial resolution can be further reduced to ~10-40 nm when 

combined with AFM or Tip Enhanced Raman Spectroscopy (TERS). 

• For supported catalysts, the oxide supports give rise to relatively weak Raman vibrations 

and allow acquisitions in the critical 700-1100 cm
-1

 region. In the case of Al2O3 and SiO2 

supports the Raman spectra can even be collected down to ~100 cm
-1

 free of significant 

Raman bands interference. 

• The gas phase usually does not contribute to vibrational spectra since light scattering from 

solid materials dominates the scattering process. 

 

However some Raman limitations are founded in comparison to FTIR spectroscopy. General 

limitations are:   

 

• Lower Spectral resolution for the Raman system, but recent Raman systems provide high-

resolution as an option.   

• Raman spectra are more difficult to quantify since their intensity depends on radiation 

dispersion, which depends on many parameters. It is, therefore, necessary to incorporate an 

internal reference for quantitative analyses.  

• The laser may heat the sample during Raman experiments, which may affect the structure of 

the analyte, its temperature, induce desorption/decomposition of probe molecules, etc. 

However, the use or rotors, programming of the beam movement or fluidized beds to 

distribute the beam incidence may minimize this problem. This is an especially serious 

problem with UV-Raman experiments that employ very energetic UV excitation.  

• Fluorescence is a serious limitation for Raman spectroscopy, since its intensity is ~10,000-

fold more intense than the Raman signal. Thus, tiny amounts of fluorescent impurities may 

overwhelm the Raman signal of the analyte. However, fluorescence may be minimized by 

prior treatment of the sample, e.g. calcination to remove carbonaceous deposits which are the 
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responsible to originate such fluorescence, irradiating the sample with the laser prior to 

Raman acquisition, among others.   

Since Raman spectroscopy provides information about the structure of the species coexisting 

on the catalyst surface, it was used to corroborate the high dispersion of the vanadium oxide 

species due to XRD is much more less sensitive and the undetectable small particles might 

appear in the Raman spectrum making possible to determine at which vanadia loading is 

reached the vanadium monolayer.  

 

Raman spectra of VOx/SBA15, TiOx/SBA15 and (VOx)n-(TiOx)n/SBA15 catalysts were 

obtained by a high resolution, dispersive Raman spectrometer system (Horiba- Jobin Yvon 

LabRam HR) equipped with three laser excitations (532, 442, and 325 nm). The sample 

power of the visible lasers at 532 (green) and 442 nm (violet) are 10 and 28 mW, respectively, 

and the sample of the UV laser at 325 nm (not visible) is ∼7 mW. The lasers were focused on 

the samples with a confocal microscope equipped with a 50X long working distance objective 

(Olympus BX-30-LWD) for the visible lasers and 15X objective (OFR LMU-15X-NUV) for 

the UV laser. Neither loss of signal intensity during the collection period or a “burn” spot 

from the laser beam onto the catalyst surface was observed to suggest any beam damage. In 

addition, laser-induced heating of the sample was negligible since the Raman spectra are 

collected at high temperatures above 450 °C. The LabRam HR spectrometer was optimized 

for the best spectral resolution by employing a 900 groves/mm grating (Horiba-Jobin Yvon 

51093140HR) for the visible lasers and a 2400 grooves/mm grating (Horiba-Jobin Yvon 

53011140HR) for the UV laser. The spectral resolution for both gratings is ∼2 cm
-1

. The 

calibration of each laser line was independently measured by a Hg lamp for the zero position 

and linearity of the gratings. The wavenumber calibration of the Raman spectrograph was 

checked using the silicon line at 520.7 cm
-1

.  The Rayleigh scattered light was rejected with 

holographic notch filters (Kaiser Super Notch) with window cutoffs of ∼100 cm
-1

 for the 

visible lasers and ∼300 cm
-1

 for the UV laser. The Raman system was equipped with a UV-

sensitive liquid-N2 cooled CCD detector (Horiba-Jobin Yvon CCD-3000V). The catalyst 

samples, typically consisting between 5-10 mg of loose powder, were placed in an 

environmentally controlled high temperature cell reactor (Linkam TS1500) containing a 

quartz window and O-ring seals that were cooled by flowing water. The sample temperature 

was controlled by a temperature (Linkam TMS94). The protocol for obtaining dehydrated 

Raman spectra under the dehydrated oxidizing (O2/Ar) environment is as follows. The 

samples were initially dehydrated in the in situ cell (model) at 500 °C and held for 30 min 
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under flowing 10% O2/Ar (Airgas, certified, 10.00% O2/Ar balance). Samples exhibiting 

fluorescence, a pretreated step using a separate programmable furnace was used. The Raman 

spectra were collected at 30 s/scan for 5 scans with a 200 μm size hole where only laser 

angles parallel to the incident beam were acquired from the light scattered by the catalyst 

sample. In-situ propane ODH Raman spectra were done at 500 °C, 30 °C/min heating and 

cooling rates, atmospheric pressure, and C3H8:O2 = 2:1 ratio. A total gas flow rate was ∼20 

cm
3
/min metered by mass flow controllers (Brooks, Model 5850E series). 

 

2.2.5 Molecular structure of the catalysts by UV-visible Diffuse Reflectance 

Spectroscopy.  

 

UV-vis electromagnetic radiation is in the 190 – 800 nm range which can induce electronic 

transitions in supported catalysts and between catalysts and adsorbed species. UV-vis diffuse 

reflactanse (UV-vis DRS) provides the local structure (isolated monomer, dimer, polymeric 

chain, cluster, or three-dimension structures) of the catalytic active metal oxide cation via 

ligand-to metal charge transfer (LMCT) band position and the corresponding edge energy 

(Eg) value. Fundamentals and modern techniques of UV-vis spectroscopy are found 

elsewhere 
[57,155]

.  A summary is presented next. 

 

Powders are measured in reflectance mode due to their low transparency. For reflectance 

mode two components can be distinguished: Specular reflectance in which the angle of 

incidence equals the angle of reflection and Diffuse reflectance in which absorbed photons are 

reflected into a broad range of directions. In order to collect diffuse reflected light, integration 

spheres are used in UV-Vis spectrometers. The DR-UV-vis spectrum can be described by the 

Kubelka-Munk function F: 

                              

                                    
           

       
                   (equation 10) 

 

with,  

        

       
        

     
  (equation 11) 
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with being the reflectance of the sample and  being the reflectance of a reference material 

with a reflectance of 100% (“white standard”). 

In our study, UV-vis DRS spectra were measured with a Perkin-Elmer Lambda 650 

instrument using a diffuse reflectance accessory (Harrick Praying Mantis) complete with 

environmental chamber attachment (Harrick HVC-VUV-4). To avoid saturation on strongly 

absorbing signals samples were diluted 20-fold with calcined bare SBA15 from the same 

batch used to prepare the catalyst. Spectra were recorded at room temperature after the 

mixtures were dehydrated in synthetic air (20% O2, 80% Ar, total flow of 60 mL/min) at 450 

°C for a period of 60 mins. Dehydrated SBA15 was used as a white reference. Tungsten-

halogen and deuterium lamps were used as light sources allowing spectra to be recorded in the 

range 200-800 nm. Reflectance data were converted to Kubelka-Munk units. 

 

2.2.6 Molecular structure of the catalysts before and after reaction by Electron 

Paramagnetic Resonance. 

 

Magnetic resonance techniques, and in particular Electron Paramagnetic Resonance (EPR), 

are very powerful and frequently used for examining the oxidation and coordination 

environment of transition metal ions in heterogeneous catalysis. An EPR spectrum can be 

used as a fingerprint for active site identification and it also allows its quantitative 

determination. In addition, EPR can be used to follow changes in the oxidation state occurring 

during catalytic processes. Moreover, it also allows monitoring reaction intermediates and 

thus provides kinetic and mechanistic information. Although considerable information 

regarding to spatial and electronic structure of the studied paramagnetic active site can be 

extracted from EPR spectrums, it is often not sufficient for obtaining a detailed picture of the 

close environment of the paramagnetic center.  

A complete description of the physics and fundamental concepts behind the EPR technique, 

sometimes referred to as electron spin resonance (ESR), is beyond the scope of our study. 

Textbooks on the subject of EPR describe the practicalities of the technique, the fundamental 

theory and also the primary applications 
[156-160]

. Also more specialized textbooks regarding 

pulse methods can be consulted 
[161]

. 

 

It is important to acknowledge that since 1993 there has been extensive development in the 

area of pulsed techniques 
[161]

 and high frequency EPR. High-frequency EPR provides several 

advantages over low-frequency techniques. For example, it offers increased resolution of g 
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values, which is important in systems where spectral lines may not be resolved at lower fields. 

Additionally, high-frequency EPR has an increased absolute sensitivity making it particularly 

useful for studying systems where the number of paramagnetic species is inherently low 
[162]

.   

 

Detailed information can be derived from superhyperfine interactions between the 

paramagnetic center and nearby nuclear spins. Unfortunately, these interactions are usually 

too small to generate resolved splitting. However, pulsed EPR can in principle provide 

information from such weak hyperfine interactions invoking multi-pulse (2D-EPR) or 

multiresonance (ENDOR) techniques. Thus pulsed EPR provides important additional 

information that is useful to elucidate the structure of the studied catalysts since its modes of 

operation can supply information of spatial position of the atoms interacting with the 

paramagnetic center. All of this leads to an accurate way to elucidate catalyst structures before 

and after reaction. Next, the common modes of operation of pulsed EPR are mentioned. 

Electron Nuclear Double Resonance (ENDOR), Electron Spin Echo Envelope (ESEEM), 

Hyperfine Sublevel Correlation (HYSCORE), Electron Electron Double Resonance 

(ELDOR). Depending on the purpose, the different EPR experiments were performed using 

different equipments as well as in different research labs. The majority of the EPR 

experiments were carried out in Free University of Berlin in the research group of Prof. Dr. 

Robert Bittl. Additionally, selected samples were strategically characterized by HF-EPR in 

the National High Magnetic Field Lab in Tallahassee (NHMFL. Florida, USA). 

  

The strategy pursued for the EPR characterization of several catalysts was mainly based on: 

(1) preparing stable samples with potential of long term survival to guarantee future analysis, 

(2) establishing the steps to properly characterize the selected catalysts optimizing both the 

amount of work and the consumption of time. (3) Methodologically selecting the most 

promising samples and the EPR modes of operation (CW, pulse EPR, 2D-EPR, HF-EPR) to 

obtain the desired information regarding to either the catalyst structure or the intermediates 

appearing during real reaction conditions. Next, the pursued strategy is described: 

  

1) Developing a quasi in-situ methodology to prepare the EPR samples which provided 

stability ensuring accuracy and reproducibility in the measurements. Our EPR samples were 

prepared employing a quasi in-situ methodology that slightly differs from those already 

described elsewhere 
[163-165]

. Complementary to our quasi in-situ methodology developed and 

employed in our previous study 
[166]

, the quasi in-situ methodology used in this study 
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provided some important advantages which are: (a) much more stable samples mainly 

because of the sample (catalyst) never being exposed to an atmosphere different to that of the 

reaction. Stability is measured in terms of the intensity of the EPR signal as a function of 

time. It was observed that the signals did not decrease within any considerable period of time. 

(b) Restraining possible doubts regarding to the participation of external agents (e.g. unknown 

solvent molecules mixed with N2 inside the glove box) which might have participated in 

either reduction or oxidation of the paramagnetic centers created under reaction perturbing the 

EPR data interpretation. (c) A considerably less amount of catalyst being missed when it is 

transferred to the EPR sample tube, making it a suitable and accurate for an EPR 

quantification study. (d) Material and pressure gaps being avoided, the temperature gap is the 

only loss during our preparation. So the strategy may be considered pretty similar to an in-situ 

analysis. 

  

The experiments performed to prepare the EPR samples were carried out in the same reaction 

system applied for the kinetic measurements. All the EPR samples were prepared at ambient 

pressure using a modified U-shaped fixed bed quartz reactor (6 mm internal diameter) which 

was also the same to perform the kinetics. Nevertheless, the reactor was modified by adding 

the EPR sample tube directly into the reactor to avoid transferring the sample, using a glove 

box, from the reactor to the EPR tube. Changes in reactivity-selectivity of the catalyst due to 

the reactor modification are negligible as it was evidenced by on line GC measurements. The 

EPR sample tube being added far away wherein the reaction is taking place is the reason for 

the changes. Removing the reactor from the heating source and subsequently being cooled 

down transferred the catalyst. Then, the sample was shaked softly until the powder goes 

inside the EPR tube. Finally the sample is heated at ~100 °C for 30 minutes under high 

vacuum (10
-5

 bar) so it was ready to be sealed.  

 

The most important advantage of the used quasi in-situ methodology is the fact that not only 

CW-EPR experiments can be done.  In addition, pulse EPR, 2D-EPR and HF-EPR also can be 

employed to further characterize our catalysts and exploit the potential that EPR offers to 

characterize solid catalysts.   

 

2) Four different sample types were prepared in order to conclusively assign the 

characteristic EPR signal for each studied paramagnetic center. (i) H2 reduced samples, (ii) 
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samples reduced under ODP conditions, (iii) totally oxidized samples, and (iv) pristine 

catalyst samples.  

 

(i) H2 reduced samples: were prepared using pure hydrogen (Air Liquid, 99,999%). It 

was carried out for 3 hours at a flow rate of 60 ml min
-1

. The reduction was performed at 

450°C.  After 3 hours, the sample was cooled under H2 atmosphere until it reached room 

temperature. Subsequently the sample was transferred from the reactor to the EPR sample 

tube. Introducing the EPR tube into an oil bath, the sample was heated at ~100°C for 30 

minutes while reducing the pressure (~1x10
5
 bar). Finally, the sample was sealed inside the 

tube by melting the glass.   

 

(ii) Samples reduced under ODP conditions: were prepared using propane (Air Liquid, 

99,95%) and synthetic air (Air Liquid 20,5% O2 in N2) in the ratio 2:1 propane and oxygen. 

The reaction was carried out at 60 ml min
-1

 total flow and at temperatures barely not higher 

enough to convert the O2 totally (~340 - 450°C). To avoid total oxygen conversion, 

additionally the residence times were varied using different catalyst mass (70 – 120 mg). The 

reaction was performed during 3 hours, time enough to achieve the steady state. Reaction 

products were analyzed using a gas chromatograph ascertaining that C3H6 was formed and O2 

conversion was below 100%. After 3 hours, air valve was closed avoiding O2 inside the 

reactor and immediately after the reactor was removed from the heat source. Afterward, the 

sample was quenched under pure C3H8 until room temperature was reached. Then, as we did 

for the H2 reduced samples, the sample was transferred from the reactor to the EPR sample 

tube and sealed following the steps mentioned above. 

 

(iii) Totally oxidized samples: were prepared employing synthetic air (Air Liquid 20,5% O2 

in N2) at 60 ml min
-1

 total flow and at 450°C for 30 min. Sample sealing was identically done 

as explained above. This sample was prepared to prove that high vacuum does not create any 

paramagnetic center detectable by EPR under the employed treatment conditions. 

 

(iv) Pristine catalyst samples: were analyzed by EPR without any previous treatment and 

the sealing step was not necessary.  

 

3) Several experiments in methodologically different EPR modes were carried out. The 

selected experiments were mainly based on considering the most promising catalysts from the 

kinetic point of view, plus those showing CW-EPR spectrums with potential useful 
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information. First of all, the catalysts were characterized by CW- EPR at 10 and 5 K. Then, 

selected catalysts where studied by pulse EPR techniques (FSE and ENDOR), also 2D-EPR 

and finally by high frequency EPR. 

 

For our study, the used EPR spectrometers as well as the essential information needed to run 

the different experiments are as followed: 

 

a) Physics Department, FU Berlin: Commercial Bruker spectrometers (ElexSys 680 and 

580) operating in continuous wave and pulsed mode at 9.5 GHz (X-band) and 34 GHz (Q-

band), respectively, were used. Temperature control is provided by commercial cryostats 

(Oxford). At 9.5 GHz a Bruker resonator was used, whereas at 34 GHz a home-built cavity 

was used, allowing for a wider sample size of 2 mm o.d 

 

b) National High Magnetic Field Laboratory (Tallahassee, USA): The used high 

frequency EPR spectrometer operates in transmission mode and employs oversized 

cylindrical waveguides. The microwaves were generated by a phase-locked Virginia Diodes 

source generating a frequency of 13 (1 GHz and producing its harmonics of which the 4
th

, 8
th

, 

16
th

, 24
th

, and 32
nd

 were available. A frequency range of ca. 48-448 GHz can be covered. 

Microwave power incident on the waveguide was adjusted to approximately 5 mW. 

Microwave power incident on the sample probably will be on the order of 1 mW. No 

resonator was used. Microwave detection was performed with a low-noise, fast-response InSb 

hot-electron bolometer (QMC Ltd.), operated at liquid helium temperature. A field 

modulation in the range of 10-50 kHz was used to obtain “first-derivative-type” EPR spectra. 

Microwave frequencies in the range of 200-400 GHz were chosen for our experiments to 

allow for optimal spectral dispersion and frequency resolution. A superconducting magnet 

(Oxford Instruments) capable of reaching a field of 14.9 T was employed, thus covering the 

important g = 2 region of spectra, characteristic for doublet radicals.  

 

2.2.7 Additional Supporting Experimental Techniques 

 

Is important to mention that for an appropriate interpretation of kinetics, very well 

characterized catalysts are essential. For this reason the synthesis and characterization of the 

employed catalysts for our study were the goal of other doctoral thesis 
[167]

. Moreover, in 

seeking to overcome the problems-challenges associated with supported vanadium oxide 
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catalysts using partial oxidation reaction as model reactions (mainly propane and small 

alcohol ODH) our kinetic study as well as the used catalysts were part of the SFB-546 project 

entitled “Structure, Dynamics and Reactivity of Aggregates of Transition Metal Oxides” in 

which several different groups and institutions were involved 
[168]

. Therefore, the catalyst used 

in our study have been extensively analyzed by several different groups working with 

different spectroscopic techniques, theoretical calculations, gas phase models, UHV 

experiments, among others. This provides a solid background for our better understanding and 

interpretation of the obtained kinetic data, which our study was focused in.    

 

Apart from the techniques in the previous paragraph providing enough accurate information 

to support our conclusions, additional techniques were used to further complement and 

corroborate the information about the proposed structure of the (VOx)n-(TiOx)n/SBA15 

catalysts. Because of brevity these techniques are not described in this study. Such techniques 

are: HRTEM, STEM, XRF, NEXAFS, TGA.  

 

2.3 Experimental Set-up for ODP Kinetic Measurements 

 

All our catalytic measurements were performed at ambient pressure with U-shaped fixed bed 

quartz reactors (i.d. 6 mm). The powder pristine catalysts were pressed and sieved at particles 

sizes between 200 and 300 µm being suitable particle sizes to discard mass transfer 

limitations. In order to avoid hot spots and homogenize the temperature gradient inside the 

catalyst bed, the catalyst pellets were diluted with same particle size inert silicon carbide 

(SiC) in the mass ratio 1:2 (catalyst/SiC). The reactor, containing the diluted catalyst between 

two layers of SiC, was immersed into a fluidized bed of sand serving as a source of heat to 

provide 8 cm long isothermal conditions. The reactants feed consisted of synthetic air (20,5% 

O2 in N2) and propane (99,9% C3H8). The reactant gases (C3H8 and synthetic air) flow rates 

were controlled separately by two electronic mass flow controllers calibrated in advance 

(Bronkhost Hi-Tech, E1-flow mass flow controller). The reactants mixture passed a static 

mixer prior to entering the reactor. Exhaust gases were analyzed by an on-line gas 

chromatograph (GC, Shimadzu 2014) equipped with two packed columns (HayeSep Q and 

molecular sieve 13X) for the separation of O2, N2, CO, CO2, and C1
+
 gases. Oxygen and 

nitrogen were detected by a thermal conductivity detector, whereas hydrocarbons and 

methanized carbon oxides were detected by a flame ionization detector. The duration of each 

GC analysis was about 27 minutes, which is long enough to achieve steady state conditions 
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which was experimentally determined (~12 min). Bare support reactivity using dTi/SBA15 (d 

= 0 – 23 wt% Ti) catalysts was also measured. Experiments using pure SiC were also carried 

out demonstrating the absence of homogeneous gas phase reaction below 550°C. Carbon 

balance was closed up to 100 ± 5 %. The conversion of propane, and selectivity towards 

propene were calculated based on the carbon balance (carbon in reactants and products) using 

the equations (12) and (13), respectively. 

 

                         
           

       
       (equation 12) 

 

                    
      

           
                 (equation 13) 

 

where,  

∑[Products] = [C3H6]+ (1/3)*[CO]+ (1/3)*[CO2] + (1/3)*[CH4]+ (2/3)*[C2H6] + (2/3)*[C2H4]  

[C3H8]0 and [products] are the initial propane concentration and the respective products 

concentration after reaction at steady state conditions, respectively. Reaction rates at low 

propane conversion (below 10%) were calculated according to equation (14): 

 

                           
 

  
    (14) 

 

where [C3H8]0 is the initial propane concentration, X is the conversion (below 10%), and τ is 

the modified residence time calculated from catalyst mass divided by gas flow rate (mcat/F). A 

modify residence time is used due to the fact, that the catalyst volume does not adequately 

represent the number of active sites in each sample. In order to compare the obtained reaction 

rates properly, it was needed to normalize by surface area obtaining molpropane/m
2
.s as rate 

units.  
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Depending on the purpose, the kinetic experiments were designed as following: 

 

I) Looking for the optimal V:Ti ratio in terms of propene productivity. The experiments 

were performed at temperature ranging from 440 up to 520 °C. Propane conversion was 

maintained below 10% to ensure a gradientless reactor. Besides, total oxygen conversion was 

evaded. Depending on the studied catalyst, the catalyst mass and the total flow rates were 

varied in a range of 1,5 to 300 mg and 20 to 100 cm
3
/min, respectively. 

 

II) Apparent ODP activation Energy. The experiments were carried out at temperatures 

varying from 380 to 520 °C. Depending on the reaction temperature different residence times 

(varying the catalyst mass) were used in order to guarantee considerable low propane 

conversion. It gives accuracy in the calculated apparent activation energy due to parallel 

combustion reaction are negligible. For the promising catalysts, this procedure was identically 

repeated up to 3 times using fresh catalyst in order to prove the reproducibility and stimate the 

error associated with the measure. 

 

III) Reaction orders determination. Considering only the promising catalysts further 

kinetics were done in detail. Determining the reaction orders was one of those needed and 

time consuming kinetic experiments. For this purpose, the feed was composed of eight 

different C3H8:O2 ratios (3:1, 2:1, 1:1, 1,5:1, 0,5:1, 1:1, 1:2, 1:3, 1:4). Several experiments 

were carried out at 400°C and atmospheric pressure varying the residence time (catalyst mass 

from 15 to 60 mg). Instead of synthetic air, O2 and N2 were fed separately at specific flows to 

achieve the desire feed composition. After finishing one experiment at a specific C3H8:O2 

ratio, and before measuring the catalytic activity at a new feed composition, the catalyst was 

completely oxidized at 400°C (synthetic air flow 60cm
3
/min ).  

 

IV) Time on stream catalyst stability. Selected catalysts were tested in terms of stability. 

For this purpose, first of all, authentic ODP reaction conditions, namely avoiding total O2 

conversion, were used. Performing the experiments as mentioned above with the slight 

difference that the residence time and the reaction temperature (500 °C) were maintained 

constant during the reaction. Both propane conversion and propene selectivity were monitored 

in time of stream up to ~3 days in order to verify the stability of the studied catalysts.  
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3. Kinetics of the Oxidative Dehydrogenation of Propane (ODP) over model                

(VOx)n-(TiOx)n/SBA15 Catalysts: “Looking for the ideal V/Ti ratio to reach 

attractive propene productivities for industrial application” 

 

3.1 Introduction 

The petrochemical industry is largely based on the conversion of alkenes as they are versatile 

raw materials that may be easily and economically obtained from petroleum. 
[169]

. Partial 

oxidation of low molecular weight alkanes (from C1 to C4), with the focus on oxidative 

dehydrogenation and oxo-functionalization as target reactions, has been studied extensively 

[170-171]
. As demand for propene is growing faster than demand for both ethylene and gasoline, 

there is a widening gap between propene demand and the amount which may be supplied via 

conventional routes, i.e. direct hydrogenation and steam cracking 
[172]

. Oxidative 

dehydrogenation of propane (ODP) offers several advantages over traditional routes, such as: 

thermodynamically less restrictive; lower reaction temperatures; no catalyst deactivation due 

to coke deposition; less overall energy demand and therefore lower running costs. For the 

reasons given above, ODP is an attractive solution to bridge the propene supply-demand gap 

[10]
. Since propene is more reactive than propane 

[173]
, parallel and sequential combustion 

reactions lead to poor propene yields. Thus, improving the selectivity to propene is the main 

challenge in developing ODP as a commercially viable process. 

Vanadium-based catalysts are frequently applied in the industry as oxidation catalysts 
[12]

. 

Among other reactions, they are known to be active for the oxidative dehydrogenation of light 

alkanes 
[10,112]

. ODP is facile on oxides of vanadium, molybdenum, and chromium, with 

vanadia-based catalysts typically providing higher rates and propene selectivities 
[39]

. 

Recently, carbon nanotubes as well as subnanometer platinum clusters have been presented as 

attractive alternatives to metal oxide catalysts for ODP 
[174,175]

. It has been proposed that ODP 

over vanadia-based catalysts occurs via a Mars-van-Krevelen mechanism, which was 

evidenced by experimental isotopic tracer studies 
[82]

. Theoretical studies corroborate the fact 

that lattice oxygen is involved in the ODP catalytic cycle 
[137, 176]

. As a consequence, detailed 

studies have been performed which consider the influence of vanadium oxide loading 
[112,38]

 

and the effect of the material support 
[10,112,96,98]

 on the overall ODP reaction rate. Table 3.1 

summarizes the findings of these studies. 
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Table 3.1. Surface areas, composition, and ODP reactivity comparison of different vanadium oxide supported 

catalysts at 500°C. 

 BET (m
2
/g) V/nm

2
 TOF [10

-3
 s

-1
] Ref 

V/Al2O3 

V/SiO2 

V/TiO2 

V/ZrO2 

V/MgO 

109 

300 

47 

74 

101 

1,5 

1,4 

1,8 

2,1 

3,1 

26 

11 

160 

60 

9 

[111] 

[42] 

[99] 

[99] 

[98] 

 

Whereas it was found that TiO2-supported vanadia has the highest TOF, it also showed a low 

surface area 
[99]

. In return, this leads to a limited concentration of dispersed surface vanadium 

sites 
[80]

, which are essential for optimal propene selectivity, and, therefore, low propene 

productivity rates. On the other hand, due to its high surface area (~300 – 1500 m
2
/g), SiO2 

support material is the best candidate to prepare catalysts with a high number of VOx surface 

sites. Thus, utilization of a mixed oxide support material that combines the beneficial 

properties of both SiO2 and TiO2 constitutes a promising approach towards an improvement 

of propene productivity in ODP. Previous studies have found that ternary (VOx)n-(TiOx)n/SiO2 

catalysts have demonstrated superior catalytic performance in various selective oxidation 

reactions 
[66,73,128,177]

.  

In other studies focusing on propene productivity, a comparison of the performance of several 

vanadium oxide-based catalysts for ODP has already been reported 
[10]

. The maximum 

reported propene productivity obtained on a vanadia based catalyst is ~1,8 kgpropene/kgcat/h 

[178]
. Higher productivity has been obtained only by working in reaction conditions far away 

from oxidative dehydrogenation conditions (total oxygen conversion) 
[179]

. In the present 

study we attempt to optimize propene productivities by tuning the relative surface 

concentrations of titanium and vanadium oxide species supported on SBA15.  

To this end we have systematically dispersed various quantities of titanium and vanadium 

oxides on SBA15 following the procedure described in Chapter 2. As a product of an 

extensive work, a comprehensive (VOx)n-(TiOx)n/SBA15 catalyst matrix (Figure 3.1) was 

designed by incrementally adjusting the vanadium and titanium oxide content by sequential 

grafting of titanium and vanadium alkoxides on a well-defined, mesoporous SBA15 support.  
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Although Santa Barbara mesoporous silica (SBA15) has a lower surface area than MCM 

materials (~800-1000 m
2
/g) 

[123]
, it was selected for this study because it has a thermal 

stability that exceeds that of the thinner-walled MCM41 
[180]

. 

 

Figure 3.1. Matrix detailing relative composition of the catalysts. The numbers indicate the catalyst ID for 

internal use. 

 

Differences in dispersion and local structure of vanadia surface clusters of different size 

[39,96,98]
 are related to the abundance of vanadium-oxygen-support bonds, which have been 

considered as catalytic active sites 
[39,137]

 in the rate-determining step that involves the 

abstraction of the methylene hydrogen atom from the propane molecule 
[99]

. Acting as a 

ligand, the support has been supposed to affect the basicity of the bridging oxygen in S-O-V 

moieties (S = Si, Al, Ti, etc.) by differences in the electronegativity and, therefore, their 

reactivity 
[137]

. Taking into account that the oxidative dehydrogenation of propane requires the 

transfer of four electrons, the electronic properties of the surface vanadia species, which are 

integrated by chemical bonds in the collective catalyst system, are of importance. It is known 

that the support controls the ability of the active oxygen atoms to mediate the electron transfer 

to the metal 
[38,80]

. In addition, specific electronic properties of the support facilitate the 

reaction. Titanium dioxide, e.g., is involved by acting as an electron sink forming Ti
III

 and/or 

surface-trapped O2
(-)

 species under reaction conditions of oxidative dehydrogenation of 

propane 
[80]

.  
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In the present work we investigate the effect of the abundance of Ti-O ligands on the 

reactivity of vanadium oxo-species in oxidative dehydrogenation of propane. The 

environment of dispersed vanadium oxide species was modified by synthetic means applying 

mesoporous silica (SBA15) as a host for highly dispersed titania and vanadia surface species. 

SBA15 has been chosen due to its high surface area and density of hydroxyl groups. A library 

of mixed (VOx)n-(TiOx)n/SBA15 catalysts was prepared by grafting alkoxides on Si-OH 

groups with the objective of exploring the interactions between supported titania and vanadia 

guest species with each other and the silica support as a function of metal loading strictly 

avoiding the formation of segregated, bulk-like transition metal oxide particles. In this 

manner, the metal oxide loading was incrementally adjusted, resulting in sub-monolayer, 

monolayer and multilayer catalysts with varying V/Ti ratios (Figure 3.1). Complementary 

spectroscopic techniques (Chapter 2) were applied to analyze the topology of vanadia-titania 

surface patterns and the local environment of vanadium in surface oxide clusters aiming at an 

improved understanding of ligand effects in oxidative dehydrogenation of propane to 

propylene.  

3.2 Results  

Since the main focus of our study was aiming at the kinetic data acquisition as well as its 

interpretation for corroborating proposed reaction mechanisms, results regarding catalyst 

synthesis and characterization will be briefly presented and discussed. For more details see 

elsewhere 
[55]

. Composition and microstructural characteristics of the studied catalysts are 

listed in Appendix B. The important aspects to consider from the structural point of view for 

the better understanding of the structure-reactivity relationship are explained next.   

Titanium and vanadium oxide dispersion: 

Both vanadium and titanium oxide can be successfully dispersed on SBA15 at considerable 

high loadings without formation of three-dimension surface species. It can be done by the 

grafting of titanium and vanadium guest species on SBA15. The incorporation of titania and 

vanadia into SBA15 by grafting occurs via reaction of surface silanol groups with the 

alkoxides precursors forming Si-O-(Ti,V) bonds. Infrared spectrometric measurements 

showed a depletion of the ν(OH) stretching mode of Si-hydroxyl groups (silanols) upon 

increasing metal loading  demonstrating the coordination of the alkoxides with the SBA15 

surface (Figure 3.2 and 3.3). 

 



Looking for the ideal V/Ti ratio 

 

78 
 

 

Figure 3.2. FTIR spectra of selected Ti/SBA15 catalysts after activation in 200 mbar O2 at 500 °C. Spectra are 

normalized according to areal density of the wafers used. 

 

Figure 3.3. FTIR spectra of selected V/SBA15 catalysts after activation in 200 mbar O2 at 500 °C. Spectra are 

normalized according to areal density of the wafers used. 
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In agreement with previous literature, the infrared spectra for both the (VOx)n/SBA15 (Figure 

3.2) and (TiOx)n/SBA15 (Figure 3.3) sample series exhibit a general trend of decreasing 

intensity in the O-H stretching vibration region (OH = 3800-3400 cm
-1

) with increasing 

loading 
[66,96,181,182-184]

. All spectra exhibit a band with a peak maximum located at 3745 cm
-1

, 

which is attributed to the OH stretching mode of isolated silanol groups associated with the 

SBA15 support that becomes broader and less intense as metal loading is increased. 

Due to its exceptionally high sensitivity towards phonon vibrations we employ Raman 

spectroscopy in order to identify the gradual transformation of highly dispersed, isolated 

titanium and vanadium oxide species into three-dimensional, bulk-like arrangements. The 

Raman spectroscopy results under dehydrated conditions of selected catalyst are shown in 

Figure 3.4, 3.5, and 3.6.  

 

Figure 3.4. Dehydrated Raman spectra for SBA15 (a), 7Ti/SBA15 (b), 11.5Ti/SBA15 (c), 14.7Ti/SBA15 (d), 

17Ti/SBA15 (e), 19Ti/SBA15 (f), 20Ti/SBA15 (g), 21Ti/SBA15 (h), 22.5Ti/SBA15 (i), 23Ti/SBA15 (j), and 

commercially acquired TiO2 (anatase) (k). The intensity of each spectrum has been normalized between 0 and 1 

to facilitate comparison. 
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Figure 3.5. Dehydrated Raman spectra for 4V/0Ti/SBA15 (a), 4V/1Ti/SBA15 (b), 4V/3Ti/SBA15 (c), 

4V/8Ti/SBA15 (d), 4V/13Ti/SBA15 (e), and 4V/23Ti/SBA15 (f).  

 

Figure 3.6. Dehydrated Raman spectra for 1V/13Ti/SBA15 (a), 2V/13Ti/SBA15 (b), 4V/13Ti/SBA15 (c), and 

6V/13Ti/SBA15 (d).  

 

At a Ti loading of 17 wt.%, the first weak signs of phonon bands appear (Figure 3.4e). At 19 

wt.% Ti loading, very weak signals can be identified at 159, 343, 474, and 598 cm
-1

 (Figure 

3.4f). With increasing Ti content, these broad and ill-resolved features become more intense 

and shift to 155, 400, 451, 510 and 626 cm-1 at loadings of 20 wt.% and above (Figure 3.4g). 

No indication for titanyl stretching vibrations (Ti=O), which are expected in the range 

between 900- 1000 cm
-1
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The Raman spectra of the crystalline TiO2 modifications anatase and rutil show a common 

band at 144 cm
-1

 corresponding to the Eg(1) and B1g mode of lattice vibrations, respectively 

[186,187]
. Other collective vibrations appear at 447 cm

-1
 (Eg), 612 cm

-1
 (A1g), and 826 cm

-1
 (B2g) 

for rutile, and at 197 cm
-1

 (Eg(2)),(Eg), 399 cm
-1

 (B1g(1)),(B1g), 513 cm
-1

 (A1g), 519 cm
-1

 

(B1g(2)),(B1g), and 639 cm
-1

 (Eg(3))(Eg) for anatase. For reference, the Raman spectrum of 

anatase is shown in Figure 3.4k. The broadness and relatively low intensity of the bands 

emerging in the phonon range with increasing titania loading indicate the transition from well-

defined, isolated titanium oxide species into two- and three-dimensional precursors of the 

solid state, which are characterized by a wide range of bond angles and distances. Based on 

the Raman spectra presented in Figure 3.4, we conclude that at loadings of 17 wt.% and 

below, the multi-step grafting procedure described here yields mainly dispersed titania surface 

species on SBA15, while at loadings greater than 17-19 wt.% the titanium oxide species exist 

in form of two- and three-dimensional networks. It is corroborated also with Figure 3.5 and 

Figure 3.6 where TiO2 anatase characteristic Raman signals start to appear at metal loading 

around 19% and above.  

Moreover, XRD excludes the presence of larger crystalline particles in all samples studied in 

the present work (results not shown). This was confirmed by high resolution TEM imaging of 

19Ti/SBA15 (Figure 3.7, left). The varying contrast visible in the HAADF STEM image 

(Figure 3.7, right) could indicate small clusters of titania in the walls, i.e., within the 

micropores of SBA15. 

  

Figure 3.7. High resolution TEM (left) and HAADF STEM (right) images of 19Ti/SBA15. 
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Interestingly, the titanium loading of 19 wt.% corresponds to a calculated surface density of 

2.95 Ti/nm
2
. In comparison, the surface silanol density of the corresponding SBA15 mother, 

determined by TGA, is 3.1 OH/nm
2
, which implies a near 1:1 ratio of silanol groups and 

deposited Ti atoms in agreement with our IR spectroscopic result and previous findings in the 

literature 
[183]

. 

UV-vis spectroscopy also provided information to confirm the high dispersion grade of the 

studied catalysts. Figure 3.8 shows the UV-vis spectra of (TiOx)n/SBA15 including the 

reference spectrum of anatase. The ligand-to-metal charge transfer (LMCT) transitions that 

are responsible for absorption in the UV range of the spectrum are strongly influenced by the 

number of ligands surrounding the central metal ion in the first coordination sphere and, 

therefore, provide information on its local coordination environment. As titanium loading is 

increased, the peak maxima shift to higher wavelengths. For the (TiOx)n/SBA15 with low Ti 

loading (3 wt.% Ti) the peak maximum was found at 210 nm. In reference to UV-vis 

spectroscopic studies of amorphous TiO2-SiO2 mixed oxides, the band is assigned to isolated 

Ti ions in tetrahedral coordination 
[188,190]

. It is assumed that Ti substitutes for Si in the silica 

network. With increasing titania loading the absorption maximum shifts to lower energies 

(240 nm for 8 wt.% Ti, and 276 nm for 23 wt.% Ti), which has been attributed to progressive 

cross-linking by Ti-O-Ti bridges and changes in the coordination environment that finally 

result in the electronic structure of bulk-like titanium oxide. Gao et al. 
[67] 

reported that both 

dimeric and one-dimensional polymeric, i.e., ribbon-like, titania species may yield maxima 

located at ca. 246 nm, while a shift toward higher wavelength indicates formation of two-

dimensional polymerized TiO5 units. The ligand to metal charge transfer (LMCT) band for 

titanium in octahedral coordination in anatase is located at 340 nm (Figure 3.8) 
[189]

. The 

spectra of (TiOx)n/SBA15 presented in Figure 3.8 exhibits a tail towards higher wavelength 

that includes only a very minor contribution at ca. 340 nm for loadings higher than 17 wt.% 

Ti. Therefore, the presence of titanium oxide nano-domains can be basically excluded for 

loadings up to 17 wt. % Ti in agreement with Raman spectroscopy (Figure 3.4). Similarly, 

vanadia species oligomerizes with increasing the vanadium oxide loading up to 9 wt.% V as 

can be seen in Figure 3.9. 
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Figure 3.8. Diffuse reflectance UV‐vis spectra of selected Ti/SBA15 samples after activation in flowing 

synthetic air at 500 °C. 

 

Figure 3.9. Diffuse reflectance UV‐vis spectra of selected V/SBA15 samples after activation in flowing synthetic 

air at 500 °C. 
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In summary, titanium oxide species were grafted on the walls of the meso- and micropores of 

SBA15 in sub-mono- and monolayer quantities. The coated layer is composed of highly 

dispersed, two-dimensional titania surface species. Mesoporous silica SBA15 allows grafting 

of exceptionally high amounts of titanium due to the high specific surface area and the 

striking density of anchoring OH groups. Monolayer coverage without noticeable segregation 

of titanium oxide nanoparticles has been achieved in the range between 17 and 19 wt.% Ti 

loading corresponding to 6-8 Ti atoms / nm
2
 and Si/Ti ratios between 3.3 and 2.8.  

Location of vanadium oxide surface species: 

The link between the catalyst structure and the kinetic data of the studied catalyst is the main 

aim in our study in order to mechanistically understand how the reaction could be improved in 

terms of both reactivity and selectivity. For that, only to make a distinction of the formed 

titanium and vanadium oxide species is not enough to design a highly productive catalyst. The 

molar ratio between the metals (vandia/titania) plays also an important role, which at the same 

time is hardly linked to the final location of the surface vanadium oxide species on the 

catalyst surface. In other words, the ODP reactivity and selectivity is influenced by the 

employed metal loadings and the ratio between them not only because both metals 

oligomerize with increasing loading, also because a synergetic effect is observed depending 

on how the different species coexist on the catalyst surface.  

Since the methodology of the catalyst synthesis consists of first covering the SBA15 pore 

walls with titania and afterwards grafting vanadium oxide species on the (TiOx)n/SBA15 

support, the question that arise is where are the vanadium oxide species located ?. On sub-

monolayer TiOx/SiO2 catalysts, vanadia might be located on either, or both, of the titania and 

silica components 
[73,74,191-197]

. Accessible titania species are identified by infrared 

spectroscopic measurement of adsorbed carbon monoxide (Figure 3.10). Titania-containing 

catalysts exhibit two bands located at ca. 2180 and 2158 cm
-1

, assigned to CO chemisorbed on 

coordinatively unsaturated Ti
IV

 species 
[198]

 and surface hydroxyl groups 
[199,200]

, respectively. 

The signal corresponding to the accessible coordinatively unsaturated titanium ions is 

compared in Figure 3.10-left for a number of catalysts. The band is absent from the spectra of 

4V/SBA15 and SBA15. When the Ti loading is increased from 3 wt.% to 8 wt.%, the signal 

intensity of the corresponding band of the (TiOx)n/SBA15 catalysts increases indicating that 

the number of coordinatively unsaturated Ti
IV

 sites on the surface is higher at higher Ti 

loadings. However, the trend is reversed when the titanium content is further increased to 13 

wt.%, which might be an expression of progressive oligomerization of surface titanium oxide 
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species. The intensity of the band is significantly attenuated upon addition of vanadium to the 

(TiOx)n/SBA15 supports. In Figure 3.10-right, the percentage of residual free titania surface 

after grafting vanadium has been plotted as a function of the V/Ti ratio. Comparison of the 

spectra of 1V/3Ti/SBA15 and 4V/3Ti/SBA15 (Figure 3.10-left) reveals that vanadia species 

progressively cover the surface titania species reducing the fraction of accessible titania from 

60% for 1 wt.-% V to 40% for 4 wt.% V (also illustrated in Figure 3.10-right).  

 

 

 

 

 

 

 

 

Figure 3.10. (left). Fraction of uncovered titania surface as a function of the V/Ti ratio, comprising 

4V/3Ti/SBA15, 4V/8Ti/SBA15, 1V/3Ti/SBA15, and 4V/13Ti/SBA15. The free titania surface was estimated 

from the ratio of the height of the peaks at 2180 cm
–1

 in the FTIR spectrum of CO adsorbed on the V-containing 

catalyst and the corresponding support. The peak is attributed to CO adsorbed on coordinatively unsaturated Ti
IV

 

ions (right). 

 

Interestingly, even when vanadium is present in relative excess compared with previously 

grafted titanium oxide species (such as in, e.g., 4V/3Ti/SBA15), the Ti
IV

 signal is still present. 

This indicates that vanadium species coordinate to both titanium centers and silanol groups 

unless the titanium oxide is present in monolayer concentration. An interesting phenomenon 

becomes apparent from the comparison of the spectra of 1V/3Ti/SBA15 and 4V/13Ti/SBA15, 

respectively. The two catalysts are characterized by similar V/Ti ratios, but different total 

metal loading. For 3Ti/SBA15, grafting of 1 wt.% vanadia results in a substantial decrease of 

the signal belonging to the accessible, coordinatively unsaturated titanium ions at the surface, 

indicating that grafting of V leads to coverage of approximately 40% of the Ti oxide surface 

species, leaving 60% of the titania surface free. In contrast, the signal is less attenuated by 

grafting of the same relative amount of V on 13Ti/SBA15, leaving 90% of the titania 
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uncovered (Figure 3.10-right) and suggesting that vanadia is grafted to a larger extent on the 

residual free silica surface in this case. At this point, it is interesting to note that the total 

metal loading in 4V/13Ti/SBA15 corresponds to 17 wt.%, which is close to the monolayer 

coverage of this particular catalyst. 

For vanadia supported on (TiOx)n/SBA15, the bands in the UV-vis spectra (Figure 3.11) 

originate from superposed LMCT transitions of both vanadium and titanium surface oxide 

species. Apparently, titania in sub-monolayer abundance stabilizes surface vanadium oxide 

species in tetrahedral coordination, because the peak maxima in the spectra of the catalysts 

4V/3Ti/SBA15 and 4V/8Ti/SBA15 are shifted to higher energy compared to 4V/SBA15. The 

interpretation of the 4V/13Ti/SBA15 spectrum is not straightforward. The maximum in 

absorption is shifted again to 278 nm and the shape of the signal resembles very much the 

spectrum of 4 wt.% vanadium on SBA15. The total metal loading in this catalyst is close to 

the capacity of a monolayer (ca. 17 wt.% metal). This might lead to the formation of a mixed 

two-dimensional V-Ti surface oxide monolayer with unique absorption properties resulting in 

a peak maximum energetically close to that of 4V/SBA15. The peculiar spectroscopic 

appearance of the 4V/13Ti/SBA15 catalyst is in agreement with the finding by infrared 

spectroscopy of adsorbed CO, which illustrates that vanadium preferentially replenishes the 

residual free silica surface on 13Ti/SBA15. Raman spectroscopy confirms two-dimensional 

dispersion of surface vanadia and titania species in 4V/13Ti/SBA15 (Figure 3.5 and 3.6). 

 

Figure 3.11. UV-vis spectra of 4V/SBA15, 4V3Ti/SBA15, 4V8Ti/SBA15, and 4V13Ti/SBA15 after dehydration 

in synthetic air at 723 K. The spectra were taken at 313 K. The spectra of 13Ti/SBA15, 17Ti/SBA15, and TiO2 

(anatase) are shown for reference. 
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Mesostructure of the catalysts: 

To analyze whether the incorporation of high loadings of the titania and vanadia guest species 

degrade the mesopore structure of SBA15, nitrogen adsorption has been performed. The 

profiles shown in Fig. 8 are representative for all of the prepared catalysts and conform to 

type IV isotherm maintaining H1 hysteresis following the categorization stipulated by 

IUPAC. For pure (TiOx)n/SBA15 samples, this observation is valid up to a loading of 20 wt.% 

titanium. Grafting of metal oxide species is accompanied by an associated decrease in specific 

surface area (Appendix B). For (TiOx)n/SBA15 samples, the fact that mesoporosity is 

maintained while the total surface area decreases with loading, indicates that, up to a loading 

of 20 wt.%, the titanium guest species lines the walls of the mesopores without filling or 

plugging them (Figure 3.12). This is also in agreement with the estimated thickness of the 

metal oxide layers within the mesopores of SBA15 that are in the order of magnitude of a few 

Å (Appendix B). At loadings greater than 20 wt%, the quality of the previously well ordered 

pore system appears to be diminished, as indicated by the presence of partial H2 character in 

the hysteresis loop of a 23.5 wt.% Ti/SBA15 catalyst (not shown). Ternary (VOx)n-

(TiOx)n/SBA15 samples also yield H1 hysteresis loops, indicating that subsequent addition of 

vanadium does not cause degradation of the well-defined mesoporous network (Figure 3.12). 

 

Figure 3.12. Nitrogen adsorption isotherms of selected catalyst samples recorded at 77K. Profiles are off set for 

clarity. 
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The total volume of nitrogen taken up by the (TiOx)n/SBA15 samples is observed to decrease 

with increasing titanium loading, indicating a reduction in surface area with each 

impregnation step. In addition, the percentage of specific surface area due to microporosity, as 

determined by t-plot analysis, is also observed to decrease with increasing loading (Figure 

3.13). With respect to molar metal loading, the filling of micropores is more rapid for vanadia 

deposition than for titania deposition, indicating that vanadia has a greater affinity for 

micropores than titania. 

 

Figure 3.13. Microporosity as a function of metal loading for vanadia and titania catalyst series. 
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Catalytic activity and propene selectivity over (VOx)n-(TiOx)n/SBA15 catalysts in ODP: 

Varying the V/Ti ratio in the catalyst composition and taking advantage of the high surface 

area and molecular structure of SBA15, various selected (VOx)n-(TiOx)n/SBA15 catalysts 

from the prepared matrix were studied in the oxidative dehydrogenation of propane. Testing 

these catalyst series, we attempted to determine either a synergetic V-Ti effect or to link the 

reactivity data with the structure of the catalyst by measuring the intrinsic kinetics properly. 

By compiling the obtained kinetic data and comparing with each other as well as with the 

reported data in literature, it was also possible to select a promising catalyst for further 

detailed kinetic studies and reaction engineering which is described in the Chapter 4 of this 

study.  

In order to ensure accurate kinetic data, an isothermal and differential reactor was used under 

conditions avoiding homogeneous gas phase reactions as well as mass transfer limitations. 

Moreover, blank experiments (support SBA15, and diluent SiC) were performed indicating 

that their activity is negligible at the studied temperatures.  

Figure 3.14 shows the results regarding the reactivity of the catalysts in terms of propane 

consumption rates normalized to the catalyst surface area. Permuting the loading of both V 

and Ti, different reaction rate magnitudes as well as different trends are observed. Reactivity 

is observed to increase with loading of both vanadium and titanium oxides. However, the 

vanadium oxide loading has a much greater influence on the reaction rates than titanium 

oxide.  

Catalyst’s propene selectivities as a function of both vanadia and titania loading are depicted 

in Figure 3.15. It shows the selectivity-conversion trajectories at propane isoconversion of 

~6% for different ternary (VOx)n-(TiOx)n/SBA15 catalysts at 500 °C. Obviously, there are no 

large differences in the propene selectivity until the monolayer coverage is reached at ~17 Ti 

wt. %. The 3%V/bulk-TiO2 catalyst represents a TiO2 bulk material used as a reference to see 

the improvement in propene selectivity using two-dimensional TiOx species instead of bulk 

TiO2 anatase (Figure 3.15a). 
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Figure 3.14. Selected reactivity data: (a), (b), and (c) Propane consumption rates as a function of titania loading keeping constant vanadia loading at 2, 4, and 6%, respectively. 

(d), (e), and (f) Propane consumption rates as a function of vanadia loading keeping constant titania loading at 3, 6, and 17%, respectively. Experimental condition: catalyst mass: 

2 – 150 mg, total flow rates: 120 - 20 ml*min
-1
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The lowest propene selectivities are obtained with catalysts containing ~23 Ti wt. %. It is 

caused by the presence of TiO2 nanoparticles (Figure 3.5) which are known to accelerate the 

combustion reactions decreasing the selectivity. The 6V/13Ti/SBA15 catalyst also showed 

unexpected lower propene selectivity in comparison to the 4V/13Ti/SBA15 catalyst. It is 

attributed to the formation of TiO2 anatase nanoparticles because vanadia courses the titania 

agglomeration.  

  

Figure 3.15. Selectivity as a function of (left) titania and (right) vanadia loading at 500 °C. Experimental 

condition for all the presented data are into the following ranges: catalyst mass: 2 – 150 mg, total flow rates: 120 

- 20 ml*min
-1

, and C3H8:O2 = 2. 

 

For all the studied catalysts, the propene selectivity increases with reaction temperature as 

depicted in Figure 3.16.  The temperature dependence of catalysts without titania, namely 

binary V/SBA15 type catalysts, is stronger than of ternary catalyst containing titania. 

Considerable low propene selectivities are obtained at zero conversion intersections for the 

catalysts containing ~23 Ti wt. % indicating that TiO2 nanoparticles accelerate parallel 

combustion reactions diminishing the propene selectivity.   
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Figure 3.16. Selectiviy-conversion trajectories at different temperatures for (a) 2V/0Ti/SBA15, (b) 2V/23Ti/SBA15, (c) 4V/0Ti/SBA15, (d) 4V/17Ti/SBA15, (e) 6V/=Ti/SBA15, 

and (f) 6V/6Ti/SBA15. Experimental conditions for all the presented data are in the following ranges: catalyst mass: 2 - 150 mg, total flow rates: 120 - 20 ml*min
-1

, and   

C3H8:O2 = 2. 
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This effect is also evident by observing the vanadia and titania loading influence on the 

propane consumption and propene formation rates, as shown in Figure 3.17 for selected 

catalysts. Noticeably, propane formation is lower than propane consumption rates at high 

titania loadings, which is directly reflected in the propene selectivity.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17. Propane consumption and propene formation rates as a function of titania and vanadia loading at 

500 °C keeping vanadia constant at (a) 4%, (b) 6%, and titania at (c) 17% and (d) 23%. Experimental condition 

for all the presented data are into the following ranges: catalyst mass: 2 – 150 mg, total flow rates: 120 - 20 

ml*min
-1

, and C3H8:O2 = 2. 
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rates. 
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Figure 3.18. Apparent activation energies of ODP (Ea1) and propene combustion (Ea2) as a function of titania 

loading  keeping constant vanadia content at (a) 2%, (b) 4%, and (c) 6 %. Experimental condition for all the 

presented data are into the following ranges: catalyst mass: 2 – 150 mg, total flow rates: 120 - 20 ml*min
-1

, and 

C3H8:O2 = 2. 
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ODP reaction kinetics. For selected catalysts, Figure 3.19 shows the catalyst stability in terms 

of propane conversion and propene selectivity as a function of time of stream at 500 °C.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19. Catalyst stability of selected catalysts in terms of propane conversion and propene selectivity as a 

function of time of stream at 500°C. (a) Experimental condition for all the presented data are into the following 

ranges: catalyst mass: 2 – 50 mg, total flow rates: 120 - 80 ml*min
-1

, and C3H8:O2 = 2. 
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3.3 Discussion 

As mentioned before, the catalyst synthesis and characterization are not discussed in detail in 

this study. They were the focus of a doctoral thesis entitled: "Controlling the nature of metal 

oxide species on the surface of well-defined support materials" (Dipl. Chem. Till Wolfram. 

Fritz-Haber-Institute, Berlin). Important to mention is that I benefit from their synthesized 

catalysts as they did from the feedback regarding the catalysts’ reactivity. As a consequence, 

our conclusions are based on well-characterized model catalysts. From the catalyst structure 

point of view, the essential aspects to consider for the kinetic study are listed next: 

 All catalysts were prepared excluding batch effects because the used mesoporous silica 

SBA15 was synthesized in large quantities allowing to prepare catalysts in sufficient 

quantities (ca. 8 g per catalyst) required for extensive catalytic measurements and 

comprehensive characterization.  

 

 All catalysts preserved the mesoporous structure even after anchored high metal loadings. 

  

 All catalysts contain highly dispersed V and Ti species. Depending on the metal loading, 

monomeric, oligomeric or/and polymeric MOx species (M = V or/and Ti) are coexisting 

on the catalyst surface. Excepting the 4V/23Ti/SBA15 and 6V/13Ti/SBA15 catalysts, 

which also contain three-dimensional TiO2 nanoparticles. 

 

Regarding the kinetic data, selected catalysts as well as selected experimental conditions will 

be considered to explain how the metal loading influences the ODP reaction rates. The 

catalytic properties of (VOx)n species anchored on sub-monolayer quantities of titania 

dispersed on silica are complex due to various options in the distribution of the two elements 

that affect the intrinsic catalytic properties of both, vanadia and titania surface species 
[195]

.  

In Figure 3.14, in order to clearly explain the kinetic results, a selected catalyst row at 

constant vanadia content (~4 wt. %) and varying titania loading (0 – 23 wt. %) is depicted in 

Figure 3.20.  All data are collected at modified residence times in the range 9-30 kgcat.s/m
3
, 

with the exception of 3Ti/SBA15, which was collected at 165 kgcat.s./m
3
 due to its 

considerable low reactivity.  

The promotional effect of titania species on deposited vanadium oxide clusters is well- 

demonstrated by comparing each V-containing catalyst with its associated “mother 
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(TiOx)n/SBA15 support” and 4V/SBA15 without titania. The rates of propane consumption 

and propylene formation are significantly larger only for high titania loadings. 

The enhanced activity of the mixed 4V/Ti/SBA15 catalysts comes with a penalty in propylene 

selectivity, which is reflected by the fact that the propylene formation rate remains almost 

constant with increasing Ti loading, which in part is connected with the increasing 

conversion. Comparing the selectivities at the same propane conversion shows that the effect 

of titania on the selectivity is observable, but not dramatic.  

 

 

 

 

 

 

 

 

 

Figure 3.20. Consumption rate of propane and rate of propylene formation (a) and space time yield of propylene 

(b) in the oxidative dehydrogenation of propane at 500°C. 
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Figure 3.11). A considerable fraction of vanadium atoms is located on the residual titanium-

free silica surface in form of highly dispersed species characterized by low nuclearity.  

 

 

Figure 3.21. Schematic illustration of the different surface topologies of V-Ti sub-monolayer catalysts, like 

4V/8Ti/SBA15, and V-Ti monolayer catalysts, like 4V/13Ti/SBA15 including all topological features evidenced 

by spectroscopic techniques (white area: free silica surface, blue area: surface area covered by titanium oxide 

surface species, green area: vanadium oxide species supported on dispersed titania species, orange area: 

dispersed vanadia species on the silica surface) 
[55]

. 

 

According to the UV-vis spectra of, e.g., the catalysts 4V/3Ti/SBA15 and 4V/8Ti/SBA15 

shown in Figure 3.11, that contain titania in sub-monolayer concentration, vanadia species 

appear to exist predominantly in the form of monomers, which have been proposed to be less 

efficient catalytic species in oxidative dehydrogenation of propane to propylene 
[33,53,120,123]

. 
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increased compared to 4V/SBA15. These experimental results suggest that, apparently, the 
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bonds or as monomer on highly dispersed surface titania species with high abundance of Ti-

O-V bonds. Still, vanadia supported on monolayer or multilayer titania, such as in the 

catalysts 4V/17Ti/SBA15 and 4V/23Ti/SBA15, respectively, present increased consumption 

rates of propane, reminding that not only the nature of the S-O-V bond, but also other factors 
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monolayer titanium oxide is, however, challenging due to the similarities in the spectroscopic 

features of highly dispersed vanadia and titania species.  

As it can be seen in Figure 3.17, both propane consumption and propene formation rates are 

observed to increase with loading of both vanadium and titanium oxides. However, the 

vanadium oxide loading has a greater influence on the reaction rates than titanium oxide. 

Propene formation rates are always lower than propane consumption, indicating that propene 

combusts toward CO and CO2, which occurs parallel to its formation from the propane 

dehydrogenation step. The gap between propane consumption and propene formation rates 

increases as a function of metal loadings, both V and Ti, being greater with catalysts 

containing TiO2 particles (Figure 3.17d). These results supports the fact that either V or Ti 

three-dimensional nanoparticles should be avoided on the catalyst surfaces because such 

nanoparticles accelerate the propene combustion reactions  affecting the propene productivity 

in ODP. 

Understanding the selectivity for propene (Figure 3.16) ultimately requires knowledge of all 

elementary steps down to the total oxidation products CO and CO2. Two different experiments 

under specific reaction conditions have evidenced the formation of different products. 

Whereas Zhao et. al.  
[201]

 at 300°C, reported acrolein and acetone as main products, the 

experiment of Hess et. al. 
[202]

 was conducted in such a way that acrylic acid was the major 

product. These results present a valuable database for future microkinetic simulations for 

specific experimental conditions that would help to understand the deep oxidation of propane 

and propene and, as a consequence, understand the factors participating in the propene 

selectivity reached in ODP.  

With the aim to improve the propene selectivity in ODP, several attempts dealing with the 

combination of oxidative and non-oxidative processes have already been described in 

literature. 
[203,204]

 The idea was to use gas-phase O2 for burning of H2 in order to shift the 

thermodynamic equilibrium towards olefins in the non-oxidative dehydrogenation. 

Additionally, the H2 combustion provides the heat required for the endothermic non-oxidative 

dehydrogenation. Also, another parameter for selectivity control is the temperature. Since the 

activation energy of ODP is substantially higher than that of the combustion of propene, the 

reaction should be performed at a temperature as high as possible, as long unselective gas 

phase reactions can be excluded.      
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As shown Figure 3.19, the studied ternary (VOx)n-(TiOx)n/SBA15 catalysts are stable under 

reaction conditions, indicating that neither metal agglomeration (crystallization) nor 

destruction of the mesoporous structure (blocking the active sites) occur whereas the reaction 

is taking place. However, it is well known that catalysts with high metal loadings behave 

highly dynamic, evidencing profound changes in the structural properties of the surface 

species 
[48,123]

.   

A singular situation seems to exist on the surface of the catalyst 4V/13Ti/SBA15 that is 

distinguished by its maximum in propylene productivity. Under the conditions applied in the 

current experiment, the space-time yield of more than 5 gpropylene/gcat*h exceeds the 

performance of most of the catalysts studied in ODH of propane so far and leaves room for 

optimization 
[10]

. An extended kinetic investigation will be presented in the next chapter that 

includes studies of this catalyst in a broader range of reaction conditions. The surface of 

4V/13Ti/SBA15 is characterized by a monolayer that covers the silica almost entirely. The 

concentration of the residual silanol groups is low. As outlined above, UV-vis spectroscopy 

and also NEXAFS (not shown for reasons brevity) 
[55]

 disclose unique spectroscopic features 

that may be interpreted in terms of a joint V-Ti oxide monolayer. In this joint monolayer the 

abundance of V-O-V and V-O-Ti bonds is maximized and oligomers with mixed nuclearity 

are formed, which is reflected in peculiar electronic and catalytic properties of the material.  

3.4 Conclusions 

Using a multi-step grafting procedure, titania was deposited in high concentration within the 

pore network of a SBA15 silica support. An unsurpassed loading of titanium was deposited 

without compromising the well-defined mesoporous architecture of the silica support. 

Surface coverage of the entire silica surface has been achieved due to the high surface density 

of silanol groups, which is characteristic for mesoporous silica SBA15 and which was the 

motivation for selecting this type of support in the present study. The titanium oxide surface 

layers are composed of highly dispersed and two-dimensional titania species resulting in 

monolayer coverage without noticeable segregation of titanium oxide nanoparticles at a Ti 

loading of 17 wt.% that corresponds to a surface density of 5.8 Ti atoms/nm
2
 and a Si/Ti ratio 

of 3.3. 

Generally, significant improvement in ODP performance is observed when vanadia is 

deposited on dispersed titanium oxide surface species suggesting a threshold for synergy 
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when the titania monolayer is approached. Sub-monolayer titania promotes the dispersion of 

surface vanadia species up to a critical concentration. In the particular case when the total 

metal loading approaches monolayer concentration, vanadium preferentially replenishes 

residual free silica surface instead of being anchored on titania and/or acting as end group or 

bridging ligand between two surface titania domains. The resulting V-Ti mixed monolayer 

catalyst is characterized by maximum productivity in the formation of propylene, which is 

attributed to the enhanced abundance of V-O-Ti bonds. Accordingly, the studied ternary 

(VOx)n-(TiOx)n/SBA15 system has to be considered as a well-defined model system with 

practical potential. The productivity observed under the explored reaction conditions exceeds 

the requirement for industrial application of 1 gpropene/gcat/h by far. Since the selectivity in 

propane oxidation to propene is limited by consecutive reactions and surface titania species 

contribute also to the ODH activity, there is no simple correlation between V/Ti/Si ratio and 

reactivity.  

The presented study, which was aiming at synthesis and analysis of model catalysts, yielded 

an excellent catalyst (4V/13Ti/SBA15) for oxidative dehydrogenation of propane to propene 

due to an unexpected enhancement of the catalytic activity through self-organization of the 

active phase. This catalyst was further kinetically analyzed, performing kinetic experiments at 

different reaction temperatures, residence times and molar ratios of the reactants, which are 

shown and explained in chapter 4. 
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4. Kinetics of a High Performance (VOx)n-(TiOx)n/SBA15 Catalyst for the 

Oxidative Dehydrogenation of Propane - Lessons Learnt in 

Fundamental Research 

4.1 Introduction 

In order to make ODP attractive at industrial scale, many researchers have been focusing 

either on developing new catalysts or improving the available ones with the purpose to reach 

attractive and applicable propene yields 
[10]

. Despite kinetics playing an important role to sort 

out this challenge, from the vast ODP literature, only a limited number of publications that 

concern a detailed ODP kinetic study are found. The common denominator from the majority 

of publications is the lacking connection between reactivity and active site structure. Several 

papers are focused on the catalytic reactivity and propene yield (mostly showing the propene 

selectivity/yield vs. propane conversion plots) without delving into either the kinetic details 

(e.g. reduction-oxidation constants, propane/propene oxidation activation energies, reaction 

orders, etc) or reaction mechanism. 

As mentioned, different kinetic models have been used for the kinetic description of oxidative 

dehydrogenation of light alkanes 
[75-80]

. However, in the majority of the ODP studies, the 

mentioned kinetic models have been based on experimental data obtained using not very well 

characterized catalysts, even containing V2O5 nanoparticles, as is evidenced elsewhere 
[205]

. 

Our previous results presented in chapter 3, obtained from the screening of several catalysts 

with regard to their catalytic activity, invoked a detailed kinetic investigation of the most 

promising catalyst in order to obtain important information useful for elucidate or/and 

corroborate a proposed reaction mechanism which will be strongly supported by a well known 

catalyst structure.  

From the results shown in chapter 3, it is observed that reactivity increases with loading of 

both vanadium and titanium oxides. However, the vanadia loading has a greater influence on 

the reaction rates compared to titania. At low titania loadings (below 13% wt) the reaction 

rate is not promoted at all, whereas at higher titania loadings (above 13% wt), it is enhanced 

remarkably. These experimental results suggest that the ligand effect of vanadium and 

titanium oxides apparently is comparable when vanadium oxide is either arranged in form of 

two-dimensional oligomers on the surface of silica with high abundance of V-O-V bonds or 

as monomer on highly dispersed surface titanium oxide species with high abundance of Ti-O-

V bonds. Still, vanadia supported on monolayer or multilayer titania, such as in the catalysts 
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4V/17Ti/SBA15 and 4V/23Ti/SBA15, respectively, present increased consumption rates of 

propane, highlighting that not only the nature of the support-O-V bond, but also other factors 

are operative 
[55]

. Since a certain loading of titanium oxide is needed to remarkably improve 

the ODP rates using the ternary catalysts studied here, and taking into account that vanadium-

free TiO2/SBA15 catalysts exhibit very low activity in ODP, titanium oxide oligomers are 

promoters rather than a bona fide catalytic species. 

 

 

 

 

 

 

 

 

 

Figure 4.1.  Productivity (left) and the ratio between the formation rates of propene and CO2 (right) as a function 

of propane conversion at 500°C over 4V/dTi/SBA15 (d = 0 – 23 wt %) catalysts.  Catalyst mass: 2 – 50 mg. 

Flows: 20 – 140 cm
3
/min, C3H8/O2/N2 = 2:1:4. 

 

Figure 4.1 shows our attempt to improve further the productivity of our catalyst towards 

industrially desirable performance. At low titania loadings, the enhancement of propene 

productivity is almost negligible, which we propose is due to a considerable fraction of the 

supported vanadium atoms being located on the residual titanium-free silica surface in form of 

highly-dispersed oxide species characterized by low nuclearity 
[55]

. At titanium loadings 

greater than 13 wt.%, propene productivity is greatly enhanced. At low residence times, 

productivity decreases linearly while propane conversion increases. The maximum reported 

propene productivity obtained on a vanadia based catalyst is 1,8 kgC3H6/kgcat/h 
[178]

. Higher 

productivity has been obtained only by working at reaction conditions far away from 

oxidative dehydrogenation conditions 
[179]

. 

The gradient of the productivity/conversion plots for the most productive catalysts, 

4V/13Ti/SBA15, 4V/17Ti/SBA15, and 4V/23Ti/SBA15, are -0,5, -1,2 and -2,5 respectively. 

This slope can be interpreted as the ratio of propene formation against subsequent oxidation 

2 4 6 8 10
0

1

2

3

4

r p
ro

p
e
n
e
/r

C
O

2
 

X
O

2

 5 - 40%

 

 

Conversion C
3
H

8
 (%)

 4V/13Ti/SBA15

 4V/17Ti/SBA15

 4V/23Ti/SBA15

500 °C

2 3 4 5 6 7 8 9 10
0

3

6

9

12

15

18

 
P

ro
d

u
c
ti
v
it
y
 [
k
g

C
3
H

6

/(
k
g

c
a
t*

h
)]

m = - 0,5

m = -1,2

m = -2,5

 

 

Conversion C
3
H

8
 (%)

 4V/0Ti/SBA15

 4V/1Ti/SBA15

 4V/3Ti/SBA15

 4V/8Ti/SBA15

 4V/13Ti/SBA15

 4V/17Ti/SBA15

 4V/23Ti/SBA15

500 °C X
O

2

 5 - 40%



Kinetics of a High Performance Catalyst for ODP 

 

104 
 

towards CO and CO2, as described in Figure 4.1-right. Clearly, the fastest rate of propene 

oxidation takes place on the 4V/23Ti/SBA15 catalyst. This high rate of total oxidation is 

attributed to the presence of TiO2 nanoparticles as mentioned and evidenced in the previous 

chapters. 

Due to its superior propene productivity, high propene/CO2 ratio (~2), and favorable stability 

under reaction conditions, we selected the 4V/13Ti/SBA15 catalyst as a candidate for a 

detailed kinetic study. This catalyst has been extensively characterized and it was found that 

both vanadia as well as titania are present in sub-monolayer concentrations without three-

dimensional surface species of neither V2O5 nor TiO2 anatase (see details in Appendix C). 

Besides, the surface of 4V/13Ti/SBA15 catalyst is characterized by a near monolayer of 

supported metal oxide species which gives unique and interesting spectroscopic features as 

well as catalytic properties. 

4.2 Results  

Previous findings indicate that when the combined total vanadium and titanium metal loading 

approaches monolayer concentration, vanadia species preferentially replenish the residual free 

silica surface functioning as polymeric bridging ligands between two polymeric surface titania 

domains 
[55]

. 

Control experiments using a physical mixture of 4V/SBA15 and 13Ti/SBA15 catalysts 

showed no enhancement in catalytic activity (relative to the individual catalysts). This clearly 

indicates that a chemical interaction between vanadium and titanium oxide species is required 

to yield improved catalytic activity. Measurements of initial reaction rates as a function of 

propane and oxygen partial pressures were performed in order to determine the reaction 

orders in propane and oxygen. This is achieved by plotting the logarithm of the initial rate 

versus the logarithm of the concentration of the corresponding component. The gradient of the 

resulting plots indicate that the reaction rates are first order in propane and zero order in 

oxygen (Figure 4.2). Thus, the reaction rate is directly proportional to the concentration of 

propane but it does not depend on the O2 concentration.  
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Figure 4.2. Determination of reaction orders for oxygen and propane in the dehydrogenation step at 400°C for 

the 4V/13Ti/SBA15 catalyst.  

 

As shown in Figure 4.3, variation of the initial propane to oxygen ratios does not affect the 

propene selectivity. Therefore, it is reasonable to argue that the reaction orders of the 

consecutive propene combustion are also unity and zero for propene and oxygen, respectively. 

 

Figure 4.3. Propene selectivity as a function of propane conversion at 400°C and different initial propane-oxygen 

rations. Catalyst mass: 7 – 60 mg. Flows: 20 – 100 cm
3
/min.  
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The material balance for the stable compounds was fitted to experimental data at six different 

temperatures and eight different initial feed compositions of propane and oxygen. Fitting 

variables included the apparent activation energies for ODP and propene combustion; and 

their respective pre-exponential factors, k1,eff  and k2,eff. The ODP reaction network contains 

essentially the following parallel and consecutive reaction:   

C3H8(g) + V
+5

O(s)                               C3H6(g) + H2O(g) + V
+3

O(s)        (A) 

C3H8(g) + (4 +3x) V
+5

O(s)                               3COx(g) + 4H2O(g) + (4+3x) V
+3

O(s)     (B) 

C3H6(g) + (3 +3x) V
+5

O(s)                               3COx(g) + 3H2O(g) + (3+3x) V
+3

O(s)     (C) 

CO(g) + V
+5

O(s)                               CO2(g) +  V
+3

O(s)         (D) 

O2(g) + 2 V
+3

O(s)                             2 V
+5

O(s)          (E) 

Elimination of the catalytic species results in the stoichiometric equations for the stable 

compound, equation F and G. 

C3H8(g) + 0.5 O2(s)                               C3H6(g) + H2O(g)      (F) 

C3H6(g) + 3.5 O2(s)                               CO(g) + CO2(g) + 3H2O(g)         (G) 

The material balances for the stable reactants and products in a plug-flow tubular reactor is 

given by: 

     
      

  
        (equation 15) 

     
      

  
        (equation 16) 

     
     

  
               (equation 17) 

Rate expressions for ODP and consecutive propene combustion r1 and r2, respectively are: 

                                
    

  
       

     
          (equation 18) 

                       
    

  
       

     
  

        (equation 19) 
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Figure 4.4 shows the accord between experimental and simulated propane and propene 

concentration as a function of residence time. Parity plots, shown in Figure 4.5, also indicate a 

good agreement of experimentally determined data and concentrations predicted by the 

derived model.  

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Concentrations of (a) propane and (b) propene as a function of modify residence times plus simulated 

trajectories at different reaction temperatures.   

 

 

 

 

 

 

 

Figure 4.5. Parity plots for simulated and experimental concentrations. (a) Propane, (b) propene and (c) oxygen. 
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The pre-exponential factors, reaction orders and apparent activation energies determined by 

fitting the concentration profiles to the experimental data are depicted in Table 4.1. In 

addition, kinetic parameters obtained over binary V/SiO2 and V/TiO2 catalysts are also 

presented. It was done for a better comparison and clear identification of the different kinetic 

properties presented by the studied ternary catalysts.  

Table 4.1 Kinetic data from different supported vanadium oxide based catalysts. 

Catalyst V 

(wt. %)
 

Ti     

(wt. %) 

k1    

(m
3
mol

-1
s

-1
) 

k2   

(m
3
mol

-1
s

-1
) 

    Ea1  

(KJ/mol) 

Ea2   

(KJ/mol) 

V/TiO2 

V/SBA15
[a] 

V/Ti/SBA15 

1,7 

2,7 

4 

- 

- 

13,2 

- 

101,2 ± 50,4 

880 ± 440 

- 

3,2± 1,3
[b]

 

22 ± 4,4 

78 ± 3 

103 ± 6 

101 ± 2 

39 ± 5 

34 ± 18 

57± 7 
[a] reference [120] - [b] x10-2  

 

4.3 Discussion 

The suggestion that C-H activation is the rate determining step in ODP 
[82]

 is supported by the 

fact that the reaction is first order with respect to propane concentration. Experiments have 

also shown that the H-abstraction step is the irreversible rate-determining step, and not an 

equilibrium in ODP 
[206]

. The zero reaction order with respect to oxygen indicates that 

reaction rate is independent of oxygen concentration, which is consistent with the finding that 

reoxidation of the catalyst occurs much faster than propane oxidation (10
5
 times) 

[207]
. It has 

been shown that when the catalyst reoxidation is not the rate determining step of the overall 

reaction, the reaction order for oxygen in formal kinetic approaches is low 
[21]

. To the best of 

our knowledge no data concerning the reaction order data for ODP on ternary               

(VOx)n-(TiOx)n/SBA15 type catalysts has been reported. Due to propene being a stronger 

reducing agent than propane, the consecutive oxidation of propene cannot be studied 

separately to determine its reaction order 
[120]

. Similar reaction order values have been 

reported on different vanadia-supported catalysts 
[53,112,120]

.  

The ODP overall rate of propane consumption can be described by a typical Mars-van 

Krevelen rate law (equation 20) 
[206]

: 

 

      
         

            
   

          
 
    

         
    

   
       (equation 20) 
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In case this reoxidation happens always at the same rate, depending on the employed catalyst 

the ratio between reduction and reoxidation rates could be different but never bigger than one. 

It means that whatever the catalyst is, the rate of the substrate conversion (propane 

dehydrogenation) will always be lower than reoxidation and therefore, the equation 20 can be 

applied and simplified for all the catalysts as shown in equation 21: 

 

                                                                     (equation 21) 

 

This simplified rate law shown in equation 21 is equal to a power law approach (equation 22) 

in the case of a zero order reaction for oxygen as determined in previous experiments 
[120]

. 

 

                                        
    

  
       

     
                  (equation 22) 

 

As shown in the selectivity-conversion plot for the 4V/13Ti/SBA15 catalysts, the course of 

the trajectory in Figure 4.3 and its intercept at the selectivity axis at nearly 91 % indicates that 

the consecutive total oxidation of propene to COx is the predominant side-reaction within the 

reaction network, determining the selectivity for propene (scheme A). This argument has been 

used previously for the same reaction over low-loaded V/SBA15 and V/TiO2 catalysts 
[120,208]

. 

It indicates that direct propane combustion is negligible and therefore, slowing down the 

propene combustion rates is still the challenge in ODP. Understanding the selectivity for 

propene ultimately requires knowledge of all elementary steps down to the total oxidation 

products CO and CO2. Free energy barriers for elementary steps in the deep oxidation of 

propane are found elsewhere 
[202]

.  

 

As it can be seen elsewhere 
[35]

 and the 4V/13Ti/SBA15 showed pretty similar tendency, 

regardless of the employed support, provided that three-dimension V2O5 particles are not 

present, the propene selectivity trajectory as a function of propane conversion is in a very 

similar range. It indicates that the ratio between the rate constant of the dehydrogenation step 

(k1) and the propene oxidation step (k2) has to be roughly the same or can only vary in a small 

range no matter how reactive the catalyst is. Therefore, it means that different k1/k2 ratios are 

just dominated by the bond strength of the allylic C-H bond (~370 KJ/mol) in propene which 

is less compared to the stronger secondary C-H bond (~410 KJ/mol) in propane 
[120]

. 
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Scheme A. ODP reaction network. 

 

Wachs et. al 
[60]

 reported that TOF varies inversely with the support cation electronegativity 

for methanol oxidation. Nevertheless, for ODP this statement does not apply 
[35]

. Moreover, 

Wachs et. al. 
[209]

 found that the methanol oxidation TOFs are inversely related to the 

reducibility (Tmax) of the supported vanadium oxide catalysts. Similar correlation was found 

for ODP 
[99]

. Recently, we found a correlation by EPR 
[166]

. This correlation is generally 

always the same, no matter if the substrate is an alkane or an alcohol. The fact that this 

reducibility really makes the difference – which could explain the support effect is not only 

supported by the aforementioned empirical findings, this is also supported by theoretical 

studies based on the energy of hydrogenation as well as the oxygen defect formation energy 

as reactivity descriptors for C-H activation catalysts 
[210,211]

.   

For the 4V/13Ti/SBA15 catalyst, the obtained ODP apparent activation energy was 101±2 

KJ/mol. This value is between those determined on 4V/SBA15 and 3V/TiO2 catalysts (103±6 

and 78±3 KJ/mol, respectively). This evidences that vanadia preferentially replenishes 

residual free silica surface on the 4V/13Ti/SBA15 catalyst surface (as it was illustrated in 

Figure 3.21 and Figure 6.1). Otherwise, a lower activation energy closer to 78±3 KJ/mol 

would be expected. An increased abundance of V-O-Ti bonds results in higher productivities 

towards propene 
[55]

. The high reactivity accompanied by the low selectivity towards desired 

product achieved on V/TiO2 catalysts has been attributed to the formation of both bulk and 

surface oxygen vacancies 
[212]

. Recently, it was shown that oxygen vacancies can be formed in 

two-dimensional structures of TiO2 supported on SiO2 
[165]

. This may explain the fact that the 

catalytic activity of the 4V/13Ti/SBA15 catalyst is considerably higher than that observed for 

V/SBA15 catalysts. On V/TiO2 a low combustion activation energy Ea2 (Table 4.1) reflects 

the facile combustion of propene towards carbon oxides, thereby decreasing the selectivity. 

The synergic relationship between the supported vanadium and titanium oxide species found 

in 4V/13Ti/SBA15, which are reported to form an almost complete mixed metal oxide 

monolayer (chapter 3), increase the energetic barrier to total oxidation of propene as well as 

the pre-exponential factors in comparison to highly dispersed V/SBA15 catalysts (Table 4.1). 

2 + O2

k1
.

COx

k2

k3
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4.4 Conclusions 

We have shown that ternary (VOx)n/(TiOx)n/SBA15 catalysts at metal loadings close to the 

monolayer capacity of the SBA15 support show propene productivities that are about an order 

of magnitude greater than those reported so far, marking them as attractive candidates for 

industrial implementation. High vanadia dispersion is required to achieve high propene 

selectivity whereas formation of a joint V-Ti oxide monolayer is crucial to obtain improved 

reaction rates without sacrificing propene selectivity. In addition, operation of the catalyst 

under conditions that avoid total oxygen conversion is strictly necessary in order to guarantee 

long-term catalyst stability. Regarding the kinetic scheme of the reaction, some conclusions 

can be drawn that can aid the design of optimal reaction engineering for the ODP process 

applying this catalyst system. Since the by-products CO and CO2 are only produced from the 

consecutive oxidation of propene, no reactor with back mixing behavior like a fluidized bed 

should be chosen, although this type of reactor would certainly facilitate excellent isothermal 

conditions. 

The substantially higher activation energy of ODP in comparison to the total oxidation of 

propene results in an increased propene selectivity with increasing temperature. This indicates 

that the reaction should be performed at a temperature as high as possible, up to a temperature 

where unselective gas phase reactions are excluded by choosing a compacted fixed bed 

reactor. Even at such temperatures, isothermal conditions could be realized in microstructured 

reactors with plug flow behavior as previously demonstrated for ODP 
[111]

, enabling the 

highest possible performance of this catalyst. There is still a lot of room for in-situ 

characterization studies of such ternary catalysts, from which we may obtain an improved 

understanding of the processes occurring on the catalyst surface leading to an advanced 

understanding of the reaction mechanism. Our study has far-reaching consequences for 

continued investigation of ternary mixed metal oxide catalysts, in particular the peculiar 

finding that the total loading of guest metal oxide species in supported ternary 

(VOx)n/(TiOx)n/SBA15 catalysts should be close to that of the monolayer capacity of the 

selected support. The optimization parameters to consider further kinetic studies are a 

maximum coverage of silica with non-crystalline titania and maximum coverage of titania by 

vanadia in form of (VOx)n oligomers. 
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5. Characterization and Quantification of Reduced Sites on Supported 

Vanadium Oxide Catalysts using High-Frequency Electron 

Paramagnetic Resonance

 

 

5.1 Introduction 

Three key areas form the basis for the understanding of ODP, firstly the high-temperature gas-

phase assisted activation, through oxygen nucleophilic centers bound to vanadium (in most 

cases) and through the supporting action of stronger nucleophiles, such as halogen species. 

The second area is a solid kinetic model for the reaction. This model 
[39,53,82,102,206,214]

 is 

supported by theoretical results predicting 
[137,214,215]

 that the abstraction of a proton from a 

methylene position and the formation of a radical as activated structure is the rate-determining 

step for propane activation. The third element is the unambiguous identification of the 

structure 
[38,177,216-218]

 of the active sites. As was shown in the previous chapters, in supported 

vanadium systems it is established that three ranges of structures occur, ranging from isolated 

monomeric VOx species over oligomers-polymers to crystalline V2O5. Also, as mentioned, the 

nature of the support also plays a critical role for the catalyst performance. Furthermore, a 

critical loading leads to the formation of crystalline vanadium oxides as opposed to the 

formation of grafted monolayer systems. It is not apparent, however, how this distribution is 

affected by reaction conditions on the different support materials. Raman 
[20,102,216,219,220,221,224]

 

and UV/Vis spectroscopy were frequently used to address such issues. Despite their 

undisputable merits for structural identification, both methods have substantial weaknesses 

when it comes to the identification 
[226]

 of dehydrated, grafted local structures. In-situ UV/Vis 

results indicate 
[114,213,226,227]

 that only a fraction of the loaded vanadium was reducible and 

thus qualified as possible active sites. It was also established that the formation of reduced 

species was kinetically limiting 
[207]

 and not their re-oxidation 
[21]

. Furthermore it was 

suggested that the extent of reducibility determines the turn-over frequencies of supported 

V2O5 catalysts independent of the support material. What has not been addressed by these 

studies, though, is to which extent single sites are reducible and how they contribute to the 

average reducibility. 

                                                           
 A. Dinse, C. Carrero, A. Ozarowski, R. Schomäcker, R. Schlögl, K.P. Dinse, Chem. Cat. Chem. 4 (2012) 641 
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Some of these questions have been addressed in previous study, in which various supported 

VOx catalysts were investigated prior to and after exposure to conditions of ODP. Because of 

the high frequencies applied in this study, superimposed signals caused by reduced active 

sites could be separated and interpreted in detail for the first time. Different paramagnetic 

centers were detected depending on the support material SBA15, Al2O3 or TiO2. 

Paramagnetic spin density was found localized as V
4+

 in the case of SBA15 and Al2O3 

supported VOx. For the latter catalyst, additional electron density was found to be localized as 

oxoradicals in the Al2O3 lattice. For TiO2 supported VOx, HF-EPR signals were assigned to 

Ti
3+

. In all cases additional signals implied the existence of trapped electrons in the support 

lattice. A quantification of the paramagnetic sites, however, was not performed in this first 

study 
[163]

. 

While electron spectroscopy 
[20,220]

 and NEXAFS 
[228]

 can be used in order to determine the 

oxidation state these methods are not free of artefacts and needs careful 
[229]

 application. 

Given that no species such as support defects and/or organic deposits other than the active 

sites can be oxidized, the titration of reduced sites with oxygen provides an additional 

quantitative method. Its weakness is the insensitivity of the method to determine the degree of 

reduction per vanadium site, i.e., whether they are reduced to V
4+

 or V
3+

 or to a mixture of 

both. 

By choosing a reliable spin standard for the HF-EPR, our previous study was now extended 

by a quantitative determination of reduced V sites present on different support materials. The 

advantage of a precise spectroscopic evaluation necessitated quenching of the active state 

from operation conditions. Comparisons 
[35,163]

 of this frozen state with strongly reduced or 

highly oxidized states of the exact same material isolated under identical conditions allowed 

us to conclude that the freezing operation can be interpreted as relevant for the comparison of 

the active state of vanadia on different support systems. 

5.2  Results and Discussion 

All investigated catalysts were synthesized via saturation impregnation method and have been 

characterized before 
[35,123,230]

. The catalysts were found to expose highly dispersed vanadium 

oxide surface species without presence of V2O5 three-dimension nanoparticles. Vanadium 

loadings are in the range of 1.6 to 11.4 wt % V2O5, surface densities are 0.7 to 1.7 V nm
-2

 and 

surface areas are 66 to 533 m
2
g

-1
, all measured prior to exposure to reactant gases. Structural 

catalyst properties and sample parameters are given in Table 5.1.  
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Table 5.1. Sample parameters for catalysts before exposure to reaction conditions. 

 

Catalyst 

Surface Density 

[V/nm
2
] 

V2O5 

[Wt. %] 

SBET 

[m
2
/g] 

EPR sample 

[mg] 

V/Al2O3 1,4 2,1 96 100 

V/TiO2 1,5 1,6 66 100 

V/SiO2 1,7 11,4 434 100 

 

 Details of reaction conditions and kinetic data are listed in Table 5.2 (including propane and 

oxygen conversion XC3H8 and XO2 as well as propylene selectivity SC3H6). For all the 

experiments total oxygen conversion was avoided in order to properly analyze the formed 

paramagnetic species under real ODP reaction conditions.  

Table 5.2. Reaction Parameters for catalysts exposed to ODP reaction conditions. 

Property V/SiO2-ODP V/Al2O3-ODP V/TiO2-ODP 

SBET [m
2
/g] 533 96 66 

Surface Density [V/nm
2
] 0,7 1,4 1,5 

mreaction [mg] 250 150 90 

mEPR [mg] 150 117 90 

T [K] 773 723 723 

Feed ratio C3H8/O2 8:1 8:1 8:1 

Flow [ml min
-1

] 60 60 160 

XC3H8 [%] 4 5 3 

SC3H6 [%] 63 69 56 

XO2 [%] 4 8 22 

RateC3H8 [µmol m
-2 

s
-1

] 0,008 0,09 0,32 

TOF [molC3H8/molV/s] 3,2 x10
-3

 34,5 x10
-3

 125 x10
-3

 

YC3H6 [%] 2,5 3,5 1,7 

V
4+

ODP [%] 0,1 9 17 
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Performing quantitative HF-EPR: 

Quantification of EPR active sites can be performed by double integration of the field-

derivative spectra and comparison with a standard with known amounts of Mn
2+

. It is 

important to use identical experimental conditions like probe dimension, microwave intensity 

and field modulation amplitude. The problem of spatially different interactions with the 

microwave field of the spin systems used for comparison in the transmission experiment can 

be overcome by using a physical mixture in the same probe vessel. Results of first and second 

integration of the standard mixed with SBA15 supported VOx in a mass ratio of 1:4 are shown 

in Figure 5.1. Spectral separation due to g value differences is sufficiently large to result in 

separated steps in the doubly integrated curve, thus allowing for a determination of the 

relative amount of Mn
2+

 and V
4+

 spins. The step size is proportional to the spin susceptibility 

χ, thus allowing us to obtain a direct measure of the relative spin concentrations that can be 

assigned to different spectral components. In this apparently simple procedure the different 

effective electronic spins present in our sample (S = ½ (V
4+

) vs. S = 5/2 (Mn
2+

)) have to be 

taken into account. Through a spectral analysis of the Mn
2+

 spectrum it was first confirmed 

that the integrated peak area is predominantly determined by the broad unresolved pattern, 

although the field derivative spectrum is dominated by six narrow peaks. The broad structure 

is caused by transitions between the lowest Zeeman levels mS = -5/2 and mS = 3/2, which are 

predominantly occupied at 10 K and B0 = 11 T. The spectral widthsof these transitions are 

determined by the zero field splitting (ZFS) of the S = 5/2 spin system. Because Mn
2+

 ions are 

positioned at Ca sites of high symmetry, they experience a small ZFS interaction of only 

about 250 MHz, allowing for integration over the full spectral range without interference with 

the V
4+

 spectrum because of sufficient spectral separation in the HF-EPR spectrum. Second, 

the EPR signal intensity, which is proportional to the square of the matrix element of the S+ 

operator, is increased by a factor 5 compared to the standard S = ½ case. As a result the 

absolute number of manganese atoms, determined independently by inductively coupled 

plasma (ICP) and X-ray fluorescence spectroscopy (XRF) as 1.5(5)x10
-2

 wt %, has to be 

multiplied by 5 to define the effective number of manganese spins for comparison with S = ½ 

spins of V
4+

. 

In Figure 5.1 the relative step size in the double integrated spectrum is 1:6(1). The number of 

Mn
2+

 ions is calculated as 3(1)x10
16

, resulting in 2(1)x10
17

 effective spins for comparison 

with the vanadium signal. We therefore conclude 1.1(3)x10
18

 V
4+

 centers are present in the 

“as prepared” sample. Using the XRF determined value of 11.4 wt % V2O5 in V-Si, the total 



Characterization and Quantification of Reduced Sites by EPR 

 

116 
 

number of vanadium atoms is calculated as 6x1019 resulting in a relative number of reduced 

centers V
4+

/V = 2(1) %, present even in the “as prepared” sample. Such a sensitive and 

precise determination of the extent of reduction in a grafted monolayer catalyst can rarely be 

found in the literature and is only possible due to the HF-EPR technique. Such data justify the 

use of quenched samples rather than attempting to determine the extent of reduction in-situ 

with less specific methods. 

 

Figure 5.1. Single and double integrated HF-EPR spectra (324 GHz, 10 K) of 20 mg CaCO3 mixed with 80 mg 

SBA15 supported vanadia. The concentration of Mn
2+

 impurities determined by various spectroscopic methods 

corresponds to 1.5(5).10-4 wt %. Mn
2+

 signals are practically absent in the “as prepared“ SBA15 supported 

vanadia sample (11.4 wt. % nominal V2O5).  

 

Qualitative and quantitative analysis of EPR spectra: 

V2O5/SBA15 sample: 

By first integration of the field-derivative HF-EPR spectra, the EPR absorption is obtained. 

For SBA15 supported VOx, results are presented in Figure 5.2 using a “g value” scale. For the 

“as prepared” catalyst (V-Si), the characteristic powder pattern extending from g = 1.94 to 

1.98 was previously unambiguously assigned to V
4+

 in its spin doublet state by fitting the 

signal with the experimentally determined g-matrix and vanadium hyperfine tensor 
[163]

. At 

higher resolution eight hyperfine components caused by the nuclear spin I = 7/2 of vanadium 

could be partially resolved, confirming the assignment. 
[42]

 In the “as prepared”, probably 

partially hydrated sample (VSi), which is kept under ambient conditions, V
4+

 is found in a 

11,5 12,0 12,5

Mn
2+
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well defined coordination. The increase in intensity and line broadening upon reduction would 

be consistent with the generation of V
4+

 centers in a distribution of coordination geometries 

precluding unique structural assignment. Reduction has led to dehydration (loss of octahedral 

coordination) and possibly to agglomeration, causing a complex local coordination. 

 

Figure 5.2. HF-EPR spectra (324 GHz, 10 K) of SBA15 supported VOx “as prepared” before reduction (V-Si – 

1.7 V nm
-2

), after being oxidized in air (V-Si-O2) and being exposed to ODP (V-Si-ODP – 0.7 V nm
-2

), propane 

(V-Si-C3H8) and hydrogen (V-Si-H2). All spectra are normalized to 100 mg sample mass. The spectrum of V-Si-

ODP is also shown enlarged by 10.  

 

Signals near the free electron value g = 2 (Figure 5.2) can be attributed either to trapped 

lattice electrons at vacancies or to carbon centered radicals. For the fresh and oxidized catalyst 

these small signals indicate the presence of oxygen vacancies. After exposure to ODP reaction 

conditions a contribution of carbon centered radicals cannot be excluded. 
[163]

 The spectral 

shape observed for V-Si-ODP is similar to the broad pattern seen under H2 or propane 

reduction. A small shoulder at g = 1.98 can be attributed to the characteristic signal seen for 

the “as prepared” sample. An analysis of the broad pattern observed for samples reduced by 

pure propane or hydrogen is difficult because of a complete lack of characteristic features. 

Line broadening caused by a high local density of paramagnetic centers causing strong mutual 

dipolar interactions could contribute to the loss of structure. This effect alone cannot explain 

the observed line broadening, as shown by the following estimate. Anticipating a minimal 
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distance of 0.3 nm between neighbouring V
4+

 centers (V-O-V bond), the principle value of 

the dipolar interaction tensor (in frequency units) between such a S =1/2 spin pair amounts to  

                                
  
  

      
                  (equation 23) 

Using the electron gyromagnetic ratio γe = 2.7 108 rad s
-1

 T
-1

, the estimated value is 2 GHz, 

contributing to a spectral width of comparable magnitude. As seen in Figure 5.2, the width of 

the broad peak at 1.94 corresponds to Δg ≅ 0.1. Considering the mw frequency of 319 GHz 

used to record the spectrum, the calculated maximum dipolar term of 2 GHz could contribute 

to a line broadening of less than 0.015 on this scale. This “compression” of dipolar line 

broadening is a direct consequence of performing HF-EPR with high microwave frequencies 

in the order of 300 GHz. We therefore have to conclude that the observed spectral broadening 

is caused by a significant variation of the local coordination of the V
4+

 centers, caused by 

distorted tetrahedral monomers or associated vanadium sites. These sites become reduced 

under conditions of high reduction potential present under pure hydrogen or propane 

atmospheres or under reaction conditions. 

HF-EPR spectra of samples exposed to ambient conditions after reduction with H2 have been 

recorded to show the influence of oxygen and possibly H2O on reduced samples at room 

temperature. Results are shown in Figure 5.3. Upon reduction by hydrogen and subsequent 

exposure to air the feature observed for the “as prepared” sample is qualitatively and 

quantitatively almost completely restored. It is remarkable that the well-structured EPR 

feature observed for the “as prepared” sample is finally re-established - even with comparable 

intensity - after reduced samples are exposed to ambient atmosphere at room temperature. 

This could be evidence of the structural dynamics of the vanadia species upon dehydration 

and reduction. The reversibility of the structural changes upon ambient conditions is a good 

indication that no ordered aggregates with substantial lattice energy were formed during 

reduction but that the low-dimensional association of the vanadia species was retained. After 

catalyst synthesis and in the presence of moist air the vanadia species are present almost 

exclusively in the pentavalent state with few reduced sites indicating a well-defined local 

coordination. 

After second integration the total spin concentrations are obtained, which are used for a 

quantitative analysis. The amount of EPR-visible spin susceptibility can also be determined 

for sealed samples, prepared by reduction with H2 or by ODP reaction. 
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Figure 5.3. HF-EPR spectra (324 GHz, 10 K) of SBA15 supported vanadia (“as prepared”) (V-Si), after being 

reduced in hydrogen (V-Si-H2) and sealed and left open at ambient conditions after being reduced in hydrogen 

(V-Si-H2 (open)).  

 

In Figure 5.4 the data are shown together with the reference. These values increase in the 

following sequence (from lowest to highest): oxidized, sealed (V-Si-O2); reacted under ODP 

conditions, sealed (V-Si-ODP); “as prepared” (V-Si); after reaction with propane, sealed (V-

Si-C3H8); after hydrogen reduction, sealed (V-Si-H2). Signal intensities are almost negligible 

after oxidation in air (V-Si-O2) or exposure to steady state ODP conditions (V-Si-ODP). If 

reduced in propane or hydrogen (V-Si-C3H8, V-Si-H2), peak intensities strongly increase 

under concurrent loss of spectral resolution. No difference in spectral shape can be observed 

when using hydrogen or propane as a reducing agent, while signal intensity approximately 

doubles upon reduction in propane. 
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Figure 5.4. Double integrated HF-EPR spectra (324 GHz, 10 K) of the reference sample (see Figure 5.3) and 

samples shown in Figure 5.1. Curve labels in units of 10
-5

 are shown to facilitate comparison with Table entries.  

 

From the relative step size of 7(2) of V-Si-H2 (with respect to the “as prepared” sample V-Si) 

we deduce the total number of V
4+

 ions as 6(2).1018 in a nominal 100 mg sample, if the 

unresolved EPR pattern is attributed to V
4+

. In the sealed H2 reduced sample we therefore find 

V
4+

/V = 11(3) %. Reduced site concentrations are summarized in Table 5.3. 

Table 5.3. Concentration of reduced sites for SBA15 supported vanadia. Besides spin quantities of paramagnetic 

sites, V
4+

 fraction of all reduced sites, amount V
4+

 per gram catalyst and the relative amount of V
4+

 of all 

vanadium sites were calculated. Error margins are 35 % for sealed samples based on catalyst mass and Mn
2+

 

uncertainty and 25 % for open samples based on Mn
2+

 uncertainty. Susceptibility values for features at g ≥ 2 are 

negligible. 

 

Catalyst 

χEPR  

[arb. units] 

N (V
4+

) 

 [100 mg sample] 

V
4+

/V  

[%] 

V/SBA15 55 10
18 

2 

V/SBA15-O2 0,3 < 6 x10
15 

< 0,01 

V/SBA15-ODP 3 6 x10
16

 0,1 

V/SBA15-C3H8 277 5 x10
18

 8 

V/SBA15-H2 360 7 x10
18

 11 
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V2O5/Al2O3 sample: 

HF-EPR spectra of Al2O3 supported vanadia catalysts are depicted in Figure 5.5. A rather 

sharp structure in the g = 2 region is assigned to support defect sites. The exact value of this 

peak (g = 2.0036(1)), revealing a slight shift away from the value of a free electron, leads to 

the assumption that electron density is localized and was previously linked to the presence of 

oxoradicals (Al-O•) in the Al2O3 lattice 
[163]

. However, its evolution with treatments casts 

doubt on this assignment. It is possible that this resonance arises from complex carbon 

impurities: it is large in the as prepared catalyst and gets markedly reduced upon treatments in 

either oxygen or hydrogen. Under ODP conditions it stays unchanged, but after propane 

reduction where carbon deposition is a likely process the resonance increases strongly and 

broadens - as may be expected from the multitude of radical sites of carbonaceous deposits. 

 

Figure 5.5. HF-EPR spectra (324 GHz, 10 K) of Al2O3 supported vanadia “as prepared” before reduction (V-Al), 

after being oxidized in air (V-Al-O2) and being exposed to ODP (V-Al-ODP), propane (V-Al-C3H8) and 

hydrogen (V-Al-H2). All spectra are normalized to 100 mg sample mass. The integrated EPR intensities increase 

from V-Al-O2 to V-Al-ODP from bottom to top.  

 

The shape and position of the second resonance in the g = 1.94 region is very similar to the 

resonance found for SBA15 supported catalysts and is thus assigned to the same active phase 

on alumina. The characteristic peak at g = 1.98 can be detected for all samples. Under H2 

reduction a broad structure dominates, as was observed for the SBA15 supported catalysts. A 

relatively small abundance of reduced sites after catalyst synthesis (V-Al) is indirect evidence 
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for incomplete calcination, and thus the presence of residual carbon species from the 

oxidation (V-Al-O2) almost completely removes the signal again concomitant with the loss of 

the suspected carbon impurity. 

Treatment with propane (V-Al-C3H8) or exposure to ODP (V-Al-ODP) drastically increases 

the abundance of the reduced sites. The fact that ODP seems to generate more reduced sites 

than treatment with pure propane is an indication of the carbon deposition in the latter case 

(see additional intensity in the carbon radical range) shielding some of the vanadia species 

from chemical reduction. Hydrogen (V-Al-H2) causes the strongest reduction of the vanadia 

but also changes its local coordination as can be deduced from the modified line shape and the 

substantial broadening that cannot be assigned to spin-spin interactions (equation 23). The 

formation of water as reduction product will hydrolyze some of the V-O-Al interactions and 

thus allows formation of a variety of local coordination of vanadia units similar to those 

observed on the weakly binding silica support.  

Concentrations of reduced sites, calculated using the Mn
2+

 standard, are listed in Table 5.4. 

As opposed to SiO2 supported catalysts, a higher concentration of V
4+

 sites can be observed 

independent of the catalyst treatment. 

Table 5.4. Quantification of reduced sites for Al2O3 supported vanadia. Besides spin quantities of paramagnetic 

sites, V
4+

 fraction of all reduced sites, amount V
4+

 per 100 mg catalyst and V
4+

 ratio of all vanadium sites were 

calculated. Error margins are 35 % for sealed samples based on catalyst mass and Mn
2+

 uncertainty and 25 % for 

open samples based on Mn
2+

 uncertainty. Susceptibility values for features at g ≥ 2 are negligible. 

 

Catalyst 

χEPR  

[arb. units] 

N (V
4+

) 

 [100 mg sample] 

V
4+

/V  

[%] 

V/Al2O3 18 4 x 10
17 

3 

V/ Al2O3-O2 8 1 x 10
17

 0,4 

V/ Al2O3-ODP 122 2 x 10
18

 9 

V/ Al2O3-C3H8 305 5 x 10
18

 18 

V/ Al2O3-H2 256 4 x 10
18

 16 
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V2O5/TiO2 sample: 

Results for TiO2 supported VOx catalysts are shown in Figure 5.6. The most remarkable 

difference to the previous catalysts is the absence of a signal in the V
4+

-region for the fresh 

catalyst (V-Ti) and the oxidized sample (V-Ti-O2) 
[163]

. The titania support acted as a strong 

oxidation catalyst under the conditions present either during calcination or throughout the 

oxygen treatment leading to complete combustion of reducing carbon species and hence to 

complete oxidation of the vanadia deposited. Thermal decomposition of labile vanadia is 

suppressed by the strong ability of titania to generate sub-oxide defect sites and hence to 

supply oxygen for stabilization of vanadia. The feature centered around g = 2, consisting of a 

broad pattern superimposed by a narrow peak, was previously assigned to superoxo O2
(-)

 and 

electrons trapped at oxygen vacancies, respectively. This assignment was based on the g 

matrix values (g1 = 2.027(25), g2 = 2.011(15), g3 = 1.992(6)), characteristic for O2
(-)

, and the g 

value of the narrow peak (g = 2.0030(1)), very close to that of a free electron. Both features 

are unaltered after being exposed to reactant gases. After exposure to reaction conditions this 

peak increases in intensity in all cases (V-Ti-ODP, V-Ti-C3H8, V-Ti-H2) and a new broad 

signal emerges at g = 1.93, which in agreement with the previous HF-EPR study is assigned 

to Ti
3+

 because of its g value and peak structure.  

 

Figure 5.6. HF-EPR spectra (324 GHz, 10 K) of TiO2 supported vanadia “as prepared” before reduction (V-Ti), 

after being oxidized in air (V-Ti-O2) and being exposed to ODP (V-Ti-ODP), propane (V-Ti-C3H8) and 

hydrogen (V-Ti-H2). All spectra normalized to 100 mg sample mass. The integrated EPR intensities increase 

from V-Ti-O2 to V-Ti-C3H8- from bottom to top.  
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The assignment is further supported by the fact that unlike in the case of SBA15 and Al2O3 

support t it neither shows the characteristic V
4+

 hyperfine splitting, nor exhibits the narrow 

peak at g = 1.98. We can, therefore, exclude that the EPR line is caused by V
4+

 sites, although 

a small contribution of V
4+

 cannot completely be ruled out due to spectral overlap. In the 

absence of gas phase oxygen (V-Ti-C3H8, V-Ti-H2) these features appear almost twice as 

strong as in the case of V-Ti-ODP. Absolute and relative numbers of reduced sites are given 

in Table 5.5. 

Table 5.5. Quantification of reduced sites for TiO2 supported vanadia. Besides spin quantities of paramagnetic 

sites, the non-Ti
3+

 fraction of all reduced sites, the number of Ti
3+

 sites per 100 mg catalyst and the ratio of all 

Ti
3+

 to all V sites were calculated. Error margins are 35 % for sealed samples based on catalyst mass and Mn
2+

 

uncertainty and 25 % for open samples based on Mn
2+

 uncertainty. 

 

Catalysts 

χEPR  

[arb. units] 

Χg˃2  

[arb. units] 

Χg˃2/χtotal  

[arb. units] 

N (Ti
3+

) 

 [100 mg sample] 

Ti
3+

/V 

[%] 

V/TiO2 298 290 97 2 x 10
17 

1 

V/TiO2-O2 133 133 100 ˃ 1 x 10
16

 < 0,1 

V/ TiO2-ODP 227 80 35 3 x 10
18

 17 

V/ TiO2-C3H8 274 32 12 6 x 10
18

 27 

V/ TiO2-H2 290 108 37 4 x 10
18

 21 

 

Correlation of EPR results with catalytic performance: 

It is technically not yet possible to perform HF-EPR “in operando”. The “quench and seal” 

method can still provide qualitative and quantitative information about the reduced sites after 

catalysis because the quench technique does not cause a loss in information about the 

chemical potential under which the catalysts was held prior to quenching, as was shown in 

several reference experiments using different chemical potentials. Thus, it can be concluded 

that the quantitative analysis possible with HF-EPR can be used correlating reducibility and 

catalytic activity in ODP and that our preparation methods brought about a maximum in 

reducible sites under reaction conditions (see Table 5.2). 

Oxidation State of Vanadia: 

At all treatment conditions EPR results show that reduction of vanadia to V
4+

 only lead to its 

doublet (S = 1/2) state and no indication for the existence of the trivalent (S = 1) state was 

found. Such a statement is possible because HF-EPR was used, by which V
3+

 can be observed 

[163]
 in principle. We cannot exclude, however, that rapid re-oxidation during quenching 
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occurs preventing detection by EPR. The existence of V
3+

 was previously reported, however, 

by assigning d-d transitions in an in-situ UV/Vis spectra study of vanadia on MCM41. Results 

indicated 
[231]

 that reduction by hydrogen produces the trivalent state. The argument was 

based on comparisons of very broad d-d band positions to reference data from defined 

compounds. This compares well with results from “polyvanadates” on alumina samples that 

were reduced by hydrogen to the trivalent state 
[39]

. A discussion on the extent of reduction 

cannot be conducted without carefully comparing experimental conditions. From the 

reference study of Goodwin et al. 
[232] 

it is apparent that the operation and treatment 

temperatures chosen in our study fall exactly within the peak structures of the TPR 

experiment in their study. The authors found a complex shape due to different reduction 

temperatures of different local coordination and for different states of aggregation (crystallites 

vs. “surface vanadia”). Because the temperature was higher in the UV/Vis reference 

experiment 
[231]

 than in any of our experiments we might have not reached full reduction to 

the trivalent state. We did, however, observe a substantial activity (see Table 5.2) in all 

catalytic experiments. Thus, it cannot be argued that the trivalent state is an essential part of a 

reaction mechanism. 

Support effects on vanadia species: 

V2O5/SBA15 catalyst:  

HF-EPR pattern of the as prepared V-Si system (Figure 5.3) shows a well-defined resonance 

peaking at g = 1.98, which can be attributed to the perpendicular orientation of reduced V
4+

 

sites. The rather sharp signal pattern indicates a uniform local coordination and bond structure 

of V
4+

 sites, which is likely due to the presence of a small amount of dispersed V
4+

. This 

signal is similar, albeit not identical, to the signals found for the other supports. The low 

signal intensity of V-Si-ODP is due to the mild reaction conditions selected to control the 

oxygen conversion during ODP.  

Under the more strongly reducing conditions (V-Si-C3H8 and V-Si-H2) a much larger signal 

superimposes the resonance from the well-defined sites. This signal is almost two orders of 

magnitude stronger (see Table 5.3) than the signal seen under ODP conditions, although the 

general broad pattern can be recognized even for the weak signal. The characteristic signal 

peak at g = 1.98 is also detected as small shoulder. The broad profile can be accounted for by 

assuming both a distribution of coordination geometries and/or of the extent of aggregation, 

as would be typical for a grafted polyvanadate species without forming crystallites of a 
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defined compound. It should be noted that its width is almost a factor 2 larger than the 

corresponding signal observed for the alumina supported samples. 

Observation of this facile structural dynamics of the system allows for two structural models 

for active sites. Under net-non-reducing conditions and without high partial pressures of 

water, the system is highly dispersed and the sharp EPR resonances indicate sites with low 

oligomerisation degree. This would be the expected model of V-Si where it is supposed that 

monomeric sites 
[60,224,233,234]

 should be a dominating feature 
[235]

. Alternatively, taking into 

account that EPR has little sensitivity for the long-range structure of the reduced sites, it can 

be assumed that monomeric and polymeric sites coexist with no strong predominance of 

monomers. The monomeric sites may be reduced more easily and occur in the EPR as 

homogeneous species in “as prepared” samples and after re-oxidation with ambient air The 

polymeric sites reduce only under higher chemical potentials of hydrogen and/or in the 

presence of sufficient water and occur at 723 K under propane or pure hydrogen, and to a 

much lesser concentration under oxygen-lean ODP conditions. In agreement with TPR 

observations, in which a distinction in reduction kinetics with dispersion was described 
[232]

, 

and with in-situ XPS observations 
[236-238]

 as well as with an in-situ XAS analysis 
[228]

 the 

concept of co-existence of sites is preferred for the silica system. This is not in conflict with 

the observation that under mild reaction conditions for several catalytic reactions the turnover 

frequency normalized to the dispersion of the vanadia is independent of the loading with 

vanadia as long as no crystallites can be detected by RAMAN spectroscopy. Following the 

argument that increasing aggregation of vanadia increases its stability towards reduction, we 

attribute the low extent of reducibility found by EPR (0.1 - 11 % V
4+

/V) for SiO2 supported 

vanadia under the present mild reaction conditions (723 K) to a small abundance of 

monomeric sites compared to a large abundance of higher agglomeration. This could be well 

in line with XAS analysis 
[228]

 and with a precision EXAFS study 
[239]

 on the V-SBA15 

system, finding a V2O7 dimer in the activated and dehydrated state as dominant species at a 

loading of 10.8 wt%. 

V2O5/Al2O3 catalyst: 

In the V-Al system vanadyl sites can be reduced substantially (see Table 5.4). However, the 

resulting active site (minimum dimer) cannot transfer its electrons that it has accepted during 

propane activation onto the Al species (as opposed to TiO2 supported vanadium, see below). 

To complete a reaction cycle with acceptable selectivity, it is necessary to assume a double 

heterodimer as a minimum size of the active site, thus allowing the accommodating of two 
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electrons per site and propane cycle. A heterodimer was also found in an in-situ EXAFS study 

of a similar V-Al system 
[240]

 used in CO oxidation. The system was stable at 723 K as long as 

the chemical potential was net oxidizing or neutral. Reduction at 723 K destroyed the surface 

dimer complex and caused the migration of the reduced vanadium into the alumina bulk. In 

modeling studies of the structure of vanadia on alumina surfaces 
[241]

 it was found that for low 

loadings the assumed heterodimer structure exists with a strong bonding interaction between 

constituents. At increased loading 
[242]

 the formation of vanadia islands rather than the 

formation of a smooth film of dimers can be expected. This agrees with the EXAFS study 

[240]
, which states that an additional unresolved component in their structure can be ascribed to 

the polymeric species co-existing with the heterodimer. The instability of the V-Al surface 

structure was also found in the present study upon hydrogen reduction at 723 K (Figure 5.5). 

The modification of the local coordination as detected by the change in the shape of the 

resonance may indicate the beginning migration of reduced vanadium into the bulk as well as 

the competing process of forming a vanadia particle. We favor the condensation process over 

the bulk dissolution process 
[243]

, which was detected only at 1073 K and under conditions of 

substantially more crystalline alumina than used in the present study.  

Based on the amount of oxygen required to recover the initial state of the catalyst after 

reduction in propane or hydrogen, the amount of oxygen that can be removed from vanadia 

during ODP can be estimated. For the V-Al system operated under different conditions than 

applied here a reduction of 50 % of V
5+

 atoms was reported 
[244]

 with an overall error of 35 %. 

This value is larger than the spectroscopic value of 9 % found in the present study. Given the 

different samples with possibly different distributions of aggregation, and given that oxygen 

titration counts all species which can be oxidized up to the reaction temperature, the site-

specific value found by HF-EPR may serve as minimum value and the titration value as an 

upper limit for estimating the reducible site concentration in the V-Al system. 

Summarizing, the vanadia on silica and alumina are reducible and maintain their electrons 

within the V-O bonding structure. The extent of reduction, however, is vastly different on the 

two supports (see Tables 5.3 and 5.4). Under oxidizing conditions or when vanadia is 

protected from deep reduction by carbonaceous deposits, the local coordination of the vanadyl 

species is stable and uniform, as deduced from the well-resolved EPR resonance. The local 

coordination of the reduced vanadia species after ODP is different for SBA15 and alumina 

(compare Figures 5.2 and 5.5). This emphasizes that one cannot assume the same vanadia 

species exists on different supports at the same loading. In comparison with other 
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characterization results from RAMAN and UV/Vis it is assumed that all species contain a 

V=O group. Differences exist, however, in the distribution of aggregates and local 

coordination. 

The vanadia on silica system shows different structural characteristics. The reason for this can 

be ascribed to the formation of two-dimensional vanadia polymeric structures on the SiO2 

support (for catalysts with weight loadings higher than 0.7 Vatom/nm
2
 under ambient 

conditions) 
[230]

 before reaction and also under reaction conditions. This is caused by the 

sensitivity 
[245]

 of V-O-Si bonds of the heterodimer structure present after dehydrating 

activation 
[38,228,231]

 of the V-Si system toward hydrolysis, which was thoroughly studied by 

Hess et al. 
[220]

 as well as Xie et al. 
[246]

. The consequence of aggregation is a higher activation 

temperature for reduction in TPR 
[232]

 pointing to a lower reactivity in ODP. This would be 

compensated by a higher reaction temperature favoring more hydrolysis and condensation, 

and thus driving the system to the formation of poorly reactive crystallites of vanadium oxide. 

Such a negative feedback behavior of the V-Si system is consistent with experimental 

observations 
[20,247]

 and with the lability 
[245]

 of the V-O-Si bond 
[248]

, compared to V-O-V 

bonds in the presence of water creating poorly reactive 
[249]

 silanol terminations. 

V2O5/TiO2 catalyst: 

The V-Ti system clearly shows that the localization of the reducing electron is not at the 

vanadia but on the titania site. Anticipating that the rate-determining step of ODP is the 

formation of the C3H7*-V-O-H* di-radical structure that can only occur at the V=O group 

[137]
, then the active site is composed of both a vanadium center and a titanium center. In a 

study of a silica-supported Ti-V system for methanol oxidation 
[60]

, substantial V-O-Ti 

interactions were found to exist. EPR results of SBA15 supported catalysts with varying V/Ti 

composition will be presented in a forthcoming publication. The present study suggests a 

defined V-O-Ti heterostructure for the V-Ti system with stable local coordination. The 

electronic structure of the active site is such that a vanadyl species can transfer the electron it 

has accepted during propane activation to the neighboring Ti site. The heterostructure 

supports the regeneration of the active site into a peroxo (or superoxo) site, which may be 

responsible for the high combustion activity of this catalyst. 
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Trends of reactivity: 

The activity of propane activation scaling with the reducibility of the available vanadia 

species is not identical to the efficiency of a given system to produce propene. The common 

first intermediate for olefin production and deep oxidation calls for a delicate balance of 

active oxygen under steady state conditions. This balance will be controlled by the 

environment 
[54]

 of the V=O site. In this way the observed strong support effects on the yield 

of selective oxidation such as ODP is not at variance with the statement of the critical role of 

the V=O site for propane activation. The present study indicates that heterodimer structures 

are abundant on titania and on alumina, whereas more difficult-toreduce vanadia oligomers 

seem to be the dominating species on the silica support. This is in agreement with earlier 

findings 
[191,250]

 examining the family of grafted vanadia species. The reducibility of the V=O 

is affected by the nature of the non-vanadium species 
[39]

 and by their aggregation 
[213]

. Titania 

is easily reducible and forms a sink for electrons thus helping the reducibility of vanadium, 

whereas alumina and silica cannot enhance the reducibility of the dispersed vanadia. In 

addition silica cannot even retain a high dispersion of vanadia. It is not necessary to invoke 

electronic effects 
[251]

 on the properties of the V=O bond as an explanation, although such 

effects cannot be ruled out. 

A graphical summary of data obtained in this study is shown in Figure 5.7. A trend exists 

between the rate of propane activation per unit surface area and the degree of reducibility of 

the active site. This trend is observed for the reduction obtained during ODP and H2. The 

observed difference in reduced site concentrations underlines that TPR does not quantitatively 

lead to the same reducibility as ODP. Both sets of data imply that there is a relation between 

propane activation efficiency and reducibility. As more than one effect determines the 

reducibility of a V=O group, it cannot be expected that the correlation is simple and hence 

leads to a linear relationship. The disentanglement of the various electronic and geometric 

factors controlling the reducibility requires mode data points both from a variation in 

aggregation (synthesis history, loading) and in support properties (cations). 
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Figure 5.7. Correlations between the extent of reduction under ODP conditions as quantified by HF-EPR and 

catalytic properties for reduced sites on different supports (see Table 5.2). The support materials vary from right 

to left as SBA15, alumina, titania. Concentrations of reduced sites observed under reduction with H2 are 

additionally indicated as bars.  

 

Figure 5.7 further implies that the support has a marked influence on the yield of propene at 

comparable oxygen conversion and vanadia loadings. This is a direct consequence of the 

differing environments of the active V=O groups. The relatively best catalyst for ODP with 

respect to its propene yield is vanadia on alumina. This system represents the best 

compromise between availability of reducible sites and surface abundance of activated 

oxygen. The overall low propene selectivity for all catalysts implies that the abundance of 

activated oxygen is far too high in relation to the rate of desorption of propene from its second 

intermediate. Excessive re-adsorption of propene is unlikely to be the cause for the poor 

performance. The poor performance of the silica system (insufficient active sites) and the 

titania system (excess active oxygen) are in line with the discussion of the nature of the active 

species. 
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5.3 Conclusions 

In our study it is demonstrated that the substantial gain in spectral resolution characteristic for 

HF-EPR can be used to perform quantification of paramagnetic centers of catalysts. 

Reducibility and the local nature of the sites of electron localization are put in perspective 

with the substantial knowledge already reached in these systems. The activity of catalysts for 

propane activation is proportional to the extent of reducibility of vanadia which is in 

agreement with studies by Argyle et al. 
[207]

 

We found that different supports loaded with the same amount of vanadia species under the 

same conditions do not exhibit identical reduced sites. Various supports have different ability 

to form heterodimer structures of diluted vanadia systems. One controlling factor is the ability 

of the support to accept electron density from the vanadia, requiring substantial covalence in 

the V-O-support bonds. The other factor is the hydrolytic stability of this bond. The vanadia-

support interaction is in competition with the hydroxyl termination of either the vanadia entity 

or the support surface offered by the chemical potential of water. In this way a structural 

rationalization 
[252]

 is given for the frequently stated influence 
[99,253-255]

 of the acid-base 

properties of the support. It should be stressed that even under identical preparation and 

loading conditions the nature of the active state will be severely influenced by the properties 

of the support material. 

The present HF-EPR study found no evidence for the reduction of vanadate below the 

tetravalent state for any of the supports under the present experimental conditions. 

Discrepancies with literature studies may be explained by the comparatively mild conditions 

applied here. They were, however, sufficient to generate substantial catalytic activity 

excluding a critical role of trivalent reduced species in ODP catalytic cycles. Our observations 

cannot completely rule out the formation of V(III) followed by its fast re-oxidation to a 

tetravalent intermediate. 
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6. Quasi in-situ EPR assessment of ternary (VOx)n-(TiOx)n/SBA15 catalysts 

under H2 and ODP environment for elucidating the metal oxide species 

coexisting on the catalyst surface during reaction conditions.  

 

6.1 Introduction 

With respect to the previous EPR chapter a more detailed EPR study was performed to get 

more insight into the catalyst structure during reaction conditions which is crucial to 

understand to the proper interpretation of a possible reaction mechanism. It should be 

emphasized that EPR was chosen in our study because different vanadium oxide ions are 

formed on the catalysts surface at which the reaction is taking place and some of such 

paramagnetic ions (V
3+

 and V
4+

) can be monitored by EPR. As mentioned in Chapter 2, a 

well-established strategy was followed in order to extract as much as possible information 

from the spectra. (VOx)n-(TiOx)n/SiO2 type catalysts have shown to be promising catalysts as 

it has been shown in the previous chapters of this study.  

With respect to the local (VOx)n-(TiOx)n/SiO2 topology, the Ti atoms are assumed to be 

bonded directly to the support through Ti-O-Si bonds, and V atoms are present as isolated 

vanadate species bonded to the support through a combination of V-O-Si and V-O-Ti bonds 

[177]
. In contrast, it has also been proposed that the vanadia cations on the surface 

preferentially interact with the surface of titanium oxide species rather than with silica 
[66]

. 

Using a high surface area mesoporous silica (SBA15), which can be covered entirely due to 

the high surface density of silanol groups, we recently observed (as demonstrated in the 

previous chapters) that sub-monolayer titania promotes the dispersion of surface vanadia 

species up to a critical concentration. In the particular case when the total metal loading 

approaches monolayer concentration, vanadium preferentially replenishes residual free silica 

surface instead of being anchored on titania or/and acts as end group or bridging ligand 

between two surface titania domains.  

The resulting V-Ti mixed monolayer formed at loading close to the monolayer coverage 

(4V/13Ti/SBA15 catalyst), apart of being a new proposed structure, is characterized by 

maximum productivity in the formation of propylene which is attributed to the enhanced 

abundance of V-O-Ti bonds (Figure 6.1).   
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Figure 6.1. Schematic illustration of the different surface topologies of V-Ti sub-monolayer 4V/13Ti/SBA15 

catalyst.  

 

In order to verify the catalyst structure, a combination of different characterization techniques, 

was used for elucidating the catalyst structure and studying the structure-reactivity 

relationship. For this reason, as a compliment to the extensive characterization previously 

done (FTIR, UV-vis, Raman, NEXAFS, Electron Microscopy, X-ray fluorescence, X-ray 

diffraction and N2 adsorption), we characterized  the most productive catalysts toward 

propylene using Electron Paramagnetic Resonance (EPR).  

In the focus of the EPR studied was the question of the location of vanadium oxide surface 

species, in particular if they are either situated on titania as V-O-Ti bonds 
[66]

, or coating the 

free silica surface as V-O-Si 
[55]

. Also, we were particularly interested in the question if V
4+

 

and Ti
3+

 centers can coexist under ODP conditions. Despite of V
4+

 sites could be detected 

under such conditions, this study has been not succeeded so far due to the rapid reoxidation of 

Ti
3+

 centers by the presence of O2 impeding the elucidation of the coexisting V-Ti species 

taking place in the ODP reaction.  

Previously, EPR has been used to study the oxygen vacancy formation in sub-monolayer 

titania species on MCM41 
[165]

 as well as the impact of the support material on the formation 

of paramagnetic centers under ODP conditions 
[163]

. Besides, in our group, EPR was used for 

an additional investigation about reduced sites and sinks for electrons observed previously on 

V/TiO2 
[166]

. However, for the first time, we used EPR in different operation modes to 

characterize (VOx)n-(TiOx)n/SBA15 type catalysts in order to contribute, complementary to 

other techniques, in the elucidation of the structure of  surface species.  
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6.2 Results and Discussion 

Before studying the promising 4V/13Ti/SBA15 catalysts, several experiments were carried 

out in order to exploit the full advantage that EPR offers. In addition, a series of test 

experiments were performed to guarantee that the employed quasi in-situ methodology 

provides stable and reproducible samples. Figure 6.2 summarizes such experiments which 

indicate that EPR signal intensities are significant only after reduction with H2 or being 

exposed to ODP conditions. The spectrum corresponding to the oxidized-sealed sample 

demonstrates that the high vacuum and the temperature used to seal the sample, ~1x10
-5

 bar 

and ~120 °C, respectively; don´t produce any EPR signal, indicating that the employed quasi 

in-situ methodology does not influence in the formation of paramagnetic centers under 

reaction conditions. The reduced-open sample proofs that V
4+ 

paramagnetic centers can 

survive for a while under exposure to O2 indicating that such signals are expected also under 

ODP conditions V
4+

 as is shown in Figure 6.2.       

 

Figure 6.2. X-band cw-EPR spectra of 4V/SBA15 sample recorded at 10K.  

 

Employing our quasi-in situ methodology, reduction by H2 was performed in order to prove 

the possibility for detecting both V
4+

 and Ti
3+

 paramagnetic centers. For that purpse, binary 

type catalyst were used first as is shown in Figure 6.3. Similarly to our previous EPR resultss 

[166]
, the reduced 4V/SBA15 catalyst shows the typical EPR signals assigned to V

4+
 

paramagnetic centers (Figure 6.3a) whereas Ti
3+

 and O2
(-)

 species are observed for the 

23Ti/SBA15 catalyst (Figure 6.3b). The V
4+

 EPR signal observed with the 4V/SBA15 catalyst 

250 300 350 400 450

 

 

c
w

-E
P

R
 s

ig
n
a
l 
in

te
n
s
it
y
 (

a
rb

. 
u
n
it
s
)

magnetic field

 reduced open

 reduced selaed

 oxidized sealed

 as prepared 



Quasi in-situ EPR 

 

135 
 

corroborates the participation of such V
4+

 centers during the reaction as has been illustrated in 

the ODP reaction mechanism proposed by Rozanska et. al. 
[137]

. In the case of the 

23Ti/SBA15 catalyst, the presence of Ti
3+

 after reduction with H2 as deduced from the 

characteristic EPR pattern, is supported by the fact that the sample turned blue which is 

characteristic of presence of Ti
3+ [165]

. On the other hand, EPR characterization of VOx 

supported on bulk-TiO2 catalysts (V2O5/TiO2) showed a striking difference in the EPR 

spectrum which is attributed to electrons trapped at Ti
+3

 sites (see chapter 5, Figure 5.6).  

 

Figure 6.3. EPR spectra of (a) 4V/SBA15 and (b) 23Ti/SBA15 samples after reduction with H2 at 450 °C. FlowH2 

= 60 ml/min. Catalyst mass ~100 mg. 

 

Spectral assignment of the Ti
3+

 signal is confirmed by 9.7 GHz Echo detected EPR, clearly 

showing the characteristic pattern peaking at g = 1.955. The two-component signal observed 

at 9.7 GHz has the same g matrix signature as the superoxo species O2
(-)

, described by Siedl et 

al. 
[256]

  after exposure of UV irradiated TiO2 nanocrystals to molecular oxygen. The elements 

of its orthorhombic g matrix can be determined with high precision at 328 GHz (Figure 6.4). 

In conclusion, the narrow signal can therefore unambiguously be assigned to superoxygen O2
(-

)
 trapped at the surface of the SBA15 support.  

The rather large strain value for g33 indicates significant variability in docking sites which 

might be caused by higher Ti loading. The radicals can be generated according to: 
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          (equation 24) 

          
              

         (equation 25) 

 

Because of the high titania dispersion in our catalysts (absence of TiO2 anatase nanoparticles), 

in our case the reaction proceeds via Ti
3+

.  

         

 

 

 

 

 

 

 

 

 

Figure 6.4. (a) 9.7 GHz FSE-EPR and  (b) 328 GHz EPR spectra of supported titanium oxide catalysts.  

 

The presence of Ti
3+

 signals is completely lacking under ODP conditions as can be shown in 

Figure 6.5. Under ODP conditions, a very narrow line is seen at slightly different g value, 

with individual spin packets, much narrower than the apparent line width of 0.4 mT observed 

under H2 reduction (Figure 6.4a). The spectra depicted in Figure 6.5 are adjusted for equal 

experimental conditions, allowing for a semi quantitative comparison of spin concentrations. 

As can be seen, under ODP conditions rapid Ti
3+

 reoxidation occurs because of the presence 

O2 which is different for V
4+

 centers which can survive for a while until a certain extend of 

oxygen.  
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Figure 6.5. (a) FSE-EPR spectra of the 23Ti/SBA15 catalysts obtained at 10 K adjusted for equal experimental 

conditions.  

 

Using this information obtained for the binary type catalysts, we proceeded to study the 

promising ternary 4V/13Ti/SBA15 catalyst in order to (1) prove the possibility of detecting 

V
4+

 and Ti
3+

 under H2 and ODP conditions, (2) to reveal if both metals are simultaneously 

present under ODP conditions, and (3) trying to obtain structural information about how the 

different species are bonded and coexisting (V-O-V, V-O-Ti, V-O-Si).  

Figure 6.6 shows the 9.7 GHz FSE-EPR spectra of 4V/13Ti/SBA15 catalyst after reduction 

with H2 and ODP. The spectrum is dominated by vanadium hfi, no matter what type of 

reducing agent is used. However, in the case of H2 reduction, a broad Ti
3+

 signal is probably 

hidden below the well structured V
4+

 signal. This is first evidence that both V
4+

 and Ti
3+

 are 

simultaneously coexisting after being reduced with H2. It is not clearly visible under ODP 

conditions, because O2 is expected to quickly reoxidize the expected Ti
3+

 formed during 

reaction. The vanadium EPR spectrum arises from hfi of the paramagnetic V
4+

 center with its 

local I = 7/2 nuclear spin (99% natural abundance). 
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Figure 6.6. FSE-EPR spectra (9.7 GHz) of the 4V/13Ti/SBA15 catalyst after reduction with H2 and ODP.  

 

In order to further support this assignment and trying to separate V4+ and Ti3+ signals from 

each other, experiments at higher fields were carried out. Figure 6.7 shows the 34 GHz FSE-

EPR spectra of 4V/13Ti/SBA15 catalyst after reduction with H2 and ODP. The general 

features resulting from hfi with local V
4+

 persist under reduction with H2 as well as under 

exposure to ODP conditions. Unfortunately, even at 34 GHz, separation of V
4+

 and Ti
3+

 

signals is not possible because g matrix elements of both paramagnetic species overlap as can 

be seen in Figure 6.7b. 

Attempting to separate the V
4+

 and Ti
3+

 signals, EPR experiments at 328 GHz were carried 

out. On a g value scale the “collapse” of the hfi caused structure of V
4+

 at higher microwave 

frequency is nearly complete at 328 GHz. Figure 6.8 shows the 328 GHz EPR spectra of 

4V/13Ti/SBA15 catalyst after reduction with H2 and ODP. Now it is better possible to 

separate V
4+

 and Ti
3+

 signals. The center of g matrix elements of Ti
3+

 at 1.955 is sufficiently 

different from the prominent perpendicular g values of V
4+

 at 1.98, dominating the spectrum. 
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Figure 6.7. FSE-EPR spectra of the 4V/13Ti/SBA15 at (a) 34 GHz after reduction with H2 and under ODP 

conditions. (b) Comparing 34 GHz (Q-band) and 9.7 GHz (X-band) at 10 K after reduction under ODP 

conditions.  

 

Spectral differences observed for quenched sealed samples either deeply reduced with H2 or 

subjected to ODP reaction conditions clearly show the formation of Ti
3+

 and its co-existence 

with V
4+

 in the H2 reduced sample, whereas only V
4+

 centers are observed under ODP 

conditions. This confirms preliminary tentative conclusions based on 9 and 34 GHz data. 

 

Figure 6.8. EPR spectra (328 GHz) of the 4V/13Ti/SBA15 catalyst after reduction with H2 and under ODP 

conditions.  
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For samples deeply reduced with H2 the formation of Ti
3+

 and its coexistence with V
4+

 is 

observed for samples with different vanadia concentration as is shown in Figure 6.9. The 

concentration of V
4+

 centers, however, is barely detectable for the 2V/13Ti/SBA15 catalyst. 

This diminishing of the V
4+

 EPR signal intensity for 2V/13Ti/SBA15 is not surprising due to 

its reduced vanadium concentration.  This semi-quantitative result presented in Figure 6.9 

further supports our statement that both singly reduced metals can coexist at the same time on 

the catalyst surface. Therefore both metals should be consider for further mechanistic 

approaches. 

 

 

Figure 6.9. EPR spectra (328 GHz) of 2V/13Ti/SBA15 and 4V/13Ti/SBA15 catalysts after reduction with H2.  

 

Considering that in the ternary (VOx)n-(TiOx)n/SBA15 catalysts the formation of V-O-Ti and 

V-O-V hetero dimer structures has been postulated, the formation of a nearly closed 

monolayer under specific grafting conditions being deduced by UV/vis and Raman 

experiments in combination with XAFS data, and the 4V/13Ti/SBA15 catalyst exhibiting an 

optimal catalytic performance which is tentatively related to self-organization of the 

catalytically active monolayer; a spectroscopy confirmation of the suggested hetero structures 

and their participation in the reaction would be highly desirable. As shown in the previous 

chapters including the EPR results presented above, different vanadia and titania species are 

present and participating during reaction. However, the direct confirmation of the presence of 

V-O-Ti and V-O-V structures, even before being exposing to reaction conditions, is still 

missing. This is mostly due to limitations inherent to the used techniques. For this reason, 
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EPR was selected as a complementary technique to go further in the catalyst structure 

elucidation and, together with other techniques, helping to bridge the gap between structure 

and reactivity.  

In particular hyperfine coupling data between neighboring vanadium and titanium atoms in 

reduced centers could be used to confirm the proposed structures by comparing with DFT 

predictions. EPR is a promising tool to provide these data, although the target information is 

difficult to obtain for the disordered compounds with spectral features dominated by direct 

center interactions. The hfi of V
4+

 is in the 500 MHz range, which will completely mask the 

much smaller hfi with adjacent V or Ti atoms. For this reason performing multi-dimensional 

and multi-frequency EPR experiments was mandatory.  

As a first step, we carried out experiments with the X-band spectrometer in order to have a 

first overview of 2D-EPR spectrum of our ternary (VOx)n-(TiOx)n/SBA15 catalyst. Figure 

6.10 shows the 9.7 GHz (X-band) 2D-EPR spectrum of 4V/13Ti/SBA15 catalyst after 

reduction with H2. A more conventional ENDOR spectrum (as displayed as projection on the 

2D plot) is disentangled in the 2D plane. Spots displaced symmetrically from the diagonal can 

be easily assigned to specific nuclei by reading off their center frequency. Proton hfi is 

displayed in the upper right and lower left quadrants, allowing extraction of hfi parameters. 

Signals displaced from the diagonal result from predominantly isotropic hfi typical for “local” 

protons. Signals at lower frequencies were assigned to vanadium and titanium spins with 

small NMR frequencies. 

 

Figure 6.10. X-band (9.7 GHz) 2D-EPR spectrum of 4V/13Ti/SBA15 catalyst after reduction with H2.  
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In order to identify the less intense signals observed a lower frequencies, which tentatively 

were assigned to vanadium and titanium spins with small NMR frequencies, 2D-EPR 

experiments were carried out at higher fields (Q-band). Because of the higher magnetic field 

(1.2175 T) proton frequencies are now shifted out of the accessible range. Instead vanadium 

signals are observed centering at 13.8 MHz (Figure 6.11). 

 

Figure 6.11. Q-band (34 GHz) 2D-EPR spectrum of 4V/13Ti/SBA15 catalyst after reduction with H2.  

 

As shown Figure 6.11, signals from distant vanadium nuclei as well as dipolar coupled 

centers are observed. Although a definite pattern assignment of low frequency signals is not 

possible, we assumed that it is very likely that they originate from less abundant titanium 

spins. Because of quadrupole coupling of these I = 7/2 and 5/2 spins a resolved pattern cannot 

be expected for the powder sample. Aiming to obtain evidences probing Ti as neighbors 

surrounding V
4+

 sites, further experiments were carried out in order to get conclusions by 

comparison with other samples. 

Figure 6.12 shows the 34 GHz (Q-band) 2D-EPR spectra of 4V/13Ti/SBA15 and 4V/SBA15 

catalysts after reduction with H2. Vanadia signals are observed for both binary and ternary 

catalysts. The ternary 4V/13Ti/SBA15 catalyst also shows at low frequency the tentatively 

assigned Ti spins signal. As expected, this Ti signal is missing in the binary 4V/SBA15 

catalyst because this sample does not contain Ti.  
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Figure 6.12. Q-band (34 GHz) 2D-EPR spectra of (a) 4V/13Ti/SBA15 and (b) 4V/SBA15 catalysts after 

reduction with H2.  

 

Furthermore, the low frequency Ti spin signal is also missing when the 4V/13Ti/SBA15 

catalyst is either reduced under ODP conditions or as prepared (pristine catalyst) as can be 

seen in Figure 6.13. However, the V signal persists under such conditions. Interestingly, under 

ODP or untreated sample, new signals appeared in the quadrants I and III which are barely 

observed for 4V/13Ti/SBA15 catalysts and lacking for 4V/SBA15 catalyst after reduction 

with H2.  

Definitively, the presented results confirm that Ti
+3

 and V
4+

 can be simultaneously coexisting 

on the catalyst surface after reduction with H2. Also, hypothetically it could be the case that 

both centers are also simultaneously formed under ODP conditions only that the Ti
3+

 centers 

re-oxidation occurs extremely fast impeding their detection. Also, first evidences of catalyst 

structure based on 2D-EPR confirm neighboring Ti sites surrounding V
4+

 centers. From 2D-

EPR experiments we can only confirm the neighbor structures V
4+

-O-V
5+

.    

Ti 

V V 
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Figure 6.13. Q-band (34 GHz) 2D-EPR of 4V/13Ti/SBA15 catalyst after reduction under (a) ODP conditions or 

(b) not being reduced (as prepared).  

 

6.3 Conclusions 

The previous results demonstrate that EPR is extremely useful for characterizing (and even 

quantifying) transition metal ions involved in catalytic reactions. Modern pulsed techniques 

offer far more sensitivity and resolution than conventional cw-EPR experiments. The 

presented EPR results indicate that ODP most probably occurs via the pathway involving V
4+

 

centers instead of V
3+

. The EPR of H2 reduced samples confirmed that V
4+

 and Ti
3+

 centers 

are simultaneously present. Under ODP conditions, rapid Ti
3+

 reoxidation occurs because of 

the presence O2 inhibiting the Ti
3+

 center detection by EPR. The persistent features in the 34 

GHz 2D EPR spectra of the mixed shell (VOx)n-(TiOx)n/SBA15 catalyst can be ascribed to hfi 

with vanadium spins in the close neighborhood of the reduced V
4+

 site. The two narrow 

spikes, instead of a “ridge” pattern observed by 2D-EPR, indicate that isotropic hfi dominates. 

Isotropic hfi arises from spin transfer to the coupled vanadium spin, signifying that covalent 

bonding exists. No unambiguous confirmation of hfi with neighboring Ti sites can be deduced 

from the 2D-EPR spectra, although quite intense features have been observed in the low 

frequency domains. This might be caused by the additional quadrupole interaction of the 

“magnetic” Ti isotopes. It should also be noted that the two “EPR visible” Ti isotopes 

together have only 12% natural abundance. 
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7. General Conclusion and Outlook 

Several (VOx)n-(TiOx)n/SBA15 catalysts were thoroughly investigated in terms of reactivity in 

order to find an optimal catalyst composition to achieve attractive propene productivities for 

industrial applications. Factors controlling the selectivity were pointed out, and a detailed 

kinetic investigation was done in order to establish new insights into the structure-reactivity-

selectivity relationship for ODP.    

The situation at the beginning of our study was characterized by an unclear picture of a 

variety of influence parameters on the performance of supported vanadium oxide catalysts in 

ODP. For this reason, a meticulous and critical review was done considering only publications 

reporting both reliable catalyst structural characterization and kinetics. We emphasized our 

critical review in the proper comparison of the available ODP literature using the ODP 

apparent activation energy and propane consumption TOF as comparative parameters. 

Conclusively, such parameters, contrary to propene yield or productivity, are more suitable 

for comparing the data and gaining irrefutable conclusions for better understanding of and 

new insight into the structure-reactivity-selectivity relationship for ODP. The strong support 

effect was once again confirmed. In addition, the invariable TOFs as a function of vanadia 

loading for the majority of publications was confirmed. Impurities induced during the support 

preparation are probably the reason of the rising TOFs as a function of vanadia loading. 

Decreasing TOFs are due to vanadia being encapsulated into the bulk of the support as a 

product of using support oxides with high surface area or inadequate thermal treatments 

(combined calcination of vanadia and support precursors). The review also provided the 

needed experimental requirements to carry out kinetic experiments, supplying the basis for 

properly performing kinetic studies with (VOx)n-(TiOx)n/SBA15 catalysts. 

In the oxidative dehydrogenation of propane, the (VOx)n-(TiOx)n/SBA15 catalysts showed 

significant improvement in performance to be remarkable when vanadia was deposited on 

dispersed titanium oxide species at loadings approaching the monolayer coverage of the 

SBA15. The optimal performance in terms of propene productivity was obtained on the      

4%V/13%Ti/SBA15 catalyst, suggesting a threshold for synergy when the titanium oxide 

monolayer is approaching. Moreover, this catalyst presented almost constant propene 

productivity as a function of propane conversion. The propene productivity observed under 

the explored reaction conditions substantially exceeds the requirement for industrial 

application of 1 gpropene/gcat*h by far. This motivated a further kinetic study of this catalyst 

which showed that the propene selectivity is limited by consecutive reactions (propene total 
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oxidation) due to the desired product being more reactive than the reactant. Also, the obtained 

data verified that vanadia influences stronger ODP rates than titania. However, surface titania 

species participate in the reaction, leading to a more complex correlation of V/Ti/Si ratio in 

the ODP reactivity. For this reason, the reactivity for the ternary (VOx)n-(TiOx)n/SBA15 

catalysts is not presented as TOFs referred to vanadia sites. 

The results also demonstrated that either V2O5 or TiO2 anatase nanoparticles are much more 

reactive than highly dispersed species, even so much so that three-dimensional species also 

accelerate the combustion reactions, decreasing the propene selectivity considerably. 

Interestingly, the promising 4V/13Ti/SBA15 catalyst presents an increment in the propene 

combustion activation energy while being considerably lower than the apparent ODP 

activation energy. We also observed that propene selectivity increased with reaction 

temperature due to the substantially higher activation energy of ODP in comparison to the 

total oxidation of propene. As a consequence, the experiments focused on finding high 

propene productivities that were carried out at high temperatures (500 – 520 °C).  

On the other hand, the detailed kinetic study of the promising 4V/13Ti/SBA15 catalyst was 

carried out at a lower temperature (400 °C) in order to obtain a broader range of conversion at 

reasonable residence times. More importantly, all the kinetic parameters obtained at higher 

temperatures (500 °C) were determined under thorough exclusion of mass and heat transport 

effects, as well as unselective homogenous gas phase reactions. This means that the kinetics 

of the 4V/13Ti/SBA15 catalyst was determined excluding such negative parameters by far. 

The kinetics was determined using a PFTR model and a power-law kinetic approach. The 

simplified model included propene formation from propane and a consecutive combustion of 

propene toward CO and CO2. Extrapolating the propene selectivity at zero propane 

conversion indicated that propane combustion was negligible.  

Regarding the aspects governing the propene selectivity, the kinetic results evidenced that 

both V2O5 and TiO2 nanoparticles influence the propene selectivity negatively. This result 

once again evidenced that promising catalysts for ODP strictly require highly dispersed 

species rather than nanoparticles or bulk catalysts. The typical course of propene selectivity as 

a function of propane conversion was observed. The low propene selectivity at high propane 

conversion is a consequence of the propene combustion due to its being more highly reactive 

in comparison to the reactant, propane. Understanding of the selectivity for propene 

ultimately requires knowledge of all elementary steps down to the total oxidation products CO 

and CO2, invoking further experiments using the attractive 4V/13Ti/SBA15 catalyst.  
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A previous study carried out in our group confirmed the important role of the support material 

in ODP by using EPR spectroscopy. Continuing with the outlooks of this work and aiming at 

determining to which extent the vanadia single sites are reducible and how they contribute to 

the average reducibility, EPR spectroscopy in different modes of operation was used.  

Once again, it was demonstrated that EPR spectroscopy, together with the quasi in-situ 

sample preparation, is a reliable technique that can even be used to perform quantification of 

paramagnetic vanadia centers. Our results confirmed that the activity of catalysts for propane 

activation is proportional to the extent of reducibility of vanadia. We also found that different 

supports loaded with the same amount of vanadia species under the same conditions do not 

exhibit identically reduced sites. For example, as also observed in previous EPR studies, a 

striking difference in the EPR spectrum was observed for the TiO2 supported vanadium oxide 

catalysts. No evidence of V
3+

 for any of the supported vanadia catalysts was found under the 

experimental conditions used. Since the catalysts presented considerable catalytic activity, the 

critical role of V
3+

 reduced species in the ODP catalytic cycles can be excluded. This supports 

the proposed reaction pathway involving V
4+

 instead of V
3+

 centers. Nevertheless, our 

observation cannot completely rule out the formation of V
3+ 

followed by its fast re-oxidation 

to a tetravalent intermediate.   

The EPR results for the 4V/13Ti/SBA15 catalyst are focused on contributing to the structural 

elucidation of the catalyst as well as the monitoring of reduced paramagnetic centers present 

under real ODP reaction conditions. Definitively, the strategy used to acquire the EPR 

spectrums validated the fact that modern pulsed EPR techniques offer more sensitivity and 

resolution than conventional cw-EPR experiments. This was possible thanks to the employed 

quiasi in-situ sample preparation. 

The EPR of H2 reduced 4V/13Ti/SBA15 samples confirmed that V
4+

 and Ti
3+ 

centers are 

simultaneously present on the catalyst surface. In contrast, under ODP conditions, rapid Ti
3+

 

re-oxidation was observed because of the presence of O2, avoiding the Ti
3+

 centers’ detection 

by EPR. The Ti
3+

 EPR signal was clearly identified at the binary 13Ti/SBA15 and 

23Ti/SBA15 catalysts. It was confirmed by 9.7 GHz echo-detected EPR, clearly showing the 

characteristic pattern peaking at g = 1.99. Moreover, the characteristic blue color attributed to 

the Ti
3+

 centers’ formation was also observed. However, due to the formation of V
4+

 centers 

presented in the ternary 4V/13Ti/SBA15 catalyst, the Ti
3+

 EPR signal was not easy to 

identify, and, in addition, the sample color turned to gray instead of blue. Additionally, the 
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binary 23Ti/SBA15 catalyst showed a narrow signal at higher g values assigned to 

superoxygen O2
(-) 

species trapped at the surface of SBA15.  

Further EPR experiments are still necessary in order to find a clearer correlation between 

persistent reduced states and catalytic performance in ODP using ternary                         

(VOx)n-(TiOx)n/SBA15 catalysts. 

In general, the present study provides significant improvement in the ODP performance using 

(VOx)n-(TiOx)n/SBA15 catalysts. In comparison to the huge amount of ODP literature, 

considerably higher productivity towards propene was found showing an optimal synergy 

effect when titania monolayer was approached. The highest productivity observed in our 

study, performing the experiments at real ODP reaction conditions, was ~12 kgpropene/kgcat*h 

using the 4V/23Ti/SBA15 catalyst. However, this productivity already strongly decreases at 

low propane conversion, indicating the rapid combustion of propene. Although the 

4V/13Ti/SBA15 catalyst showed lower propene productivity, ~9 kgpropene/kgcat*h, it showed 

almost constant productivity as a function of propane conversion. Both the high propene 

productivity and the stable behavior in terms of propene combustion were the basis for 

considering the 4V/13Ti/SBA15 catalyst as a well-defined model system with potential 

practical application.  

However, in our study as well as in the ODP literature, there are still assumptions not 

supported by experimental data invoking further studies in order to decode the ODP 

mechanism aimed at new insights in the structure-reactivity-selectivity relationship. 

Synthesizing catalysts only with loadings between 75 – 100 % of the monolayer coverage by 

using as many vanadia as possible (8 – 12 % wt.) is an attractive aspect to consider for future 

experiments. Also, preparing the catalysts by alternating the anchoring order of titanium and 

vanadium oxide could provide better understanding of the optimal catalyst structure for ODP.  

In order to improve productivity, experiments at more severe conditions, even at total O2 

conversion, can be performed. Analyzing the behavior in terms of reactivity, selectivity, and 

stability is important to consider during such experiments. Performing experiments alternating 

the oxidative and non-oxidative reaction conditions can provide higher propene productivity, 

as can using different oxidizing agents. Operando spectroscopy would also provide important 

information that is still required. 

The presented EPR results show that further EPR experiments are necessary in order to 

identify the paramagnetic species participating in the ODP reaction, as well as in the structural 
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elucidation of the ternary (VOx)n-(TiOx)n/SBA15 catalysts. The challenge for future 

investigations would be performing a quantitative EPR study to determine to what extent both 

vanadia and titania are reduced under reaction conditions. This includes selecting an 

organometallic complex containing both V-O-V and V-O-Ti bonds in order to compare its 

EPR signals with those signals obtained with the (VOx)n-(TiOx)n/SBA15 catalysts, as well as 

going further into the theoretical studies for the calculation of, for instance, the spin-density 

distribution and the isotropic and anisotropic hyperfine coupling constants, among other 

aspects. Finally, a solid state NMR (
51

V) needs to be performed in order to unquestionably 

corroborate that vanadia is mostly on the catalyst surface rather than on the SBA15 bulk. 
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Appendix  

Appendix A: Calculation and assumptions to extrapolate the ODP reaction rates. 

i)  Apparent activation energy for ODP, Ea (KJ/mol): 

Svante August Arrhenius formalized the relationship between reaction constant (k) and the 

temperature (T) as the Arrhenius equation (equation A1), where A is the pre-exponential 

factor, R is the universal gas constant, roughly 2 cal*mol-1*K-1, T is the absolute 

temperature, and Ea is the reaction apparent activation energy.  

 

                                           
  

               (equation A1) 

 

By taking the logarithm of equation A1 we obtain equation A2: 

 

                                        
  

  
             (equation A2) 

 

Thus, measuring the reaction rate at different temperatures and plotting ln(k) against 1/T will 

give a straight line where its slope and intercept will represent the activation energy (Ea) and 

the pre-exponential factor (A), respectively. Since the reaction rate (r) is giving by equation 

A3, and keeping the initial reactant concentration constant, the Arrhenius equation (equation 

A1), by taking its logarithm, may be writing as in equation A4: 

 

                                                                                    (equation A3) 

 

                                                                        
  

  
             (equation A4) 

At low conversion levels, is acceptable to establish that the initial reaction rate is equal to the 

reactant conversion (Xr) as shown in equation A5: 
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                                                         (equation A5) 

 

Finally, equation A4 could be expressed as equation A6 wherein, as mentioned the slope and 

intercept from the straight line represent the activation energy and the pre-exponential factor, 

respectively. 

 

                                                                      
  

  
        (equation A6) 

 

Generally, the propane dehydrogenation activation energy, for the cases where the raw data 

allowed it, was calculated based on equation A6.  

 

ii) Extrapolated propane consumption turnover frequency, TOF (s
-1

):  

TOF is given by equation A7: 

 

    
                

                              
        (equation A7) 

 

In order to show the propane consumption TOFs in s
-1

, in several cases recalculations from 

the original data were done. Mostly, only changes in rate units were needed. However, some 

recalculations where base on assumptions which are explain next.  

Reaction rates are hardly influenced, among others, by the temperature. Therefore, we fixed 

all TOFs at the same reaction temperature in order to properly compare the different 

published results. The reviewed literature reported kinetic date obtained at a broad 

temperature range, ~333 – 600 °C. We decided to extrapolated the TOFs at 400 and 500 °C. 

We selected those reaction temperatures (400 and 500°C) due to the following reasons: (1) the 

majority of the published studies are carried out employing such reaction conditions, or at 

least between this temperature range, (2) the highest selected temperature (500°C) is far away 

enough from the temperature where homogeneous gas phase reactions appears (~600 °C). 
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Moreover, above 500 °C aggregation of surface vanadia species could occurs resulted in the 

formation of small V2O5 crystallites or even formation of mix oxide species with the material 

support. (3) The lowest selected temperature (400 °C) is sufficiently high to work at 

reasonable residences times avoiding high mass of catalyst (long catalyst bed) making 

manageable both mass and heat transfer effects. Moreover, considering that temperature plays 

an important role in how many molecules will overcome the activation energy barrier, lowest 

reaction temperatures (e.g. the reported 333 °C) are not desire due to the fact that the fraction 

of molecules that will react will be less.  

Previously, our group reported the ODP apparent activation energies over different supported 

vanadium oxide catalysts, V2O5/SiO2, V2O5/Al2O3, V2O5/TiO2, and V2O5/ZrO2; publishing 

the ODP apparent activation energies showed in Table A.1. ,  

Table A.1. ODP apparent activation energies and vanadia content of different low loading supported vanadium 

oxide catalysts.   

Support BET (m
2
/g) V2O5 (% wt.) Vatom/nm

2
 Ea (KJ/mol) 

SiO2 151 0,6 0,3 146 ± 6 

Al2O3 96 2,1 2,1 113 ± 6 

TiO2 66 1,6 1,6 56 ± 5 

ZrO2 108 1,6 1,6 78 ± 6 

 

However, since the loadings showed in Table A.1 are considerable low, a new catalysts batch 

was tested containing vanadia loading of approximately 75% of the monolayer coverage 

without formation of three-dimension V2O5 nanoparticles. Structural details of such catalysts 

are found elsewhere


. Table A.2 summarized the obtained ODP activation energies for 

supported high loading (75 % ML) vanadium oxide catalysts.  

Table A.2. ODP apparent activation energies and vanadia content of different high loading supported vanadium 

oxide catalysts.   

Support BET (m
2
/g) V2O5 (% wt.) Vatom/nm

2
 Ea (KJ/mol) 

SiO2
 

331 10,7 1,1 141 ± 8 

Al2O3 201 8,72 3,1 117 ± 6 

TiO2 17 0,99 3,5 83 ± 5 

ZrO2 52 2,58 3,1 102 ± 5 
 

In order to make the comparison of the data as accurate as possible, the used activation 

energies selected to extrapolate the TOFs at both 400 and 500 °C, depended on the surface 

                                                           
 B. Beck, M. Harth, N. Hamilton, C. Carrero, J. Uhlrich, A. Trunschke, S. Shaikhutdinov, H. Schubert, H. 

Freund, R. Schlögl, J. Sauer, R. Schomäcker. J. Catal. (2012). ”Accepted”. 
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vanadia dispersion reported for each catalyst. For low vanadium oxide loading catalysts we 

used apparent activation energies listed in Table A.1 whereas at high loadings values listed in 

Table A.2. 

Thus, using the mentioned activation energies and solving the necessary equations, it is 

possible to predict reaction rates at different reaction temperatures. To do that, the Arrhenius 

equations A8 and A9 are needed: 

 

              
  

   
               (equation A8) 

              
  

   
          (equation A9) 

  

Now, combining equation A8 and equation A9 and canceling out the pre-exponential factor () 

because it is not temperature depended, we obtain the equation A10: 

 

                 
  

  
   

  

 
  

 

  
 

 

  
         (equation A10) 

 

where: 

 

                                             (equation A11) 

 

Solving equation A10a in terms of r2, paying careful attention in the units and using the ODP 

activation energy values listed in Table A.1 or/and Table A.2 (depending on the vanadium 

oxide loadings), the propane consumption TOFs at the wish temperature (400 and 500 °C) 

were recalculated.  
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Appendix B: Composition and microstructural characteristics of the studied catalysts. 

SN sample 

V 

[wt%] 

XRF 

Ti 

[wt %] 

XRF 

Total 

[wt%] 

total 

Pore 

volume 

[ml/g] 

Pore 

diameter 

[nm] 

Micropore 

area [m2/g] 

S(BET) 

[m2/g] 
XRD 

Wall 

thickness 

7495 SBA15 0.00 0.00 0.00 - 7.31 427 978 11.01 3.91 

7802 2V/0Ti/SBA15 1.77 0.00 1.77 - 7.03 335 926 10.92 3.89 

9128 2V/6Ti/SBA15 2.00 6.01 8.01 - 6.79 - 637 - - 

10180 2V/13Ti/SBA15 1.48 13.74 15.22 - 6.08 - 466 10.21 4.13 

12478 2V/17Ti/SBA15 1.81 16.89 18.70 0.37 6.08 97.40 371.70 10.15 4.07 

10415 2V/23Ti/SBA15 2.00 21.57 23.57 - 5.48 - 293 10.02 4.54 

9181 4V/0Ti/SBA15 3.56 0.00 3.56 - 7.03 - 770 10.91 - 

10429 4V/1Ti/SBA15 4.18 1.17 5.35 - 7.31 - 680 10.90 3.59 

7624 4V/8Ti/SBA15 3.81 7.61 11.42 - 6.79 79 317 10.84 4.05 

9954 4V/13Ti/SBA15 4.04 13.19 17.23 - 6.08 - 428 10.23 4.15 

12479 4V/17Ti/SBA15 3.87 16.25 20.12 0.34 5.88 61.42 344.20 10.14 4.26 

7817 6V/0Ti/SBA15 6.34 0.00 6.34 - 7.31 129 679 10.89 3.58 

9021 6V/3Ti/SBA15 6.09 2.79 8.88 - 7.03 - 498 10.74 3.71 

9130 6V/6Ti/SBA15 6.59 5.47 12.06 - 6.79 - 442 - - 

10182 6V/13Ti/SBA15 5.71 12.62 18.33 - 5.88 - 350 10.19 4.31 

12480 6V/17Ti/SBA15 6.46 14.71 21.17 0.36 6.32 95.25 329.50 10.22 3.90 

10421 6V/23Ti/SBA15 6.58 19.76 26.34 - 5.29 - 222 - - 
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Appendix C: Detailed characterization of the 4V/13Ti/SBA15 catalyst. 

 

 

 

 

 

Figure A1. Incorporation of both titanium and vanadium neither distorts nor destroys the molecular structure of SBA15 (a). Additionally, the selected 4V/13Ti/SBA15 catalyst 

does not have metal nanoparticles at all. 1D tetrahedral vanadia species dominate the chosen catalyst and V2O5 nanoparticles are not present at all (b). In addition, titania is 

predominantly highly dispersed as can be seen in (c). Furthermore, the micrographs corroborate the high dispersion of vanadia and titania since metallic nanoparticles are not 

observed at all. 
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