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1.1. SUPPORTED VANADIUM OXIDE CATALYSTS IN HETEROGENEOUS 
CATALYSIS 

1.1.1. Introduction 
 

Vanadium was first discovered in a Mexican lead ore by the Spanish mineralogist 

Andrés Manuel del Rio in 1801, who named the new element erythronium [1-4] even 

before Dalton’s atomic theory (1803-1808). However, in 1805, the French chemist H.V. 

Collet-Descotils erroneously concluded that this new element was only impure chromium 

and brown ore was a basic lead chromate. Later on, in 1830, the Swedish chemist Nils 

Gabriel Sefström rediscovered the element from samples of iron smelted from a mine in 

Sweden and named it vanadium after Vanadis, the old Norse name for the Scandinavian 

goddess Freyja––the goddess of beauty––because of the richness and variety of colors of 

its compounds. In 1831, Sefström, J. J. Berzelius and Friedrich Wöhler established 

unambiguously the chemical uniqueness of vanadium and its identity with del Rio’s 

erythronium [5]. The lead mineral is now known as vanadinite, Pb5(VO4)3Cl. Vanadium 

was isolated in nearly pure form by Roscoe, in 1867, who reduced the chloride with 

hydrogen. 

Vanadium is found in about 152 different minerals among which the important 

ones are carnotite, roscoelite, vanadinite, and patronite. It is one of the most abundant and 

widely distributed metals in the earth's crust. It is also found in phosphate rock, certain iron 

ores and also present in some crude oils in the form of organic complexes, e.g. V–

porphyrin complexes [6,7]. The major sources of vanadium are titaniferrous magnetite ores 

from mines in Australia, China, Russia and South Africa. Much of the vanadium metal 

being produced is now made by calcium reduction of vanadium pentoxide in a pressure 

vessel, an adaption of a process developed by McKechnie and Seybair. The annual world 

production of vanadium is about 38,000 tonnes and almost 80% of this is used as 

ferrovanadium or as a steel additive, as it makes steel shock- and vibration-resistant. 

Vanadium alloys are used in aerospace industry also, e.g. titanium–aluminum–vanadium 

alloys for aero-engine gas turbines and undercarriages of planes. Vanadium is also used in 

ceramics, electronics, dyes for textiles and leather [1]. 
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1.1.2. Atomic and physical properties of vanadium 

The atomic number and atomic weight of vanadium are 23 and 50.9415 

respectively. The electron configuration is [Ar] 3d3 4s2 and the main oxidation states are 

+2, +3, +4 and +5. V5+ (d0) can be present in tetrahedral (VO4), pentahedral (VO5) and 

octahedral (VO6) coordination environment and tends to form polyoxoanions [1]. V4+ (d1) 

is also stable and is mostly present in square pyramidal or pseudo-octahedral coordination 

as an isolated cation. Other oxidation states such as V3+ (d2) and V2+ (d3) are less stable and 

only present under reducing conditions. The melting point of vanadium is 19150C and 

boiling point is 33500C [5].  

1.1.3. The importance of vanadium in heterogeneous catalysis 

Vanadium is the most important metal used in metal oxide catalysis [1, 8-14]. 

About 5% of the annual production of vanadium is used in catalysis, which is its most 

dominant non-metallurgical use. The catalysts containing vanadia, whether pure or mixed 

with other oxides have been used in many industrial processes, which yield valuable 

products. Some of the industrial catalytic processes based on vanadium oxides are shown 

in Table 1.1. In fact all the heterogeneous oxide catalysts used on industrial scale for 

production of organic anhydrides and acids contain vanadium as a main component of the 

active phase [15]. These industrial processes include synthesis of maleic anhydride, 

originally from benzene (V-Mo-O catalysts) and recently from n-butane (V-P-O system), 

phthalic anhydride from o-xylene (V2O5/TiO2 catalysts) and acrylic acid from acrolein (V-

Mo-O system). Vanadia catalysts also appear promising for the oxidation of toluene to 

benzaldehyde, methanol to formaldehyde and to methyl formate (V-Ti-O catalysts), 

oxidation of polycyclic aromatic hydrocarbons such as naphthalene, anthracene, 

phenanthrene and fluorene to dicarboxylic acids and quinones (V-Fe-O system). Vanadium 

containing systems are used not only for the manufacture of important chemicals but also 

for the reduction of environmental pollution (e.g. removal of nitrogen oxides from flue gas 

of power plants by selective reduction with NH3). 
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Table 1.1: Industrial catalytic processes using vanadium oxides [1,8-14] 

Industrial process Catalyst material 

Oxidation of SO2 to SO3 in the production of sulfuric acid V2O5 

Oxidation of benzene to maleic anhydride V2O5 

Oxidation of naphthalene to phthalic anhydride V, Mo oxides 

Oxidation of butene to phthalic anhydride V, P oxides 

Oxidation of o-xylene to phthalic anhydride V, Ti oxides 

Selective reduction of NOx with NH3 V2O5/WO3/TiO2 

 

Apart from the industrial perspective, the systems containing vanadia are also a rich 

source of fundamental problems closely related to the theory of catalysis on oxides [8]. 

Some essential concepts in this domain, like the mechanism of heterogeneous oxidation, 

were formulated based on vanadia systems. Mars and Van Krevelen proposed this 

mechanism based on the studies on the oxidation of SO2 and of naphthalene, both using 

vanadia catalysts. 

 

Fig. 1.1: Overview of the importance of vanadium in supported metal oxide catalysis. The 
numbers are based on open literature search in the period 1967–2000 [1].  
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Figure 1.1 summarizes the number of papers (expressed as a percentage of the total 

number of papers) of several transition metals in the field of metal oxide catalysis, which 

can be found in the open literature [1]. The fact that the highest number of papers is 

published on the vanadium based catalysts underlines the importance of vanadium in 

supported metal oxide catalysis. 

1.1.4. Vanadium pentoxide (Unsupported vanadia) 

 

Fig. 1.2: Schematic representation of structure of V2O5 [1], which can be approximated by 
zigzag ribbons of square pyramids of VO5.  
 

At normal temperature and pressure, vanadium pentoxide (V2O5) is 

thermodynamically most stable among the oxides of vanadium [16]. V2O5 is an orange-red 

and acidic oxide. The stereochemistry of vanadium ions in V2O5 may be considered to be 

either distorted trigonal bipyramid (five V-O bond lengths of 1.58-2.02 Å), distorted 

tetragonal pyramid or a distorted octahedron (the sixth V-O bond length of 2.79 Å) [16]. 

The structure of V2O5 is often approximated by zigzag ribbons of square pyramids of VO5 

(Fig. 1.2) [1]. Each vanadium atom and its five nearest oxygen neighbors create VO5 

pyramids, which share their corners, building double chains along the b-direction. These 

chains are connected by their edges and the resulting layers are stacked along the c-

direction. As a result, a vanadium oxide unit consists of an octahedrally coordinated VO6, 

with three distinct vanadium-oxygen bond distances [1]. The vanadium ion is slightly 

displaced from the basal plane towards the apex of the pyramid, which creates a strong and 
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short V=O(1) bond of 1.58 Å. The V-O(3) distance in opposite direction is much longer 

(2.79 Å). The four V-O(2) bonds to the oxygen in the basal plane have a length of 1.83 Å. 

Three types of oxygen atoms are present in the lattice: vanadyl oxygen atoms O(1) 

coordinated only to one vanadium atom, and bridging oxygen atoms O(2) and O(3) 

coordinated to two and three vanadium atoms [16]. Equilibration of gas phase oxygen with 

vanadium oxides results in the formation of the intrinsic defect structure of V2O5 

consisting of oxygen vacancies. Vanadium (V) oxide is a well-established catalyst for the 

partial oxidation of hydrocarbons to oxygenated products [17]. 

1.1.5. Molecular structures of vanadium oxides in aqueous media 

 

 
 

Fig. 1.3: The Pourbaix diagram of vanadium, expressing the vanadium speciation as a 
function of pH and potential at 25 °C and an ionic strength of 1 M [1].  
 

V5+ and V4+ are the most important oxidation states in aqueous solution [1]. The 

nature of vanadium oxide species present in solution depends on the pH and the vanadium 

oxide concentration of that solution. This is illustrated in the Pourbaix diagram for V5+ 

(Fig. 1.3), which shows the change in structure of vanadium oxide species with change in 
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pH and concentration [1,18]. The hydrolysis of V5+ may lead to any of 12 different 

species-monomer as well as polymeric species-in aqueous solutions. V4+ is particularly 

stable as the vanadyl ion (VO2+), which is one of the most stable oxy-metal ions. In water 

it appears in the form of a tetragonal bipyramidal coordination (VO(H2O)5
2+). Other V4+ 

species hydrolyze to give dimeric species, even in dilute solutions (10-3 M). V2+ as well as 

V3+ are unstable and are oxidized by water and air, respectively.  

1.1.6. Molecular structures of vanadium oxides in the solid state 

The most important oxides of vanadium are V2O5, VO2, V2O3 and VO [1] in which, 

the formal oxidation state of vanadium decreases from +5 to +2. Vanadium oxide also 

form mixed valence compounds, such as V3O5, V4O7 and V7O13, and have the general 

formula VnO2n-1.  

As mentioned earlier, the structure of V2O5 is often approximated by zigzag 

ribbons of square pyramids of VO5. V2O5 is only slightly soluble in water, resulting in a 

pale yellow solution with some colloidal character. It also dissolves in NaOH to give 

colorless solutions containing the vanadate ion, VO4
3-. On acidification, a complicated 

series of reactions occur involving the formation of hydroxyanions and polyanions (e.g. 

decavanadate), as shown in Fig. 1.3. In very strong acid solutions, the dioxovanadium or 

pervanadyl ion (VO2
+) is formed.  

The mild reduction of V2O5 leads to VO2 oxide, which is dark blue in color and has 

a distorted rutile-like structure [1]. It is an amphoteric oxide, dissolving in non-oxidizing 

acids to give the blue VO2+, which appears in water in the form of a tetragonal bipyramid 

of the form VO(H2O)5
2+. In alkali media, it will transform to the yellow to brown V4O9

2- or 

at high pH to VO4
4-. The black V2O3 has a corundum structure and is basic. It is obtained 

by reduction of V2O5 with hydrogen or carbon monoxide. It dissolves in aqueous acids to 

give blue or green V3+ solutions, which are strongly reducing. The grey-colored VO or 

V2O2 has somewhat metallic behavior and possess a defect rock-salt structure. It is prone 

to non-stoichiometry and can dissolve in mineral acids to give violet air-sensitive V2+ 

solutions. The oxidation of V2+ by air is complicated and appears to proceed in part by 

direct oxidation to VO2+ and in part by way of an intermediate species of type VOV4+.  
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1.1.7. Supported vanadium oxide catalysts 

Generally, bulk V2O5 exhibits poor thermal stability and mechanical strength. The 

catalytic properties of vanadia can be improved by depositing on an appropriate support, 

such as alumina, silica, titania, zirconia. The activity and selectivity of supported metal 

oxide catalysts are significantly affected by the properties of the support oxide material, 

which is generally known as the metal oxide-support effect [1,15,17]. Supported vanadium 

oxides show chemical and electronic properties, which are entirely different from those 

found for unsupported vanadium pentoxide (V2O5), in aqueous media and in the solid state 

[1-4].  The fundamental basis for the catalytic performances of supported vanadium oxides 

lies in the variability in geometric and electronic structure of surface vanadium oxides and 

the current knowledge about the chemistry of supported vanadium oxides are discussed in 

the following sections.  

1.1.8. Molecular structures of vanadium oxides in the supported state 

The common feature of all the vanadia-based catalysts is the presence of the V-Ox 

groups. Vanadium ions in these units can be present in tetrahedral, octahedral and square 

pyramid environment. Surface vanadium oxide phases are formed when vanadium oxide is 

deposited on an oxide support. The supported vanadium oxide phase, like other supported 

metal oxide phases, can simultaneously exist in several different structural states (bulk 

crystallites, mixed phases with the support like ZrV2O7, or two-dimensional overlayers).  

 The surface structures and oxidation states of the surface vanadia species are 

dynamic and are strongly dependent on the environment (coverage, oxidizing and reducing 

gases, moisture and temperature). The structure of the monolayer species and coverage 

with them even for the same support is not completely solved and depends on the 

preparation method, presence of impurities in the support, its morphology etc [15]. The 

structure and properties of the dispersed species are influenced also by the type of the 

support: the basic and amphoteric oxides favor the bidimensional dispersion (in some cases 

with the formation of surface vanadium compounds e.g. the vanadates), whereas the acidic 

ones, e.g. SiO2, the formation of tridimensional micro units of V2O5. The detailed structure 

of the dispersed species and the coverage with them are still matters of debate [19,20]. 
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However, the existence of the V-O-support or more precisely V-O-Men+ bond (where Men+ 

is a cation) in some fraction of the dispersed species is generally agreed [15]. The degree 

of ionicity of the V-O bond i.e. nucleophilicity of oxygen and electrophilicity of vanadium 

ions in V-O-Men+ bonds can be related to the acido-basic properties and reducibility of the 

system. The higher electro negativity of Men+ element (e.g. P) as compared with that of V 

ions would render the oxygen atom in the V-O-Men+ unit less nucleophilic (less basic) and 

vanadium atom more electrophilic (acidic) than in V-O-V bonds. When Men+ is an ion of 

lower electro negativity than that of V (e.g. Mg2+ or K+) oxygen atoms in the V-O--Men+ 

units become more nucleophilic and vanadium less electrophilic. The experimental data 

shows that the V-P-O catalysts exhibiting high acidity and low basicity, whereas the 

inverse is true for the V-Mg-O system. 

The formal valence state of vanadium in different vanadia-based systems varies 

between V5+ (V2O5, VOPO4, magnesium vanadates, VO4 tetrahedra and VO6 octahedra on 

MgO, hydrotalcite, sepiolite and Al2O3) to V4+ (vanadyl pyro-phosphate, solid solutions of 

MoO3 in V2O5) and the mixture of V3+ and V4+ in vanadium antimonite [15]. In most cases, 

however, the presence of both V5+ and the reduced vanadium ions, irrespective of the 

formal valence state of a V-compound has been observed even in the fresh catalysts. In the 

stationary state of the oxidation reactions all catalysts contain both oxidized and reduced 

vanadium cations, the ratio of them depending on the reaction conditions and the nature of 

the hydrocarbon which is oxidized.  

1.1.9. Evolution of vanadium oxide molecular structures during catalyst 
synthesis and calcination 

Deo and Wachs [21] have shown that the surface vanadium oxide molecular 

structures on amorphous support oxides depend on the isoelectric point (IEP) of a specific 

support. The lower the IEP of the amorphous oxide, the higher the H+ concentration near 

the surface, which lead to the formation of more polymerized vanadium oxide species. 

When the vanadium oxide loading increases, two effects come into play: (1) the pH near 

the surface is lowered due to the presence of acidic vanadium oxides, and decreases with 

increasing vanadium oxide loading; and (2) the dispersion depends on the available surface 
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area as well as the availability of surface hydroxyl groups. Both factors influence the 

chemistry of vanadium in the same direction, i.e. toward the formation of surface 

polyvanadates. The evolution of structure of vanadium species with increasing vanadium 

oxide loading can be written as: orthovanadate (VO4)  pyrovanadate (V2O7)  

metavanadate (VO3)n  decavanadate (V10O28)   vanadium pentoxide (V2O5) [23].  

During heating in air (calcination), the water molecules adsorbed on the support 

and around the supported vanadium oxides are removed and the supported vanadium 

oxides are oxidized mainly to the +5 oxidation state [1]. The formed dehydrated vanadium 

oxides directly anchor onto the surface via an esterification reaction with the hydroxyl 

groups of the amorphous oxide, resulting in the formation of surface vanadium oxides 

[19,23,24]. 

1.1.10. Preparation methods of supported vanadium oxide catalysts 

Different methods have been used for the preparation of supported vanadium oxide 

catalysts [1]. These techniques involve two stages: the first stage is dispersion, which is 

achieved by impregnation, grafting, co-precipitation, or dispersion, while the second stage 

is calcination. The most important preparation techniques along with their advantages and 

disadvantages will be discussed briefly in this section.  

1.1.10.1. Impregnation 

Impregnation is the most simple and widely used preparation technique for making 

supported vanadium oxide catalysts. Both wet impregnation and incipient wetness 

impregnation techniques are usually used for the preparation of vanadia catalysts. In 

incipient wetness impregnation, more precise control over the vanadium oxide loading can 

be achieved but the maximum loading obtainable in a single impregnation is limited by the 

solubility of the reagent and multiple impregnation steps are needed for higher loadings. 

Since V2O5 has a low solubility in aqueous and non-aqueous solutions, supported 

vanadium oxide catalysts are usually prepared by impregnating the support with either an 

aqueous solution of, e.g. NH4VO3 [25-32] or NH4VO3 dissolved in aqueous oxalic acid 

[33-36]. The aqueous impregnation with vanadium oxalate is usually employed for the 
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commercial preparations because of its high solubility in water and the absence of 

undesirable volatile organic solvents [19]. The deep blue solution resulting from the 

dissolution of NH4VO3 in aqueous oxalic acid contains the compound (NH4)2[VO(C2O4)2].  

Due to the reducing nature of oxalic acid, vanadium is in +4 oxidation state in this 

compound [37]. Since NH4VO3 is poorly soluble in water, oxalic acid route is the preferred 

one for the deposition of vanadium oxide and any desired loading of V2O5 can be produced 

by this method. The ionic oxalate complex interacts with the support (denoted as S) via an 

ion exchange reaction [38]: 

2S---OH + (NH4
+)2[VO(C2O4)2]2-  (S---cation+)2[VO(C2O4)2]2- + 2NH4OH (1.1)

Since the impregnating solution is acidic (pH<2), the support surface acquires 

positive charge by the protonation of surface hydroxyl groups: 

S---OH + H+  (S---OH2)+ (1.2)

This protonated surface hydroxyl groups can interact with the complex by a ligand 

substitution reaction also. In this route, functional groups of the support oxide are 

exchanged by ligands of the metal complex: 

(S---OH2)+ + [VO(C2O4)2]2-  (S---O)2-x[VO(C2O4)2-x] + x H2C2O4 (1.3)

Non-aqueous impregnation methods use, e.g. vanadyl acetylacetonate (VO(acac)2) 

as vanadium compound or VO(OC2H5)3 or VO(OC3H7)3 in methanol or another organic 

solvent [39-43]. The impregnation process is followed by drying and then calcination in air 

at high temperatures during which the vanadium oxide compound is chemically anchored 

onto the support oxide surface as shown in Fig. 1.4. 
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Fig. 1.4: Schematic representation of impregnation of a support with an aqueous solution 
of NH4VO3 and oxalic acid, followed by calcination in air (based on [1]).  
 
  

1.1.10.2. Adsorption from solution (Grafting) 

The term grafting is used to describe the removal from solution of a species 

containing the active element through interaction with the hydroxyl groups on the surface 

of an inorganic support. For supported vanadia catalysts, a solution of VOCl3 in CCl4 or in 

benzene is generally used to obtain a dispersed VOx phase on various inorganic oxides 

[44]. Non-aqueous solutions of VO (OiBu)3, VO (acac)2 dissolved in toluene or ethanol 

have also been used for the dispersion of VOx species on various supports [45-48]. A 

monolayer of vanadium oxide on the support surface can be achieved by multiple grafting 

followed by calcination.  

1.1.10.3. Chemical vapor deposition 

In chemical vapor deposition (CVD), the active component is deposited on the 

surface of the support by reaction of a volatile inorganic or organo-metallic compound 

with the support hydroxyl groups. The vanadium precursor compounds generally used for 

this preparation method are gaseous VCl4 and VOCl3. Their interaction with SiO2, TiO2 

and Al2O3 has been studied in detail [49-52]. A similar synthesis method is atomic layer 

deposition (ALD) and series of V/SiO2 and V/Al2O3 catalysts were prepared according to 

this gas phase preparation technique [53].  
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1.1.10.4. Co-precipitation 

Supported vanadium oxide catalysts can be prepared by co-precipitation from a 

solution containing compounds of each element [1]. In this method, an intimate mixing of 

the catalytic active phase and the support can be achieved, but the active component is 

dispersed through the bulk as well as being on the surface [9]. An example of such 

procedure is the preparation of V/TiO2 catalysts by adding NH4OH to a mixed V4+ and Ti4+ 

solution [54]. Well-dispersed mixed VOx-SiO2 and VOx-TiO2 gels have been prepared by 

hydrolysis of VO(OiBu)3-Si(OC2H5)4 and VO2+-TiCl4 solutions respectively.  

1.1.10.5. Thermal spreading 

In this preparation technique [55,56], a physical mixture of V2O5 and support oxide 

is heated together which will lead to the spreading of vanadium oxide over the support. 

This technique makes use of the high mobility of V2O5 with a Tamman temperature of 

370 °C and has been used for depositing V2O5 on a number of oxides. The driving force 

for this spreading phenomenon is the lowering of the surface free energy by forming a 

monolayer of surface vanadium oxide species on the high surface free energy oxide 

support.  

All supported vanadium oxide catalysts were found to contain essentially the same 

vanadium oxide configurations after prolonged calcination treatments irrespective of the 

synthesis methods used in preparing supported vanadium oxide catalysts [57]. Hence the 

preparation method does not influence the local coordination environment of supported 

vanadium oxides but influences the amount of supported vanadium oxides, which can be 

deposited on a particular support oxide without the formation of crystalline V2O5. Thus, 

the preparation method may affect the vanadium oxide dispersion.  

1.1.11. Characterization methods of supported vanadium oxide catalysts 

The characterization of the molecular structures of supported vanadium oxides is 

rather involved, since deposition of this metal oxide on an inorganic oxide can result in 

diverse vanadia species as discussed previously. No characterization technique 
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independently will be capable of providing all the information needed for a complete 

characterization; a multi-technique approach is needed for this purpose [58-62]. A brief 

overview of characterization techniques is given in next chapter.  

1.2. DEHYDROGENATION OF ETHYLBENZENE TO STYRENE 

1.2.1. Importance of the reaction 

Ethylbenzene is used almost exclusively for the manufacture of styrene (63). 

Styrene (ST) is an important monomer for the manufacture of polystyrene, ABA resin and 

synthetic rubber. More than 65% of the styrene produced is converted to polystyrene. 

About 13% is copolymerized with butadiene in the fabrication of rubber elastomers or 

different latexes. The production of styrene-acrylonitrile copolymers consumes about 9% 

and 7% is combined with unsaturated polyester resins [64]. The current annual styrene 

production is approximately 23×106 tonnes per year [65]. USA, Western Europe and Japan 

are the main producers of styrene and Dow Chemical is the largest single producer [63].  

 
1.2.2. Current industrial processes for styrene production 

 
Currently, there are two main processes for the manufacture of styrene [63,66]. In 

the first one, which is a modification of the Halcon process, styrene is obtained as a by-

product in the epoxidation of propene with ethylbenzene hydroperoxide and Mo complex-

based catalysts. This process is commercialized by ARCO Chemical (formerly Oxirane) 

and by Shell. About 2.5 kg styrene is obtained per kilogram propylene oxide. 

Approximately 1.2×106 t/year are currently produced with this technology [66].   

The second one and also the most important manufacturing route to styrene is the 

direct catalytic dehydrogenation of ethylbenzene (Scheme 1.1) and this process accounts 

for more than 90% of the worldwide capacity [66]. Infact, the production of styrene 

monomer from ethylbenzene (EB) is one of the ten largest production processes in the 

chemical industry.  
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Scheme 1.1: Direct dehydrogenation of ethylbenzene to styrene as performed in industry. 

 

1.2.3.  Direct dehydrogenation of ethylbenzene 
 
1.2.3.1. The chemistry of the reaction 

 
The following reactions are involved in the dehydrogenation of ethylbenzene; some 

of these reactions are thermodynamically favored at low temperature, while others are at 

higher temperatures [66]. 

 

Direct reactions: 

ethylbenzene → styrene + H2                                      (dehydrogenation)                        (1.4) 

ethylbenzene → benzene + C2H4                                                 (cracking)                                     (1.5) 

ethylbenzene + H2 → toluene + CH4                                        (hydrogenolysis)                          (1.6) 

ethylbenzene + H2O→ CO + H2                                  (steam reforming)                        (1.7) 

 

Consecutive reactions 

CO + H2O → CO2 + H2                                               (water-gas shift)                           (1.8) 

styrene → precursors of coke                                       (oligomerization)                        (1.9) 

precursors of coke + H2O → CO2 + H2                       (water-gas shift)                         (1.10) 

precursors of coke → coke                                           (dehydrogenation)                     (1.11) 

 

Figure 1.5 shows the values of the standard free energy of reaction (referred to one 

mole of reactant) for the various reactions as a function of temperature [66]. 
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Fig. 1.5: Standard free energy, referred to as one mole of reactant, for the reactions 
involved in the ethylbenzene dehydrogenation [66]. 
  

 

A reaction network, which includes all the main products, is shown in Scheme 1.2 

[66].  

                 Ethylbenzene     →            styrene      →        coke precursors 

 

 

 

     Toluene          benzene                     COx                             coke 

 

Scheme 1.2: Reaction network in the dehydrogenation of ethylbenzene [66]. 
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Approaching equilibrium, the selectivity to styrene decreases due to the inhibition 

of formation of styrene and the rate of formation of the by-products via parallel routes 

becomes more relevant. At low conversion, the selectivity to styrene approaches 100% 

with many different catalyst compositions [66]. 

 
1.2.3.2. The thermodynamics of reaction 
 
 The reversible conversion of EB to styrene and hydrogen (eq. 1.13) is highly 

endothermic, ∆H (873 K) being 124.9 kJ mol-1 [64,67]. The dependence of the equilibrium 

constant K on temperature [67] is given by  

                                                    ln K = -15350 / T + 16.12                                          (1.12)                        

                                      C6H5CH2CH3   ⇔  C6H5CH=CH2  + H2                                                    (1.13) 

 Since two moles of products (styrene and H2) are formed from one mole of EB, a 

reduced pressure favors the EB conversion. 

 
1.2.3.3. Commercial operating conditions 
 

The commercial process is operated at high temperatures between 600 and 7000C 

mainly at atmospheric pressure with an excess of superheated (~7000C) steam, i.e. the 

steam to EB ratio is 10:1. Industrially, three different types of processes are operated in the 

gas-phase using fixed bed catalysts and steam as diluting agent  [64,67]. It can be run 

either adiabatically or isothermally over a fixed bed reactor, in which the reactants are 

passed over the catalyst bed employing radial or axial flow. 

The adiabatic process using multiple reactors is used in more than 70% of styrene 

plants. The heat required for the endothermic dehydrogenation is provided by the injection 

of superheated steam. The inlet temperature of the feed is about 910 K and the steam:EB 

molar ratio is about 11-13. EB conversion in the first reactor is about 35 mol% to give a 

total of 65 mol%. This process is licensed by Badger, ARCO and Shell etc. 

In isothermal EBDH process, the reactor is built like a multitube heat exchanger, 

heated indirectly by the hot flue gas. Vaporized ethylbenzene is mixed with steam 

(steam:EB molar ratio 3-6) and passed into the tubular reactor (6000C) filled with suitable 

catalyst.  
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In SMART EBDH process, based on UOP technology, H2 formed by EBDH is 

oxidized over noble metal catalyst installed between single Fe-catalyst beds. The H2 

oxidation is covering partly the heat balance. The removal of H2 favors EBDH conversion, 

which reaches more than 80 mol%, still maintaining a good selectivity. 

The catalyst system generally preferred today in most of the industrial processes is 

based on iron oxide, which was introduced in 1957 [63]. The catalysts usually contain K 

and Cr oxides and in addition, one or more promoters. The choice and amount of 

promoters determine patterns of activity/selectivity, range of optimal temperature of 

operation and of steam-to-hydrocarbon ratio [66]. A typical range of composition for the 

main elements and for promoters is the following: Fe2O3 45-77 wt%, K2O 10-27%, Cr2O3 

0-3%, Ce2O3 0-5%, MoO3 0-3%, MgO 0-10%, Al2O3 0-0.1%, V2O5 0-2.5%, CaO 0-2.5%. 

The main promoter, potassium, increases the activity of Fe2O3 by more than one order of 

magnitude and also slightly increases the selectivity to styrene and the stability of the 

catalyst [68]. The promoting ability of potassium is due to the formation of a surface 

ternary compound, KFeO2, which constitutes the active phase [66,69-72]. 

The commercial processes use excess of steam with respect to ethylbenzene. The 

overall effect of the increase of the steam-to-hydrocarbon ratio is to increase the activity, 

the selectivity at the same level of conversion (or the conversion at the same value of 

selectivity), the lifetime and stability of the catalyst. The application of steam is proposed 

to (i) shift the equilibrium towards higher conversions of ethylbenzene by decreasing the 

partial pressures of ethylbenzene and of hydrogen, (ii) supply the heat of reaction, (iii) 

limit the build up of coke or of coke precursors on catalyst surface by steam-reforming 

reactions, (iv) keep the iron oxide in an appropriate oxidation state [73] and (v) increase of 

the rate of formation of the active phase, KFeO2, and minimization of the deactivation rate 

under reaction conditions [74,75].  

However, the use of steam causes some serious limitations also, namely, (i) 

consumption of ethylbenzene and of styrene by steam-reforming, (ii) high energy 

consumption because of the excess amount of steam used and (iii) interaction of steam 

with K2CO3 forming free KOH. 
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1.2.4. The limitations of current industrial processes 
 
 The problems encountered in the current ethylbenzene dehydrogenation process are 

described below: 

 
1. The dehydrogenation of EB to styrene is equilibrium limited and highly endothermic 

(∆H°298 = 28.1 kcal/mol).  

2. The industrial process is highly energy consuming because of the excess steam used and 

the high endothermicity of the reaction.  

3. The reversibility of the dehydrogenation process thermodynamically hinders maximum 

yields of styrene. The technical EB conversion is limited below 60%, to keep an acceptable 

high selectivity to styrene. The limited styrene yields and the low EB conversions achieved 

per pass through the reactor lead to the necessity of a reactant recycle. 

For styrene polymerization applications, styrene has to be purified to more than 

99.8%. The separation of un-reacted EB and co-products from styrene is costly due to the 

close boiling points, especially for EB and styrene, with 136 and 145 0C, respectively. 

4. The K-Fe catalyst slowly deactivates with operation and typically needs to be replaced 

every 1-2 year. In view of the scale of the reactors used, this is an expensive operation. 

The number of problems that are encountered in the current commercial process for 

styrene production is the driving force to develop alternative technologies.  

 
1.2.5. Alternative processes for the production styrene 
 

To overcome the above-mentioned drawbacks of dehydrogenation of ethylbenzene 

in the presence of steam, several alternative processes have been proposed [66]: 

1. Dehydrogenation, followed by oxidation of the hydrogen, in order to furnish the heat of 

reaction from inside and in some cases shift the reaction equilibrium. 

2. Membrane catalysis, in order to shift the equilibrium and to carry out the reaction at 

lower temperature. 

3. Oxidative dehydrogenation (ODH), in order to realize an exothermic reaction and shift 

completely the equilibrium towards the product formation and to carry out the reaction at 

lower temperature. 
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The first one, dehydrogenation followed by oxidation, is characterized by the 

injection of a gas containing oxygen either in the effluent or in the feed of a 

dehydrogenation reactor, in order to catalytically oxidize, either in part or totally, the co-

produced or co-fed hydrogen [66]. This type of process is also referred to as 'steam 

oxidation dehydrogenation'. This technology is applied in the dehydrogenation of 

ethylbenzene using iron oxide-based catalysts in the presence of steam and in the 

dehydrogenation of paraffins only with either spinel-type supports or supports based on 

alumina doped with rare earth, which are particularly stable in the presence of steam. 

This method allows one to reach an EB conversion of approximately 80%, by 

removing the H2 from the reaction. But it is necessary in this process to mechanically 

separate the hot aromatics from the oxygen to avoid explosion [76].  

The membrane technology has been proposed to modify dehydrogenation and 

oxidative dehydrogenation processes by removing H2 in situ and to enhance styrene yield 

[77]. In these ceramic membrane reactors, hydrogen is separated from the product stream 

of dehydrogenation reaction occurring on one side of the membrane and removed from the 

other side of the membrane as pure hydrogen or makes it react with an oxygen-containing 

gas. Another method is to let oxygen diffuse selectively through a membrane in order to 

make it oxidize either the hydrogen formed or directly the hydrocarbon, on the other side 

of the membrane [66]. Nevertheless, the realization of an industrial membrane process is 

complicate and requires certain developments not achieved so far [78]. 

Among the alternatives proposed, the oxidative dehydrogenation (ODH) of EB to 

styrene is one of the most elegant and promising reactions and will be discussed in detail in 

the next section. 

 
1.2.6. Oxidative dehydrogenation of ethylbenzene 
 

The ODH of EB to styrene allows one to realize an exothermic reaction due to 

water formation as the secondary product. The thermodynamic equilibrium proposes EB 

conversions as high as 90% at much lower temperatures than in the dehydrogenation 

reaction. The reaction can be carried out using different oxidizing agents as described 

below. 
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1.2.6.1. Oxidative dehydrogenation in presence of O2 

 
The ODH of ethylbenzene with O2 can be represented as [66]: 

                    C6H5-C2H5 + 0.5 O2  → C6H5-C2H3 + H2O  ∆H0
298 = - 29.7 kcal/mol       (1.14) 

The reaction with O2 is highly exothermic so that it can be performed at lower 

temperatures. It is claimed that almost complete conversion can be obtained which will 

decrease the separation costs. The use of superheated steam can be eliminated or reduced 

to minimal levels and higher selectivity (90% in dehydrogenation) can be reached. This 

minimizes the waste of ethylbenzene, simplifies the removal of the heat of reaction and 

avoids total consumption of oxygen. The transformation of one mole of ethylbenzene to 

styrene requires 0.5 O2 while the combustion to CO2 requires 13 O2.  

 The disadvantage of the ODH with O2 is that side reactions occur by cracking and 

by oxygen insertion on ethylbenzene and on styrene [79]. Also, in an industrial operation, 

problems like mixture flammability and run-away may arise in the presence of molecular 

oxygen. 

 The catalysts used for oxidation can be broadly classified into oxides possessing 

medium strength acidity and with nil or limited redox properties [80] and oxides with 

redox properties [81,82]. 

 
1.2.6.2. Catalytic oxidation with acid oxides 
 

In general, mixed oxide-based catalysts were studied for this reaction. These oxides 

are active in the temperature range 450 to 600°C and operate with a ratio O2/EB 0.8-2, a 

concentration of EB in the range 8-15% and a contact time in the range 0.2-4 gcat/(gEB h) 

[66]. The carbon molecular sieves and metal phosphates are reported to be good catalysts 

[83,84]. It is suggested that the active catalyst in ethylbenzene oxidative dehydrogenation 

is the ‘active coke’, which forms in the first hours of reaction and reaches a stationary 

amount on the surface of the oxides [80,85]. Therefore, the investigated oxides are ‘carriers 

of the active component’. The differences in catalytic activity of different classes of metal 

oxides and phosphates are low since the real catalyst is ‘active coke’ formed on the oxides 

and not the oxide itself. This is also the reason for the higher yield in styrene obtained at 

much lower temperature with molecular sieve carbon. The activity is observed at higher 
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temperatures with metal oxide carriers since higher temperatures are most likely necessary 

to form and to maintain a certain stationary amount of ‘active coke’. 

In the case of ‘oxides as carriers’ usually conversions not higher than 70% have 

been reported [66]. This limitation on conversion is essentially due to the fact that the 

conversion of oxygen reaches 100%. In fact, the oxygen-to-styrene ratio reported in most 

publications and patents is not higher than 1, with a preferred concentration of 

ethylbenzene of 10%. The choice of this composition, the best for achieving a good 

selectivity, requires a costly dilution of air with nitrogen or steam and also causes oxygen 

starvation at high conversion. However, it is the preferred composition for safe operation, 

which is outside the flammability region. The strong adsorption of styrene on the oxide 

carriers also negatively influences the rate of transformation of ethylbenzene and cause 

non-complete conversion. In order to increase the conversion to values, which are 

economically competitive with dehydrogenation, an oxide carrier presenting higher 

selectivity must be developed.  

 
1.2.6.3. Catalytic oxidation with redox oxides 
 

Oxidation of ethylbenzene to styrene has been achieved with redox-type catalysts, 

which are based on MgO/V2O5 and using two different reactor configurations namely 

catalytic oxidation with air in the presence of steam [79,86] and oxidation of ethylbenzene 

with oxygen from the catalyst and reoxidation of the reduced catalyst with air [81]. 

 
 Catalytic oxidation 

The performances obtained with redox catalysts are very similar to those obtained 

with acid oxides. The only difference is that higher amount of steam is needed when redox 

oxides are used, to suppress bulk combustion. According to some reports [79,86] the active 

sites for the selective oxydehydrogenation are surface clusters of V5+ and V4+ in octahedral 

coordination with MgO/V2O5 catalyst. Hanuza et al [86] suggested that the sites which 

abstract hydrogen from ethylbenzene are surface V5+=O bonds, while V4+ species 

dissociate molecular oxygen. 
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Non-catalytic oxidation 

In non-catalytic oxidation [66,81], mixed oxides with composition ranging from 40 

to 60 wt% MgO, from 20 to 40 wt% SiO2 and from 10 to 30 wt% V2O5 are used as 

stoichiometric oxidants of ethylbenzene. The preferred composition is 50 wt% MgO, 30 

wt% SiO2 and 20 wt% V2O5. The preferred preparation is spray-drying of a MgO-SiO2 

suspension followed by impregnation of ammonium metavanadate, preferably with a 

further amount of silica and calcination at temperatures between 500 and 800 °C. In pulse 

reactor tests, an ethylbenzene conversion of 98.1% and styrene selectivity of 92% were 

obtained at 505 °C. Tests in fluidized-bed reactor, at a WHSV of 3.4 h-1 and at the 

temperature of 500 °C, gave ethylbenzene conversion of 63% and selectivity of 83.8%. 

These results, achieved at comparable contact time, are lower than those obtained with acid 

oxides as carriers. 

It should be mentioned that all these methods are at a research level only and the 

dehydrogenation is the only process widely used at a commercial level [66]. The SMART 

technology is commercially available, but it has found not much industrial application till 

now. The oxidative dehydrogenation gives better performances in terms of conversion and 

selectivity than the industrial dehydrogenation process. The best performance in terms of 

conversion/selectivity is claimed with the non-catalytic oxidation on redox oxides, where 

92% of selectivity was obtained at 98% conversion. However, for these two alternative 

technologies the lifetime of catalysts has not yet been evaluated and therefore pilot plant 

studies have to be carried out in order to obtain information about the change of catalytic 

performance with time-on-stream and about the productivity. It is also necessary to gain a 

more quantitative knowledge of all the by-products. In fact, even if present in traces, the 

nature and amount of by-products can determine the final success of these new 

technologies. 

Since the strong reactivity of oxygen causes burning of considerable amounts of 

ethylbenzene to COx, milder oxidizing agents like CO2 and SO2 were proposed as alternate 

to oxygen for ODH reaction [87]. 
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1.2.6.4. Oxidative dehydrogenation in presence of SO2 

 
The ODH of alkanes and alkenes with SO2 was investigated in detail by Adams et 

al [88] and they found that much higher yields of dialkenes are obtained from the alkenes 

than for the corresponding oxidation with oxygen. The overall reaction for the 

dehydrogenation of ethylbenzene to styrene with SO2 can be written as  

                        3 C6H5C2H5  +  SO2   →  3 C6H5C2H3   +  H2S  + 2H2O                        (1.15) 

Adams et al [89] reported high selectivity (~90%) at high EB conversions (90%) at 

operating pressures from atmospheric to about 6 atm. However, the catalyst gradually gets 

coked and deactivated. Moreover, the formation of toxic and corrosive by-products like 

CS2, COS and benzothiophene during the process prevents the use of SO2 at an industrial 

scale. 

 
1.2.6.5. Oxidative dehydrogenation in presence of CO2 

 
CO2 is also proposed as an alternative oxidizing agent [90-95]. The 

dehydrogenation using CO2 can be represented as  

                             C6H5CH2CH3 + CO2  →  C6H5CH=CH2 + CO + H2O                      (1.16) 

ODH by CO2 shifts the equilibrium to lower temperatures. The realization of such a 

process leads to a decrease of the amount of energy required and to an increase of the 

styrene yield. However, this method has the disadvantage that CO2 blocks the active 

centers of the catalyst, which leads to quick catalyst deactivation [96,97].  

 

1.2.7. Nitrous oxide as an oxidizing agent 
 

N2O is a by-product in industrial plants from the production of adipic and nitric 

acid and from the combustion of fossil fuels and biomass. It is also formed from land 

cultivation, the regeneration of coked fluid cracking catalysts and the non-selective 

catalytic reduction of NOx with ammonia [98]. These sources of N2O emission cause its 

concentration to increase in the atmosphere at a rate of about 0.3% per year. The 

concentration has now reached about 310 ppb [99]. Though the concentration seems to be 

low, nitrous oxide is strongly involved in the atmospheric greenhouse effect because each 
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molecule of N2O present in the atmosphere is characterized by an average lifetime of about 

150 years and a net greenhouse effect of about 300 times greater than that of CO2 [100]. 

The emission of N2O can be reduced by catalytic decomposition into nitrogen and 

oxygen or by utilizing it as a mild oxidizing agent in selective oxidation (or 

dehydrogenation) of hydrocarbons. Thus N2O was used for the direct hydroxylation of 

benzene to phenol and for the selective oxidation of other aromatic compounds like alkyl-, 

chloro-, and fluorobenzenes to corresponding phenols and diphenols [101]. N2O was also 

used for the partial oxidation of ethane to ethylene and acetaldehyde [102,103].  

Though nitrous oxide is a potential alternate mild oxidizing agent, the reports on its 

use for ODH process have been very scarce in the literature. Lopez Nieto et al [104] used 

N2O for the oxidative dehydrogenation of n-butane and found that selectivity to olefins 

was higher with N2O as oxidant than with molecular oxygen.  N2O is also utilized for the 

oxidative dehydrogenation of propane with enhanced selectivity towards propene for the 

same degree of propane conversion compared to O2 [105]. 

Recently Kustrowski et al studied the coupling of N2O decomposition with 

ethylbenzene dehydrogenation and obtained promising results with respect to the EB and 

N2O conversion [87]. Though nitrous oxide is found to be an effective oxidizing agent in 

these reports, the number of studies is limited and the application of N2O as a potential 

alternate mild oxidizing agent for oxidation processes is not yet explored significantly.  

 

1.3. PREFERENTIAL OXIDATION OF CARBON MONOXIDE IN PRESENCE OF 
EXCESS OF HYDROGEN 
 
1.3.1. Introduction 
 

Selective oxidation of CO in excess hydrogen (also preferential oxidation, PROX) 

has attracted renewed interest over the last years due to its use in low-temperature proton 

exchange membrane fuel cell (PEMFC) technology [106]. As a pollution-free and high 

efficiency energy conversion device, fuel cells are considered to be one of the most 

attractive energy conversion technologies of the future, especially for powering 

transportation vehicles [107,108]. In order to avoid problems associated with hydrogen 
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distribution and storage, particularly in vehicle applications, H2 can be produced on-board 

by autothermal reforming of hydrocarbon fuels, preferably renewable ones, such as 

methanol. The production of hydrogen actually occurs in three processes: (a) hydrogen is 

produced by autothermal reforming of a hydrocarbon (fuel + O2 + H2O ↔ COx + H2), 

where without water it is partial oxidation and without oxygen it is steam reforming; (b) 

the water–gas shift reaction (CO + H2O ↔ CO2 + H2) eliminates most of the CO, 

producing more hydrogen; and (c) any remaining CO is reduced to parts-per-million levels 

by preferential oxidation (PROX) [109]. The PROX reaction is the selective catalytic 

oxidation of CO in the H2-rich reformates using O2. The gas at the outlet of a reformer and 

two-stage water gas shift (WGS) reactor typically contains 45–75 vol.% H2, 15–25 vol.% 

CO2, a few vol.% H2O, traces of unconverted fuel and 0.5–2 vol.% CO, which is set by the 

thermodynamic equilibrium of the water–gas shift reaction. The CO thus produced is a 

catalyst poison for the fuel cell Pt gas diffusion anode, which is sensitive to even low 

levels (ppm) of CO. Hence it is essential to lower the concentration of CO in the reformer 

gas below 100 ppm, a concentration tolerable by modern Pt alloy electro catalysts. In order 

to achieve this low CO concentration, the PROX reactor is placed between the shift reactor 

and the fuel cell anode. As with many catalytic processes, the challenges here are activity 

and selectivity. The conversion of CO has to be very high in order to achieve a 

concentration level of less than 100 ppm. In order to keep the overall energy conversion 

process as efficient as possible, the CO oxidation must be highly selective. At the same 

time, the reformate is mostly hydrogen and its oxidation to water obviously reduces the 

amount of hydrogen needed to operate the fuel cell and decreases the overall energy 

conversion efficiency [106]. From a process point of view (reformer → two-stage WGS 

reactor → PROX → fuel cell) there are two temperature levels which are particularly 

convenient for a PROX reactor: either the PEMFC operating temperature (80–100 0C) or 

the temperature of the methanol reformer unit (250–300 0C) [106,110,111]. Since the 

PROX unit is placed between the low-temperature shift reactor and the PEFC, it should 

operate between these temperatures. PROX system operation at low temperature (room 

temperature) is also very important for start-up in transportation application fuel cells. 
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Therefore, the PROX system must operate over a wide temperature range to be practical 

[109,112]. 

 
1.3.2. Thermodynamics 

 
Taking into account the composition of the gas mixture at the outlet of the low 

temperature water gas-shift reactor, one can conclude that there are quite a number of 

thermodynamically allowed reactions. Even when the gas feed into PROX reactor does not 

contain CO2 and H2O, one has to consider the following set of thermodynamic equilibria 

[106]: 

                                          CO + 1/2 O2 ⇔ CO2                                                             (1.17) 

                                          H2  + 1/2 O2 ⇔ H2O                                                             (1.18) 

                                          CO + H2O ⇔ CO2 + H2                                                        (1.19) 

                                          2CO ⇔ C + CO2                                                                   (1.20) 

                                          CO + 3H2 ⇔ CH4 + H2O                                                      (1.21) 

                                          CO2 + 4H2 ⇔ CH4 + 2H2O                                                  (1.22) 

Reaction (1.20) is completely unwanted, because it reduces the activity of a catalyst 

by coking. Reactions (1.18), (1.21) and (1.22) are also unwanted, because they reduce the 

selectivity of a catalyst. Consequently, a catalyst with a good selectivity will promote 

reaction (1.17) or (1.19) at the expense of reactions (1.18), (1.21) and (1.22). 

Thermodynamic equilibrium constant of the water gas-shift reaction (WGSR) (1.19) is at 

least 25 orders of magnitude lower than the thermodynamic equilibrium constants of CO 

and H2 oxidation reactions at low temperatures (up to about 150 0C) [106]. It was 

experimentally observed that the WGSR does not proceed to an appreciable extent over the 

Cu–Ce(La)Ox [113] and CuO/Al2O3–CeOx [114] catalysts at temperatures below 150 0C 

and at high GHSV (> 80,000 h−1). The results from a study over the Cu0.1Ce0.9O2−y 

nanostructured catalysts also indicate that no reverse WGS reaction is observed at 

temperatures below 155 0C [106]. Both methanation reactions (1.21) and (1.22) have 

extremely low values of the thermodynamic equilibrium constant (on the order of 10−20) 

at temperatures below 150 0C. The formation of carbon, reaction (1.20) (Boudouard 
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equilibrium), is favored at low temperatures, but again the thermodynamic equilibrium 

constant is at least 20 orders of magnitude lower than the thermodynamic equilibrium 

constants of the CO and H2 oxidation reactions up to about 150 0C. From the 

thermodynamic point of view, there are no restrictions for the oxidation of CO to proceed 

with 100% selectivity in excess of H2 if both oxidation reactions proceed near equilibrium. 

 
1.3.3. The need for development of new catalysts 
 

The current PROX reactor catalysts are prepared from costly alumina-supported Pt, 

Pd, Ru and Rh, which operate at temperatures of 150–200 0C and significantly lose 

selectivity at those temperatures [106]. The other crucial requirement for the PROX reactor 

is a high oxidation rate of CO. The reaction rate over 3 wt.% Au finely dispersed on α-

Fe2O3 at 30 0C and PCO = PO2 = 1 kPa, where the selectivity is 100% and CO conversion is 

over 90%, is reported to be 5.1 × 10−6 mol/gcat s. However, when the temperature is raised 

to the PEMFC working temperature, the selectivity drops to only 40%. The reaction rate 

over 0.5 wt.% Pt finely dispersed on γ -Al2O3 at 200 0C and at the same partial pressures of 

CO and O2, where the maximum selectivity is around 40% and CO conversion 100%, is 

reported to be 5.2 × 10−6 mol/gcat s [106,110,111]. A two-stage CO selective oxidation 

reactor for PEMFC automotive applications based on a wash-coat Pt and Ru/Al2O3 catalyst 

and on a compact fin heat exchanger design has a volume of 1 L in order to lower the 

initial CO concentration in the reformer fuel of 0.5% down to less than 20 ppm at 160 0C 

and a gas hourly space velocity (GHSV) of 19,000 h−1, i.e., at fuel flow rate equivalent to a 

PEMFC electrical power output of 5 kWel [115]. 

 The requirements for an effective PROX catalyst can be summarized as: (i) high 

activity for CO oxidation (ii) higher ease of CO oxidation than H2 (iii) ability to function at 

temperatures similar to that of PEM fuel cells (iv) the resistance towards deactivation by 

CO2 and water present in the feed. The current noble metal-based catalysts can almost 

totally convert CO in the presence of oxygen. However, considerable amount of hydrogen 

is also consumed simultaneously. This fact, together with their higher cost, requires the 

development of alternate catalysts.  
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1.4. SCOPE OF THE THESIS 
  

This thesis describes the preparation, characterization and catalytic activity studies 

of alumina and magnesia supported vanadia (VOx/Al2O3 and V-Mg-O) catalysts. One of 

the objectives of the work described in this thesis is to explore the possibility of an 

alternate process for the ODH of EB using N2O as an oxidizing agent. Since the current 

processes are equilibrium-limited and energy intensive, a process which can be operated at 

lower temperatures with comparable or higher conversion and selectivity to that of 

conventional commercial process can save a huge amount of energy, considering the fact 

that the current annual styrene production is approximately 23×106 tonnes. We have used 

supported vanadia systems as the catalysts for this reaction since previous studies have 

demonstrated that supported vanadia systems exhibit high activity and selectivity for 

alkane oxydehydrogenation. We have selected nitrous oxide as the oxidant since it is a 

mild oxidizing agent and additionally the gas, which causes global warming, is effectively 

utilized in this reaction. Another aim of the thesis is to study preferential oxidation of CO 

in presence of excess of hydrogen, which is an important reaction to avoid CO poisoning 

of Pt anode in fuel cells. The thesis also intend to investigate the relationship between 

molecular structure of the above mentioned supported vanadia catalysts and their activity.  

The thesis has been divided into six chapters. 

Chapter 1 gives a general introduction about supported vanadia catalysts and their 

use in oxidation reactions. The chapter presents an introduction about the dehydrogenation 

reaction of ethylbenzene for the production of styrene, an important monomer. This 

chapter also contains a brief introduction about preferential oxidation of CO in presence of 

H2 and CO2. 

Chapter 2 describes the preparation and characterization of VOx/Al2O3 catalysts 

with different vanadia loadings. The characterization studies of these materials were 

carried out by XRD, Surface area (by N2 sorption), SEM, TG-DTA, IR, Laser Raman, 51V 

NMR, EPR and TPR. For each technique, theory and experimental procedure have been 

described briefly. 

Chapter 3 is divided into three sections. Section A presents the catalytic activity 

data of oxidative dehydrogenation (ODH) of ethylbenzene using nitrous oxide over 
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VOx/Al2O3 catalysts in vapor phase down flow reactor. The effect of different parameters 

like vanadia loading, reaction temperature, space velocity, N2O flow rate on the reaction 

rate and selectivity are investigated. The results are compared with those obtained when 

the reaction is performed in nitrogen atmosphere.  

Section B describes the characterization results of catalysts after dehydrogenation 

reaction in N2O and N2 atmosphere. This section also presents the discussion on the 

relation between catalytic activity and the local structure of vanadia species on alumina 

surface. The reasons for the enhancement in activity in N2O atmosphere compared to that 

in N2 atmosphere are also discussed.  Section C contains the results and discussion of 

preferential oxidation reaction of CO in presence of excess hydrogen over VOx/Al2O3 

catalysts. 

Chapter 4 describes the preparation and characterization of V-Mg-O catalysts. The 

calcined samples were characterized by XRD, surface area (by N2 sorption), SEM, TG-

DTA, IR, Laser Raman, EPR, 51V NMR and TPR. It was found that the nature of 

vanadium species differs depending on the vanadia loading. At low loadings, vanadia exist 

as isolated V5+ species while magnesium orthovanadate was the predominant phase at high 

loadings. 

Chapter 5 is divided into two sections. Section A presents the catalytic activity data 

of oxidative dehydrogenation (ODH) of ethylbenzene using nitrous oxide over V-Mg-O 

catalysts in vapor-phase down flow reactor. The effect of vanadium loading, reaction 

temperature, space velocity, N2O flow rate on reaction rate and selectivity are investigated. 

The results are compared with those obtained when the reaction is performed in nitrogen 

atmosphere. 

 Section B describes the characterization results of catalysts after dehydrogenation 

reaction in N2O and N2 atmosphere. It also presents the discussion on the relation between 

catalytic activity and the local structure of vanadium species on magnesia surface. The 

reasons for the enhancement in activity in N2O atmosphere compared to that in N2 

atmosphere are also discussed. 

 Chapter 6 summarizes the conclusions reached in this thesis and gives suggestions 

for further research. 
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2.1. INTRODUCTION 
 
The successful industrial heterogeneous catalysts should possess high catalytic 

activity for the desired reaction, high selectivity for the desired product and acceptable 

commercial life. The characterization of catalytic materials is a very important step in the 

process of catalyst development, which gives insight into the relation between physical and 

chemical properties of the catalyst and its activity. If the structure and composition of the 

catalyst can be correlated with its activity and selectivity, the working of the catalyst can 

be understood.   

 In this work, the catalysts were prepared by wet-impregnation method and 

characterized by various physico-chemical methods such as X-ray diffractometry, ICP-

AES, infrared spectroscopy, surface area measurements, SEM, TG-DTA, TPR, XPS, EPR, 

NMR etc. 

The theory and experimental procedure of various characterization techniques used 

for the present study are briefly described in the following section. Wherever possible, the 

current knowledge about the application of characterization techniques for catalysts 

containing vanadium is also briefly discussed. 

 
2.2. PREPARATION OF VOx/Al2O3 CATALYSTS 
 

The usual wet impregnation method is used for the preparation of VOx/Al2O3 

catalysts. The catalysts were prepared by impregnating γ-Al2O3 (Alpha products, UK) with 

NH4VO3 (s. d. fine-chem. ltd., AR grade) dissolved in an aqueous solution of oxalic acid 

(s. d. fine-chem. ltd., LR grade) in 1:2 weight ratio at a pH of ~ 1.9. After impregnation, 

the samples were dried in air at 383 K for 12 h and calcined in air at 823 K for 4 h. 

The vanadium content was determined by ICP-AES. The different samples are 

designated in the text as nVOx/Al2O3 where n is an integer corresponding to the loading of 

vanadia on γ-Al2O3 as V2O5. 
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2.3. PHYSICOCHEMICAL CHARACTERIZATION-THEORY AND EXPERIMENTAL 
PROCEDURE 

 
2.3.1. X-Ray diffraction  
 

XRD is used to identify bulk phases, if desired under in situ conditions and is also 

used to monitor the kinetics of bulk transformations and to estimate particle sizes. In 

catalyst characterization, diffraction patterns are mainly used to identify the 

crystallographic phases that are present in the catalyst [1]. The XRD method involves the 

interaction between the incident monochromatized X-rays (like Cu Kα or Mo Kα source) 

with the atoms of a periodic lattice. X-rays scattered by atoms in an ordered lattice 

interfere constructively in directions given by Bragg’s law: 

                                           nλ = 2 d sinθ; n = 1, 2, 3,….                                                 (2.1) 

where λ is the wavelength of the X-rays, d is the distance between two lattice planes, θ is 

the angle between the incoming X-rays and the normal to the reflecting lattice plane and n 

is the integer called order of the reflection. 

  Bragg peaks are measured by observing the intensity of the scattered radiation as a 

function of scattering angle 2θ. The angles of maximum intensity enable one to calculate 

the spacings between the lattice planes and allow furthermore for phase identification. The 

width of diffraction peaks carries information on the dimensions of the reflecting planes.  

Diffraction lines from the perfect crystals are very narrow.  For crystals with size below 

100 nm, line broadening occurs due to incomplete destructive interference in scattering 

directions where the X-rays are out of phase.  The width of the diffraction lines can be used 

to estimate the crystal size by the relation, Debye-Scherrer formula [2],  

                                                             <L>  = kλ/βcosθ                                                (2.2) 

where <L>, λ, β and θ are the volume averaged particle diameter, X-ray wavelength, full width 

at half maximum (FWHM), diffraction angle respectively and k is a constant, often taken as 1.   

 One important limitation of XRD is that this technique requires samples, which possess 

sufficient long-range order. Amorphous phases and small particles give either broad and weak 

diffraction lines or no diffraction at all which makes them virtually invisible for XRD. 
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 Powder X-ray diffraction (XRD) patterns of all catalysts reported in this thesis 

were obtained on a Rigaku Geigerflex diffractometer with a monochromatic Cu Kα 

radiation (λ= 0.15406 nm, 30 kV, 15 mA) with Ni-filter. Samples were scanned within the 

2θ range of 10-850 with a step size of 0.02. 

 
2.3.2. Infrared Spectroscopy 
 
 Infrared spectroscopy (IR) can be considered as the first and the most important of 

the modern spectroscopic techniques that has found general acceptance in catalysis. The 

technique is used to identify phases that are present in the catalyst or its precursor stages, 

the adsorbed species, adsorption sites and the way in which the adsorbed species are 

chemisorbed on the surface of the catalyst. The first studies in the mid infrared region in 

catalysis were done in the pioneering work of Eischens and Pliskin, as described in their 

review of 1958 [3]. 

 Infrared spectroscopy is the most common form of vibrational spectroscopy and it 

depends on the excitation of vibrations in molecules or in solid lattices by the absorption of 

photons, which occurs if a dipole moment changes during the vibration. The intensity of 

the infrared band is proportional to the change in dipole moment. A variety of IR 

techniques have been used to get information on the surface chemistry of different solids.  

With respect to the characterization of metal oxide catalysts two techniques largely 

predominate, namely, the transmission/absorption and the diffuse reflection techniques. In 

the first case, the sample consists typically of 10-100 mg of catalyst, pressed into a self-

supporting disc of approximately 1 cm2 and a few tenths of a millimeter thickness. In 

diffuse reflectance mode (DRIFT), samples can be measured by simply depositing on a 

sample holder, avoiding the tedious preparation of wafers. This technique is especially 

useful for strongly scattering or absorbing samples.  

 The infrared absorption spectrum is described by Kubelka Munk function [4,5]: 

                                                        F(R∞) = K/S = (1-R∞)2/2R∞                                               (2.3) 

where K is the absorption coefficient, which is a function of the frequency ν, S is the 

scattering coefficient and R∞ is the reflectivity of a sample of infinite thickness, measured 

as a function of ν. 
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Regarding supported vanadium oxide catalysts, the infrared spectroscopy technique 

can provide information on the molecular structure, although the investigation of the 

surface vanadium oxide vibrations is often complicated due to the overlapping infrared 

bands of the support oxide [6-14]. IR can also probe the interaction of vanadium oxide 

with the surface hydroxyl groups of the oxide support since hydroxyl groups give rise to 

intense infrared absorption bands. The technique is also frequently used to study the 

interaction of the catalyst material with reactant molecules during adsorption or surface 

studies. Examples are the oxidation reactions of methanol and toluene.  

The Fourier transform-infrared spectra of the catalysts reported here were recorded 

on Shimadzu 8300 FT-IR spectrometer at ambient conditions. The spectra were recorded 

using thin self-supporting discs made by pressing the mixture of catalyst sample and KBr. 

 
2.3.3. Laser Raman Spectroscopy (LRS) 
 

Raman spectroscopy is based on the inelastic scattering of photons, which loose energy 

by exciting vibrations in the sample. A vibration is Raman active if it changes the polarizability 

of the molecule. Raman and infrared spectroscopies complement each other, in particular for 

highly symmetrical molecules.   

Raman spectroscopy can widely be used for investigations of oxides, supported and 

bulk metals, supported oxides and at the water-solid interface and has found steadily 

increasing application for the characterization of supported transition metal oxide catalysts 

since the early work of Villa et al [15] in 1974. LRS is particularly powerful for 

investigations of the structure of supported oxide catalysts. All characteristic vibrational 

features of oxides of the transition metals like Mo, W, Cr, V and Re fall into the frequency 

range below 1100 cm-1. These oxides have high Raman scattering cross-sections because 

of their relatively high covalent bond character. The usual support materials (particularly 

alumina and silica) have very low Raman scattering cross-sections and only show weak 

absorption bands in the 700–1100 cm-1 region. Hence LRS has the advantage that the 

normal modes of the minority components, namely the transition metal oxides dispersed on 

the supports, can most frequently be detected by LRS with relative ease in the frequency 
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region from 50 to 100 cm-1. It should be also mentioned that titania and zirconia oxides 

possess strong Raman absorption bands in the region below 700 cm-1. 

The Raman spectroscopy technique can discriminate between different vanadium 

oxide coordination environments and bond lengths [16-26]. As mentioned previously, 

vanadium–oxygen vibrations are present below 1100 cm-1 in which range, silica and 

alumina supports show any or only very weak Raman bands. Interaction of the vanadium 

oxides with the support hydroxyls cannot be easily studied with RS since the hydroxyl 

groups of the support oxides are weak Raman scatterers. Only for titania and silica, 

sometimes weak hydroxyl groups can be observed. Various studies have demonstrated that 

the simultaneous use of reference vanadium oxide compounds and the correlation between 

Raman frequency and bond length makes RS very well suited to study the molecular 

structures of supported vanadium oxides. The surface vanadium oxide structure has been 

studied during the adsorption and oxidation of methanol and methane, and during the 

selective catalytic reduction of nitrogen oxides.  

There are some major problems that may be encountered in LRS like the heating 

effects of the laser beam, low sensitivity of the technique and background fluorescence. 

Laser Raman spectra reported in this thesis were obtained at room temperature 

using a Spex 1403 spectrometer. The samples were pressed into 9 mm diameter by 1 mm 

thick wafers and heated at 473 K in air for 2 h and cooled to room temperature before 

recording the spectra. The 514.5 nm line of an argon ion laser (Spectra Physics 165) was 

used for excitation. The laser power at the sample was approximately 40 mW. The 

scattered light was collected in the backscattering geometry and detected with a 

thermoelectrically cooled photomultiplier (RCA, type C31034).  

 
2.3.4. Diffuse reflectance UV-visible spectroscopy 
 

Diffuse reflectance spectroscopy (DRS) is a spectroscopic technique based on the 

reflection of light in the ultraviolet (UV), visible (VIS) and near-infrared (NIR) region by a 

powdered sample. In a DRS spectrum, the ratio of the light scattered from an “infinitely 

thick” closely packed catalyst layer and the scattered light from an infinitely thick layer of 

an ideal non-absorbing (white) reference sample is measured as a function of the 
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wavelength λ. The scattered radiation, emanating from the sample, is collected in an 

integration sphere and detected. The most popular continuum theory describing diffuse 

reflectance effect is Schuster-Kubelka-Munk (SKM) theory. If the sample is infinitely 

thick, the diffuse reflection of the sample (R∞) is related to an apparent absorption (K) and 

apparent scattering coefficient (S) by the SKM equation [27,28]: 

                                              F(R∞) = (1-R∞)2 / 2R∞  = K/S                                              (2.4) 

At low concentrations of supported transition metal ions (TMI), this equation is a 

good representation of the absorbing spectrum and allows a quantitative determination of 

the TMI. 

      F(R∞) = (1-R∞)2 / 2R∞  = K/S = αCTMI / S = k CTMI                                            (2.5) 

 When at a given wavelength λ, S is constant, the above equation gives a linear 

relation between F(R∞) and the TMI concentration, CTMI. The coefficients α and k are 

proportionality constants. 

DRS is a particularly suitable technique for studying the speciation of supported 

TMIs because it measures both their d-d transitions and charge transfer bands. The 

obtained information is directly chemical since the outer shell electrons are probed. The 

DRS technique can be used under in situ conditions. DRS technique can be applied at 

different levels of sophistication, from merely detecting the presence of a certain oxidation 

state of a supported TMI up to a detailed distribution of different oxidation states and 

coordination environments under catalytic conditions. If the spectra are complex, 

encompassing several broad and overlapping bands, chemometrical techniques need to be 

employed for correct spectral analysis.    

In the case of supported vanadium oxides, the diffuse reflectance spectroscopy 

(DRS) technique in the UV-Vis-NIR region can provide insight on the different oxidation 

states and coordination geometries [29-33]. The DRS technique probes the charge transfer 

transitions as well as the d–d transitions of vanadium ions at the catalyst surface. The 

technique is quantitative at least for low vanadium oxide loadings and can be used under in 

situ conditions. The disadvantage is that the DRS signals are usually broad and overlap 

with each other, leading to a biased spectral analysis. In addition, the origin of the specific 
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electronic transition is sometimes difficult to isolate due to its dependence on the local 

coordination environment, the polymerization degree and the specific oxidation state.  

Diffuse reflectance UV-visible spectra of the present samples were recorded using 

a Shimadzu UV-2550 spectrophotometer. The reflectance spectra were converted into the 

Kubelka-Munk function, F(R) that is proportional to the absorption coefficient for low 

values of F(R). The spectra were measured in the range of 200-800 nm in air at room 

temperature. 

 
2.3.5. Surface area determination by BET method 

 
The most common method of measuring surface area of catalytic materials is that 

based on the theory developed by Brunauer, Emmett and Teller in 1938 considering the 

multilayer adsorption. The isotherm points are transformed with the linear version of BET 

equation [2]: 

                              p/V(p0-p) = 1/cVm + [(c-1)/cVm] (p/p0)                                    (2.6) 

where p is adsorption equilibrium pressure, p0 is saturation vapor pressure of the adsorbate 

at the experimental temperature, V is volume of gas adsorbed at pressure p, Vm is volume 

of adsorbate required for monolayer coverage and c, a constant that is related to the heat of 

adsorption and liquefaction. A linear relationship between p/V(po/p) and p/po is required to 

obtain the quantity of nitrogen adsorbed. This linear portion of the curve is restricted to a 

limited portion of the isotherm, generally between 0.05-0.30. The monolayer volume, Vm 

is given by 1/(S+I), where S is the slope and is equal to (c-1)/cVm and I is the intercept and 

is equal to 1/cVm. The surface area of the catalyst (SBET) is related to Vm, by the equation, 

                                                        SBET = (Vm/22414) Na σ                                            (2.7) 

where Na is Avogadro number and σ is mean cross sectional area covered by one adsorbate 

molecule. The σ value generally accepted for N2 is 0.162 nm2. 

 The BET surface area, SBET, of the catalysts was measured by nitrogen adsorption-

desorption method at 77 K using NOVA 1200 surface area analyzer (Quantachrome). The 

catalyst samples were evacuated at 573 K for 3 h till the residual pressure was 2×10-3 Torr 

before nitrogen sorption.  The isotherms were analyzed in a conventional manner in the 

region of the relative pressure, p/p0 = 0.05 to 0.3.  
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2.3.6. Scanning electron microscopy (SEM) 
 
 Scanning electron microscopy is a rather straightforward technique to study overall 

topography [36]. SEM scans over a sample surface with a probe of electrons (5-50 kV) and 

detects the yield of either secondary or back-scattered electrons as a function of the 

position of the primary beam. Parts of the surface facing the detector appear brighter than 

parts of the surface with their surface normal pointing away from the detector. 

Magnification of 20-50,000 is possible with a resolution of about 5 nm. Crystallite shape, 

size and size distributions are easily obtained for particles larger than 5 nm. The size and 

morphology of the catalysts of the present study were examined using a JEOL JSM-840A 

scanning electron microscope. 

 
2.3.7. Thermal analysis (TG, DTG and DTA) 
 

Thermo analytical techniques involve the measurements of the response of the solid 

under study (energy or mass released or consumed) as a function of temperature (or time) 

dynamically by application of a linear temperature program. Thermogravimetry is a 

technique measuring the variation in mass of a sample when it undergoes temperature 

scanning in a controlled atmosphere. This variation in mass can be either a loss of mass 

(vapor emission) or a gain of mass (gas fixation). Differential thermal analysis is a 

technique measuring the difference in temperature between a sample and a reference (a 

thermally inert material) as a function of the time or the temperature, when they undergo 

temperature scanning in a controlled atmosphere. The DTA method enables any 

transformation to be detected for all the categories of materials, providing information on 

exothermic and endothermic reactions taking place in the sample, which include phase 

transitions, dehydration, decomposition, redox, or solid-state reactions. In catalysis, these 

techniques are used to study the genesis of catalytic materials via solid-state reactions. 

In the present work, thermogravimetry and differential thermal analysis  

measurements of the as synthesised samples were performed with a Mettler Toledo TA-1 

apparatus equipped with a control and data acquisiton system developed by the Anatech 

Bv.  The analyses were carried out in air (80 ml min-1) at a heating rate of 10 K min-1 using 

about 10 mg samples in an alumina pan. The reference material was α-alumina powder. 
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2.3.8. Temperature programmed techniques: TPR 
 
 Temperature programmed reaction methods typically involve monitoring surface or 

(bulk) processes between the solid catalyst and its gaseous environment via continuous 

analysis of the gas phase composition as the temperature is raised linearly in time.  

Instrumentation for temperature-programmed investigations consists of a reactor, charged 

with catalyst, in a furnace that can be temperature programmed and a thermal conductivity 

detector to measure the concerned active gas of the gas mixture before and after reaction. 

All these techniques are applicable to real catalysts and single crystals. Interpretation on a 

qualitative basis is rather straightforward, however quantitative analysis is more 

complicated. 

 Temperature programmed reduction (TPR) determines the number of reducible 

species present in the catalyst and reveals the temperature at which the reduction occurs. 

An important aspect of TPR analyses is that the sample need not have any special 

characteristics other than containing reducible metals.  

 In a TPR experiment, the catalyst material is placed in a fixed-bed reactor in a flow 

of a reducing gas mixture (typically, argon or nitrogen containing a few volume percent of 

hydrogen) and subjected to a linear temperature ramp. The consumption of hydrogen by 

adsorption/reaction is continuously measured by monitoring the change in composition of 

the gas mixture after passing through the reactor. The degree of reduction can be calculated 

from the amount of hydrogen consumed. 

 The temperature programmed reduction experiments were carried out with a 

Micromeritics Autochem 2910 catalyst characterization system, equipped with a TCD 

detector. Fresh, dried samples were pretreated by passing high purity (99.9%) argon (20 

ml/min) at 773 K for 3 h. After cooling to ambient temperature, argon atmosphere is 

replaced by 5% H2/Ar mixture. The catalyst samples were heated in this atmosphere to 

1273 K at a heating rate of 5 K/min. The flow rate of H2/Ar mixture was kept at 40 ml/min 

throughout the experiment. The water produced during the reduction was condensed in a 

cold trap immersed in a slurry of isopropanol and liquid nitrogen. The amount of catalyst 

in these experiments was adjusted so that samples contain equivalent amounts of V2O5 in 

all the experiments.  
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2.3.9. X-ray Photoelectron Spectroscopy (XPS) 
  

XPS is one of the most frequently used techniques in catalysis. It yields 

information on the elemental composition, the oxidation state of the elements and in 

favorable cases on the dispersion of one phase over another.    

XPS [37-39] is based on the photoelectric effect. In this technique, sample surface 

is irradiated with X rays and the emitted photoelectrons are measured. When an atom 

absorbs a photon of energy hν, a core or valence electron with binding energy Eb is ejected 

with kinetic energy Ek:  

                                                     Ek = hν- Eb - ϕ                                                             (2.8) 

where h is Planck’s constant, ν is the frequency of the exciting radiation, Eb is the binding 

energy of the photoelectron relative to the Fermi level of the sample and ϕ is the work 

function of the spectrometer.  

 XPS (also referred by the acronym ESCA, electron spectroscopy for chemical 

analysis) entails emission from both core and valence electrons of the solid, the stimulating 

X-ray sources being usually Al Kα (1486.6 eV) or Mg Kα (1253.6 eV). The XPS spectrum 

is usually a plot of the intensity of photoelectrons versus binding energy. 

Since the electrons whose energies are analyzed in XPS arise from a depth of no 

greater than about 5 nm, the technique is highly surface specific. A set of binding energies 

is characteristic for an element and hence XPS can be used to analyze the composition of 

samples, considering the area of the peak and cross section for photoemission. Binding 

energies are not only element specific but contain chemical information like oxidation 

state, because the energy levels of core electrons depend slightly on the chemical state of 

the atom. Chemical shifts are typically in the range of 0-3 eV [1].  

An experimental problem in XPS is that electrically insulating samples may charge 

during measurement, as photoelectrons leave the sample. Due to the positive charge on the 

sample, all XPS peaks in the spectrum shift by the same amount to higher binding 

energies. Calibration for this effect can be done by using C 1s binding energy of 284.9 eV 

from carbon contamination, which is present on most of the catalysts. 

Though XPS can provide information about the oxidation state and the chemical 

environment of a given atom due to shifts in the binding energies [40-47], the structural 
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information is, however, limited in case of supported vanadium oxides since XPS cannot 

discriminate between different VOx structures possessing the same oxidation state, i.e. 

between VO6, VO5 and VO4. Another disadvantage is the use of ultrahigh vacuum 

conditions, which may result in the reduction of surface vanadium species in the 

measurement chamber. The technique only provides information about the catalyst surface. 

This is advantageous also since the vanadium oxide to support oxide ratio provides 

information on the dispersion of the vanadium oxide phase and the dimension of the 

vanadium oxide crystals at the catalyst surface. In addition, the technique allows verifying 

impurities (e.g. K, Na and Cl) potentially present in the catalyst material. 

In the present study, X-ray Photoelectron spectra were acquired on a VG Microtech 

Multilab ESCA 3000 spectrometer using a non-monochromatized Mg Kα X-ray source (hν = 

1253.6 eV) on ‘in situ’ scraped fresh catalyst pellets at room temperature. Selected spectra 

were recorded with Al Kα X-ray (hν = 1486.6 eV) also to eliminate the overlap between 

different Auger and core levels. Base pressure in the analysis chamber was maintained at 3-6 x 

10-10 Torr range. The energy resolution of the spectrometer was determined from the full width 

at half maximum of metallic gold and the value obtained is better than 0.8 eV for Mg Kα 

radiation and 1.1 eV for Al Kα radiation respectively, at a pass energy of 20 eV.  

 
2.3.10. 51V Solid-state Nuclear Magnetic Resonance Spectroscopy 
 
 Nuclear Magnetic Resonance (NMR) spectroscopy gives information on the 

interaction of a nucleus having a nuclear spin quantum number, I, greater than zero with an 

external magnetic field. The interaction of nuclear spins with the externally applied 

magnetic field, B0, and their environment can be described by the spin Hamiltonian H: 

                          H = HZ + HCS + HQ + HD + HJ                                                      (2.9) 

HZ is a Hamiltonian, which describes the interaction of the nuclear spin with the 

external field B0 (Zeeman interaction). The chemical shift Hamiltonian HCS gives the 

information on the local environment of a nucleus. The chemical shift is measured relative 

to that of a reference compound (VOCl3 in case of 51V NMR) and is expressed in Hertz or 

in ppm with respect to the resonance frequency of the reference compound.  
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HQ describes the quadrupolar interaction of the nucleus with the surrounding 

electric field gradient. For 51V nuclei, it is rather small.  HD describes the dipolar 

interaction with other nuclei, while HJ describes the interaction with other nuclei through J-

coupling. 

In solid-state NMR, the line shape is determined by dipolar and quadrupolar 

interactions. The lines are usually broader because the rigid structure of the solid phase 

prevents the averaging of the dipolar interaction (HD) by motions. Since the first order 

quadrupolar and dipolar interactions are proportional to (3 cos2θ - 1), where θ is the angle 

between an internuclear vector and the magnetic field, these interactions can be removed, 

to a first order approximation, by spinning the sample around the so-called magic angle β 

with respect to the external magnetic field, for which 3 cos2β - 1 = 0, i.e. β = 54.740. This 

technique is known as Magic Angle Spinning (MAS) [48,49].  

Solid-state 51V nuclear magnetic resonance (NMR) is a suitable technique to 

investigate supported V5+ oxides since the nuclear spin of vanadium is 7/2, its natural 

abundance is almost 100% and the capability of the technique to discriminate between 

different coordination environments of vanadium oxides [50-59]. The presence of 

paramagnetic species, such as V4+, may broaden the NMR signal, and consequently, the 

signal due to V5+ can be lost. 51V NMR has been used to characterize supported vanadium 

oxides on, e.g. silica, alumina, titania and zirconia. The limitation of the technique is the 

somewhat lower sensitivity, especially when compared with ESR techniques.  
51V MAS NMR experiments were performed at 131.54 MHz on a Bruker DRX-500 

NMR spectrometer with a Bruker 1H-BB CP-MAS probe head in the present study. The 

samples were spun using 4 mm diameter zirconia rotors at 8, 10 or 12 kHz. Spectra were 

obtained with a pulse length of 3 µs & recycle delay of 500 ms.  

 
2.3.11. Electron Paramagnetic Resonance (EPR) 

 
EPR has been applied to surface chemistry and catalysis for more than thirty years 

to investigate the nature of the catalytic site and its environment (symmetry, number and 

nature of the ligands, etc). The high sensitivity of the technique permits the study of low 
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concentrations of active sites. The technique has the limitation that diamagnetic species 

cannot be observed and hence only limited type of species can be studied. The same time, 

it is an advantage also since many highly reactive paramagnetic intermediates can be 

studied without any spectroscopic interference.  

EPR technique is based on the interaction between electron magnetic moment and 

an external applied magnetic field designated as Zeeman interaction. When a system 

containing unpaired electrons (spin ≠ 0) is placed in an external magnetic field H, the 

energy of the system is given by the equation E = ± (1/2) geβH. When this system is 

irradiated by suitable electromagnetic radiation perpendicular to the magnetic field with a 

frequency ν, the transition between the two Zeeman levels occurs provided the photon 

energy hν is such that the condition ∆E = geβH = hν is fulfilled. This is the resonance 

condition and results in an energy absorption. The actual EPR experiment consists of 

sweeping the magnetic field at constant microwave frequency until the resonance condition 

(hν = geβH) is obtained, resulting in an energy absorption by the sample. A solid sample 

may be analyzed as a single crystal or as a powder. Powders are generally placed in silica 

tubes, typically 5 or 6 mm in outer diameter. Recording may be performed in a wide range 

of temperatures, typically 77 to 600 K. The spectrometer usually works with a 9000 MHz 

klystron (λ = 3 cm, X band). However, for some experiments, other frequencies, such as 

23, 000 MHz (K band) or 35,000 MHz (Q band) are used. The energy involved in spin-flip 

transitions is very small (≅10-4 eV) which means EPR is not a destructive technique and 

therefore does not modify the catalysts during the analysis. The main information that may 

be gained from EPR experiments arises from the main parameters, g-factor, hyperfine 

interactions and superhyperfine interactions [60,61].   

  EPR is a powerful and quantitative technique to study especially the presence and 

coordination geometry of the paramagnetic V4+ (d1) species even under in situ conditions 

[62-67]. The interaction of the unpaired electron with the vanadium nucleus, which has a 

nuclear spin of 7/2, result in a complex spectrum with a high number of hyperfine lines. 

This hyperfine splitting is sensitive to the chemical environment around the paramagnetic 

V4+ ion. Therefore, EPR is very well suited to characterize the molecular structure of 

surface V4+ species, whereas V3+ (d2) ions can only be studied at specific conditions. The 
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fact that V4+ species can be observed in an easy way can be regarded both as an advantage 

and a disadvantage. Spin-spin coupling at high vanadium oxide loading may lead to 

inaccurate quantitative determinations of V4+ species. 

 
2.4. CATALYST CHARACTERIZATION-RESULTS AND DISCUSSION 
 
 Table 2.1 shows the vanadium content, BET surface area and VOx surface density 

of calcined VOx/Al2O3 catalysts. Vanadium contents of the catalysts were determined by 

ICP analysis and VOx surface density of each catalyst was calculated from its vanadium 

content and BET surface area (VOx surface density is defined as the number of VOx units 

present in unit specific surface area of the catalyst and expressed in VOx nm-2). The 

catalysts were calcined at 823 K for 4h. It is observed that specific surface area decreased 

with increasing vanadium content. The surface area normalized per amount of support (γ-

Al2O3) is nearly constant (Table 2.1); hence this decrease corresponds to the low surface 

area of the added vanadia. However, for 20 VOx/Al2O3, normalized surface area is 

comparatively lower that indicates blocking of some of the pores of support (γ-Al2O3) by 

vanadia crystallites in this case [68]. 
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Table 2.1: Characteristics of alumina support and supported vanadia catalysts#  

 
#Catalysts calcined at 823 K for 4h. The characterization results discussed below are for 
catalysts calcined at 823 K for 4h unless otherwise specified 
*Determined by ICP-AES 

**Calculated using Debye-Scherrer equation 
 
 
2.4.1. X-Ray Diffractometry 
 

Figure 2.1 shows the XRD patterns of VOx/Al2O3 catalysts calcined at 823 K as a 

function of vanadia loading. For vanadia loadings up to 10 wt%, only the peaks 

characteristic of γ-Al2O3 (JCPDS 10-425) were observed. For the catalyst containing 20 

wt% V2O5 (20 VOx/Al2O3), well-defined peaks corresponding to crystalline V2O5 (JCPDS 

9-387) have appeared in the XRD pattern. The diffractogram also shows the presence of 

aluminum orthovanadate, AlVO4 (JCPDS 39-276) for 20 VOx/Al2O3, which is the only 

stable ternary compound in the binary Al2O3-V2O5 system. The major peaks for both 

phases are indicated in Fig. 2.1. The peaks at 2θ = 25.6, 27.9 and 28.7 correspond to 012, 

20⎯1 and 02⎯2 planes of AlVO4 respectively. AlVO4 phase forms from a solid-state 

reaction between V2O5 and Al2O3 of the following type, V2O5 + Al2O3 → 2 AlVO4. AlVO4 

phase could be identified at temperatures as low as 823 K, which is much lower than that 
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required for the formation of bulk AlVO4. One possible explanation is that at this 

temperature, the reaction is occurring mainly at the surface where diffusion rates are at 

least an order of magnitude faster than in the bulk [69]. The absence of any vanadia peaks 

for catalysts with 2-10 wt% vanadia loadings may be due to the high dispersion of vanadia 

on Al2O3 surface at these loadings with particle sizes less than 40 Å, which are not 

detectable by XRD. The Tamman temperature of V2O5 is approximately 449 K (melting 

point of bulk V2O5 is 963 K), so that surface spreading of V2O5 is likely to occur even at 

low temperatures of calcination. 

 
 

Fig. 2.1: Powder X-ray diffraction patterns of calcined VOx/Al2O3 catalysts as a function 
of vanadia loading in wt%. 
 

 

Figure 2.2 shows the X-ray diffractograms of 10 VOx/Al2O3 at various stages of 

thermal treatment. Only the peaks characteristic of γ-Al2O3 are observed for the samples 
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dried at 383 K (Fig. 2.2) and calcined for 4 hours at temperatures up to 823 K. When the 

duration of calcination is increased to 8h at 823 K, the diffraction pattern shows the 

formation of AlVO4. The catalyst calcined at 923 K for 4 h show very low intense peaks of 

AlVO4 while major peaks corresponding to V2O5 are observed when the calcination 

temperature is raised to 1023 K. The absence of AlVO4 peaks at 1023 K is in agreement 

with the fact that the compound melts incongruently above 973 K [70]. The peaks 

characteristic of γ-Al2O3 increase in intensity at 1023 K indicating an increase in 

crystallinity of the same. 

 The volume averaged particle sizes corresponding to different catalysts were 

calculated using Debye-Scherrer equation (equation 2.2) considering the most intense peak 

of γ-Al2O3 (d=1.40). This peak was fitted with Gaussian function for each catalyst from 

which the values of full width at half maximum (FWHM) were determined. The particle 

sizes are around 12 nm for VOx/Al2O3 catalysts calcined at 823 K and don’t vary 

significantly with vanadia loading (Table 2.1). When 10 VOx/Al2O3 is subjected to 

calcination at different temperatures, particle size increased marginally till 923 K, however 

increased considerably at 1023 K (Table 2.2). This, together with the increase in intensity 

of peaks characteristic of γ-Al2O3, indicate the formation of more crystallites from 

amorphous material or the agglomeration of smaller crystallites to larger particles above 

923 K. 

 
Table 2.2: Particle size of 10 VOx/Al2O3 as a function of thermal treatment 

 

Calcination temperature 

(K) 

Calcination time  

(h) 

Particle size  

(nm) 

Dried at 383 K 8 11.56 

723 4 11.92 

823 8 12.31 

923 4 12.58 

1023 4 17.37 
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Fig. 2.2: Powder X- ray diffraction patterns of 10 VOx/Al2O3 catalysts (a) dried at 383 K 
and calcined at (b) 723, 4h (c) 823, 8h (d) 923, 4h (e) 1023, 4h. Major peaks of V2O5 and 
AlVO4 are denoted by (∗) and (•) respectively. 
 

 

The powder X-ray diffraction patterns of bulk vanadium pentoxide and its 

mechanical mixtures with alumina, calcined at 1023 K, are given in Fig. 2.3 for 

comparison. Typical powder diffraction pattern of orthorhombic vanadium pentoxide is 

seen in Fig. 2.3 a. After thermal treatment at 1023 K for 4h, vanadium pentoxide exhibits 

intense peaks at 2θ values of 20.2 and 41.2 while all other peaks greatly reduced in 

intensity. The mechanical mixture containing 20 wt% vanadium pentoxide and 80% 

alumina gives diffraction pattern containing peaks of both phases on calcination at 1023 K.  

In contrast, the major peaks are due to vanadia for an equimolar mixture of vanadium 

pentoxide and alumina, calcined at the same temperature. The results show that the 
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structural integrity of vanadium pentoxide is retained to a large extent at calcination 

temperatures greater than its melting point when it contains alumina as a second phase, 

compared to unsupported vanadia. It can be also noted that the relative intensities of the 

peaks characteristic of vanadia phase differ according to the composition of the mixture, 

indicating different orientations of crystallites. The calcined equimolar mixture exhibits an 

intense (001) peak indicating preferential orientation in the <001> direction. Vanadia is 

present in an orthorhombic symmetry on calcined 20 VOx/Al2O3 catalyst, the most intense 

peaks being (001), (110) and (400) peaks. These peaks, that correspond to 2θ values of 

20.4, 26.2 and 31.2 respectively, are almost equally intense.  

 

 
 

Fig. 2.3: Powder X-ray diffraction patterns of (a) bulk V2O5 (b) V2O5 calcined at 1023 K 
for 4h (c) 20% V2O5+80% Al2O3 calcined at 1023 K for 4h  (d) 1 mole V2O5 + 1 mole 
Al2O3 calcined at 1023 K for 4h. 
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  In conclusion, the X-ray diffraction results indicate that at low vanadia loading, 

highly dispersed amorphous vanadia phase is present while at higher loadings crystalline 

V2O5 co-exist with amorphous phase. Also, the structure of vanadia species is not only a 

function of vanadia loading but also depends on calcination temperature.  

 
2.4.2. Scanning Electron Microscopy 
 
 

 
(a) 

 
(b) 

 
Fig. 2.4: Scanning Electron Micrographs of calcined (a) 2 VOx/Al2O3 and (b) 20 
VOx/Al2O3 catalysts. Magnification: 10 K.  
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The scanning electron micrographs of VOx/Al2O3 catalysts, calcined at 823 K for 

4h, with vanadia loadings of 2 and 20 wt% are shown in Fig. 2.4. These images show that 

the morphology of the particles depends on the vanadium content. The particles of 2 

VOx/Al2O3 differ from that of 20 VOx/Al2O3 in morphology. The samples of both catalysts 

contain particles with non-uniform size and shape.  

 
2.4.3. Thermal Analysis 
  

To investigate the changes occurring in the catalysts with thermal treatment, the 

dried (in air at 383 K for 12h) samples were subjected to thermal analysis. The TG, DTG 

and DTA profiles of 2, 5 and 20 VOx/Al2O3 catalysts are shown in Fig. 2.5 a-c. The main 

weight loss is observed in two steps between 180-360 0C for all the samples. The first 

stage, i.e. the weight loss recorded up to 260 0C, may be ascribed to the removal of water. 

Endothermic peaks are observed in DTA in this temperature range, which arises due to the 

energy absorption required for water elimination.   

The weight loss recorded in the region 260-360 0C increases with increase in 

vanadia loading and is much higher for 20 VOx/Al2O3, approximately 11%, compared to 

1.9 and 2.9% for 2 and 5 VOx/Al2O3 respectively. This weight loss can be assigned as due 

to the decomposition of vanadyl oxalate. As mentioned in preparation procedure of the 

catalyst (section 2.2), the catalysts were impregnated with a solution of NH4VO3 in oxalic 

acid solution. The dissolution of NH4VO3 in aqueous solution of oxalic acid leads to the 

formation of light blue ammonium vanadyl oxalate which is get deposited on the support 

during impregnation. The total decomposition of this precursor during thermal treatment in 

air to yield supported vanadia can be written as: 

                     (NH4)2[VO(C2O4)2]  + 4 O2  →     N2 + 4 CO2  + 4 H2O  + VOx                      (2.10) 

The weight loss in the range 260-360 0C should be due to the evolution of gaseous 

products like CO2. An exothermic peak is observed in DTA of 20 VOx/Al2O3 in this 

temperature range. The appearance of exothermic peak, though the decomposition of 

vanadyl oxalate is an endothermic process, can be explained as following:  
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Figure 2.5a: Thermogravimetric curves of as synthesized (dried) VOx/Al2O3 catalysts. The 
numbers in figure indicate vanadia loadings as wt%. 
 

 
 

Figure 2.5b: Differential thermogravimetric curves of as synthesized (dried) VOx/Al2O3 
catalysts. The numbers in figure indicate vanadia loadings as wt%. 
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Ammonia can be formed and adsorbed on the acidic sites of γ-Al2O3 during 

impregnation and thermal treatments [71,72]. The desorption of NH3 will occur at high 

temperatures because of higher desorption energy of NH3 or NH4
+ which is adsorbed on 

the acidic sites. Since the desorption is delayed, adsorbed NH3 react with oxygen to form 

more water and the resulting exothermic effect compensates the endothermic effect of the 

decomposition of vanadyl oxalate [73]. 

The absence of well-defined peaks in the DTA profiles of catalysts with vanadia 

loadings lower than 20 wt% in the temperature range of 260-360 0C indicates that the heat 

release associated with the evolution of CO2 from these samples are very small because of 

low loadings and were not detected by the technique. 

 
Figure 2.5c: Differential thermoanalytical curves of as synthesized (dried) VOx/Al2O3 
catalysts. The numbers in figure indicate vanadia loadings as wt%. 
 

The endothermic peak observed in DTA of 20 VOx/Al2O3 around 690 0C can be 

assigned to the melting of V2O5 since this temperature corresponds to the melting point of 

bulk vanadia. The TG of 20 VOx/Al2O3 didn’t record any weight loss in this temperature 

range, as expected.  
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2.4.4. Infra Red Spectroscopy  
 

The FTIR spectra of calcined VOx/Al2O3 catalysts and bulk V2O5 are shown in Fig. 

2.6. The spectrum of bulk vanadia is characterized by the presence of bands centred at 

1020 and 830 cm-1. The spectrum of 20 VOx/Al2O3 showed two bands centered at 1017 and 

831 cm-1. The first band corresponds to V=O stretching vibration in VO5 trigonal 

bipyramids while the latter corresponds to V-O-V bending vibration [74]. The occurrence 

of these two bands which are characteristic of V2O5 species confirm the presence of well 

defined V2O5 crystallites on the surface of 20 VOx/Al2O3 which is also observed by XRD. 

These bands are not observed for catalysts with lower loadings, indicating that vanadia 

exist as a different species which are not detectable as bulk V2O5. The assignment of bands 

in the region 500-800 cm-1 are difficult since Al-O groups also give vibrations in this 

region. 

 
 
Figure 2.6:  FTIR spectra of calcined VOx/Al2O3 catalysts (Legend: Vanadia loading in 
wt%) and bulk vanadium pentoxide. 
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The FTIR spectra of 10 VOx/Al2O3 as a function of calcination temperature are 

given in Fig. 2.7. The peak at 1020 cm-1 characteristic of bulk vanadia are not observed for 

catalysts calcined at 723, 823 and 923 K for 4h. The catalyst calcined at 823 K for a 

duration of 8h also doesn’t show this peak. However, a peak at 1020 cm-1 is easily 

distinguishable for the catalyst calcined at 1023 K for 4h. The spectrum also shows well 

defined band between 770 and 870 cm-1 as observed for bulk vanadia indicating the 

presence of vanadium pentoxide for this catalyst. 

 
Fig. 2.7: FTIR spectra of 10 VOx/Al2O3 catalysts calcined at (a) 723 K, 4h (b) 823 K, 8h 
(c) 923 K, 4h (d) 1023 K, 4h. 
 
 
2.4.5. Laser Raman Spectroscopy 
 

Figure 2.8 shows the laser Raman spectra of calcined VOx/Al2O3 catalysts with 

different vanadia loadings and bulk V2O5. The spectra were recorded at ambient conditions 

after treating the sample at 473 K for 4 h in air. For the catalyst 20 VOx/Al2O3 (Fig. 2.8b), 
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bands at 282, 303, 403, 484, 525, 701 and 992 cm-1 were observed. The fact that these 

bands are characteristic of bulk V2O5 (Fig. 2.8c) leads to the conclusion that bulk-like 

V2O5 crystals were formed when the vanadia loading is 20 wt%.  The spectra of catalysts 

with vanadia loading 10 wt% and less didn’t have any of these bands. However, this 

doesn’t rule out completely the presence of V2O5 species in these samples since the bands 

may not appear if this species at low concentration is highly dispersed on the surface of the 

support. The catalyst 10 VOx/Al2O3 (Fig. 2.8a) showed a broad feature between 700 and 

1000 cm-1 that can be assigned to V-O-V stretches in two dimensional polyvanadates 

[21,24,68,75,76]. 

 

 

 
 
 

 
Fig. 2.8: Laser Raman spectra of calcined (a) 10 VOx/Al2O3 (b) 20 VOx/Al2O3 and (c) bulk 
V2O5. 
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2.4.6. Temperature Programmed Reduction 
 

The TPR profiles of bulk V2O5 and calcined VOx/Al2O3 catalysts are presented in 

Fig. 2.9. The reduction profile for bulk V2O5 exhibited four major peaks at 905, 945, 998 

and 1103 K (Fig. 2.9). Bosch et al [77] and Koranne et al [78] have reported similar 

multiple major reduction peaks when bulk V2O5 is treated in 5% H2 in Ar up to 1273 K. 

The presence of multiple peaks is attributed to the reduction of V2O5 to V2O3 through the 

intermediate formation of compounds with different oxidation states. A broad, minor 

reduction peak is also observed between 580 and 750 K. The reduction profiles for bulk 

vanadia reported in literature vary widely, probably because of the differences in factors 

such as method of preparation, level of impurities, partial pressure of H2 used, rate of 

heating, reduction conditions etc [78]. 

 
 
Figure 2.9: Temperature programmed reduction profiles of bulk V2O5 and calcined 
VOx/Al2O3 catalysts. The numbers in figure indicate vanadia loadings as wt%. The 
experimental conditions are: 5% H2-Ar; heating rate, 5 K min-1; flow rate, 40 ml min-1. 
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The TPR profiles of catalysts with vanadia loadings 2-10 wt% showed broad 

reduction peak, below 773 K (Fig. 2.9). The maximum temperature of the reduction peak 

(Tmax) was 757 K for the catalyst 2 VOx/Al2O3 and with the increase in vanadia content up 

to 10 wt %, Tmax values shifted to lower temperature (Table 2.3). This shift results from the 

relative growth of a peak in the low temperature side with increasing vanadium content. 

This is illustrated by deconvolution of the experimental profile by two Gaussian curves for 

10 VOx/Al2O3 (Fig. 2.10). The values of Chi2 and R2 (parameters that determine the 

accuracy of fitting) indicate this procedure is reasonably good, however it is more 

appropriate to consider in a qualitative manner and interpretation based on areas of 

deconvoluted peaks are not attempted. The catalyst 20 VOx/Al2O3 displayed two major 

reduction peaks. The Tmax of first peak (734 K) is in the range of values of that are 

observed for lower vanadia loadings while the Tmax of second peak corresponds to a higher 

reduction temperature (855 K). The latter peak can be attributed to the reduction of bulk-

like V2O5 crystallites. This is in line with XRD, IR and Raman results that show the 

presence of bulk-like V2O5 crystallites of size greater than 4 nm for the 20 VOx/Al2O3 

catalyst. The Tmax of this second peak is lower than the temperature of lowest reduction 

peak observed for pure bulk V2O5 because bulk vanadia is more difficult to reduce due to 

increased diffusional limitations [78]. 

The peak observed below 773 K for all the catalysts may be attributed to the 

reduction of monomeric, dimeric or low oligomeric surface vanadia species [50,78,79]. 

The shift in Tmax to lower temperature, or more correctly the growing of a second peak in 

the low temperature side, with increasing vanadium content from 2 to 10 wt% may be as a 

result of the formation of polymeric vanadium species, at high vanadium loads, which are 

more easily reducible than monomeric ones, probably as a result of the weakening of the 

vanadium-oxygen bonds. Similar behavior has been described earlier for V2O5/Al2O3 

catalysts [80,81]. The values of H2 consumption and the corresponding degrees of 

reduction (Table 2.3) show increase with increase in vanadia loading from 2 to 10 wt%. 

The values of reduction degree are in agreement with the trend of enhanced reducibility as 

revealed by the observed decrease in the values of Tmax.  
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Fig. 2.10: Deconvolution of TPR profile of 10 VOx/Al2O3 using Gaussian model. The solid 
line represent experimental profile, dashed lines individual peak fits and dotted line the 
resultant of peak fits. Note that Chi2 is low and R2 ~ 1, implying the fit generated by the 
model is quite reasonable. 
 
 

 

Table 2.3: H2 TPR results of VOx/Al2O3 catalysts studied 
 

*Based on   V2O5 + H2 →   V2O4  + H2O    ** Based on V2O5 + 2 H2  →   V2O3  + 2 H2O 

Sample Tmax1 

(K) 

Tmax2 

(K) 

H2 consumption 

(µmol H2/g cat.)

Reduction 

degree (%)* 

Reduction   

degree (%)** 

2 VOx/Al2O3 757.2 - 137.5 132.7 66.4 

5 VOx/Al2O3 743.5 - 467.1 184.2 92.1 

10 VOx/Al2O3 724.2 - 1494.0 321.1 160.6 

20 VOx/Al2O3 733.6 854.6 2412.0 268.4 134.2 
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2.4.7. UV-visible spectroscopy 
 

It is known that the coordination and/or the oxidation state of the vanadium ions 

strongly influence the lower-energy charge-transfer (LCT) bands in UV-visible spectrum, 

originating from the charge transfer between vanadium and oxygen [32,81-87]. In general, 

higher the coordination, higher is the wavelength at which absorption takes place. Thus, 

while the absorption band for vanadium (V5+) ions with octahedral coordination is 

observed in the 350-500 nm region, the band in the 250-350 nm region is characteristic of 

vanadium (V5+) ions with tetrahedral coordination. The d-d transition of V4+ (d1) in a 

distorted octahedral symmetry gives broad band in the 550-850 nm region.  

The diffuse reflectance UV-visible spectra of pure compounds ammonium 

metavanadate, sodium metavanadate, vanadium pentoxide and support γ-Al2O3 are given 

in Fig. 2.11. Three main absorption bands are observed for V2O5 at ~ 232, 336, and 473 

nm. The first two bands are due to charge transfer transitions from terminal or bridging 

oxygen. The third band has been assigned tentatively to charge transfer to a delocalized 

acceptor site such as conjugated sites like those in octahedral VO6 chains [85]. The lowest 

charge transfer (LCT) band is observed at 330 and 362 nm for NaVO3 and NH4VO3 

respectively while the second CT band appear at 282 and 286 nm. The LCT and second CT 

bands of these tetrahedral VV compounds can be attributed to (π)t1→ d(e) and (π)t2 → d(e) 

oxygen to vanadium transitions respectively. The alumina support was almost totally 

transparent in the spectral region studied (wavelength, λ = 200-800 nm), although very 

weak absorptions, possibly associated to impurity ions, can be found in the range 200–350 

nm (Fig. 2.11). The observation is well in line with the strongly insulating character of 

alumina, that is reported to have an Eg value as high as 7.2 eV [86]. 

The diffuse reflectance UV-visible spectra of calcined VOx/Al2O3 catalysts are 

presented in Fig. 2.12. The spectrum of 2 VOx/Al2O3 showed a wide band around 255 nm, 

characteristic of charge-transfer transition between vanadium (V) and oxygen. With 

increasing vanadium content, a red-shift of this band is observed. The spectrum observed 

for 5 VOx/Al2O3 exhibited a shoulder around 350 nm. A relative growth of this band is 

observed with increasing vanadium content. The absorption band around 255 nm is 
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assigned to monomeric, tetrahedrally coordinated vanadium (V) species and that around 

350 nm is associated to distorted (interacting with other vanadium ions) VO4
3- tetrahedral 

[81,84]. The observed red-shift and the relative increment of the band at 350 nm indicates 

an increase in the degree of polymerization between isolated tetrahedral species as the 

vanadia loading is increased.   

It is proposed that absorption band edge energies, which can be determined using 

Tauc’s law [88], provide a more convenient description of the electronic properties of the 

solids. The theory and analysis of absorption edge energy is outlined in the following 

sections. 

 
 

Fig. 2.11: The diffuse reflectance UV-visible spectra of model compounds ammonium 
metavanadate, sodium metavanadate, vanadium pentoxide and support γ-Al2O3. 
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Fig. 2.12: Diffuse reflectance UV–visible spectra of the calcined VOx/Al2O3 catalysts 
(Legend: the loadings of vanadia in wt%). 

 

 
2.4.7.1. Analysis of UV-Visible Absorption edge energy 

 
The UV spectrum of vanadium consists of the lower energy charge-transfer (LCT) 

band associated with an O to V electron transfer, while the optical band gap energy is 

represented by the energy edge. The optical absorption edge energy is defined as the 

minimum photon energy required to excite an electron from the highest occupied 

molecular orbital (HOMO, at the top of the valence band in semiconductor domains) to the 

lowest unoccupied molecular orbital (LUMO, at the bottom of the conduction band). There 

are two basic types of electronic transitions, direct and indirect [89]. In direct transitions, 

only photons excite electrons, while indirect transitions also require concerted 

vibrationsand energy from the crystal lattice (phonons). The energy dependence of the 
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absorption coefficient (α) for semiconductors in the region near the absorption edge is 

given by 

                                                         α ∝ (hν - Eo)η  / hν                                                (2.11) 

where hν is the energy of the incident photon and Eo is the optical absorption edge energy; 

the exponent η depends on the type of optical transition caused by photon absorption [89]. 

In crystalline semiconductors, where crystal momentum is conserved and electron 

transitions obey well-defined selection rules, η is 1/2, 3/2, 2 and 3 when the transitions are 

direct-allowed, direct forbidden, indirect-allowed and indirect-forbidden, respectively. In 

amorphous, homogeneous semiconductors, the value of η is 2 irrespective of the type of 

transition found in crystalline materials of the same composition [88]. With an appropriate 

choice of η, a plot of (αhν)1/η vs hν is linear near the edge and the intercept of the line on 

the abscissa (at (αhν)1/η = 0) gives the optical absorption edge energy Eo. 

In the diffuse reflectance experiments, UV-vis reflectance data cannot be used 

directly to measure absorption coefficients (α) because of scattering contributions to the 

reflectance spectra. Scattering coefficients, however, depend weakly on energy and F(R∞), 

where F(R∞) is the Kubelka Munk function for an infinitely thick sample, can be assumed 

to be proportional to the absorption coefficient within the narrow range of energy 

containing the absorption edge features. Then, a plot of (F(R∞) hν)1/η vs hν can be used to 

determine the absorption edge energy.  

 
2.4.7.2. Absorption edge energy and molecular structure 

 
The edge energy values have been recently used widely to characterize the domain 

sizes of VOx, WOx and MoOx in catalytic solids and to correlate the catalytic activities 

with electronic properties of various solids [68,90,94-97]. The domain size (or molecular 

cage size) could be defined by the nearest-neighbor ligands (oxygen in this case) 

coordinating the vanadium center. It can also be described as an average bond distance, as 

proposed by Wong et al [93], R = (1/n)i ∑n Ri, where n is nearest-neighbor bonds. The 

domain size is closely related to the local symmetry of metal species (vanadium in the 

present case) and changes with variation in symmetry.  
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To understand the relation between absorption edge energy and molecular 

structure, a brief summary of some relevant findings in literature is reported here. A classic 

study is by Weber [90] who has determined edge energy for a series of molybdenum 

compounds in the classical fashion using the formalism for direct-allowed electronic 

transitions (η=1/2) and reported an apparent linear correlation between the number of 

nearest MoOx neighbors in crystalline MoOx standards and the absorption edge energy. 

 
TABLE 2.4: Relationship between Domain Size (Local Symmetry) and UV Absorption Edge 

on Vanadium Model Compounds [92] 

 

 

 

Di Wei et al [92] studied a series of vanadium model compounds with different, but 

well defined, local symmetry of vanadium, again using the classical formalism (η=1/2). 

Among these model compounds V2O5 has nearly square-pyramidal geometry around 

vanadium [85], consisting of four V-O bonds of similar length and a very short V=O bond. 

Metavanadates such as PbV2O6 or ZnV2O6  have a structure of strongly distorted 

octahedral pairs sharing corner oxygen atoms. In these compounds, there is one very long, 

two shorter, and three long V-O bonds. Monomeric orthovanadates such as Na3VO4 and 

Mg3(VO4)2 have a structure formed by isolated, tetrahedrally coordinated V ions in a 

nearly symmetrical environment (three medium-short V-O bonds and one slightly longer 

V-O bond). Another type of metavanadate, such as NH4VO3, KVO3, and NaVO3, also has 

a tetrahedral environment, but it is strongly distorted and shares two bridging oxygen with 

Vanadium model 

compounds 

Local symmetry Domain size (Å) UV edge energy 

(eV) 

Na3VO4 tetrahedral 1.729 3.21 

Mg3(VO4)2 tetrahedral 1.729 3.21 

NH4VO3 distorted tetrahedral 1.735 3.20 

V2O5 square pyramidal 1.978 2.41 

PbV2O6 distorted octahedral 2.075 2.05 
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other polyhedra. The symmetry and domain size of model compounds and values of edge 

energies are summarized in Table 2.4, which shows that the edge energy decreases 

monotonically with the increasing domain size. This is quite useful in determining the 

local structure of vanadium, since domain size sensitively varied with the symmetry. 

 
Table 2.5: Band maxima and Edge energies of vanadium reference compounds [98] 

 

Compounds Band maximum 

(nm) 

Edge energy 

(eV) 

Molecular structure 

V2O5 236, 334, 481 2.3 polymerized 

VO5/VO6 

MgV2O6 

(meta-vanadate) 

250, 370 2.8 polymerized VO6 

NaVO3 

(meta-vanadate) 

281, 353 3.2 polymerized VO4 

NH4VO3 

(meta-vanadate) 

288, 363 3.2 polymerized VO4 

Mg2V2O7 

(pyro-vanadate) 

280 3.5 dimeric VO4 

Mg3(VO4)2 

(ortho-vanadate) 

260, 303 3.5 isolated VO4 

Na3VO4 

(ortho-vanadate) 

253, 294 3.9 isolated VO4 

 

 

Table 2.5 gives a similar study of model compounds by Gao et al [98] based on 

allowed transitions (η=1/2). The results show that the polymerization of VO6 or VO4 units 

tends to lower the edge energy, and the polymerized VO6 structures exhibit the lowest edge 

energy. The lowest edge energy of 2.3 eV is observed for V2O5 crystallites that consist of 

polymerized, highly distorted VO6 units, and compounds composed of isolated VO4 units 

exhibit the highest edge energy. In general, these studies show that absorption edge energy 
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decreases with increasing domain size, degree of polymerization and coordination. These 

studies are based on the classical formalism (η=1/2), in-fact majority of studies reported in 

the literature are so, the relationships arrived are equally applicable for the method using 

η=2. 

The fundamental absorption edge of V2O5 crystallites is caused by indirect electron 

transitions, although analysis based on direct transitions leads to similar qualitative trends 

with domain size. Methods based on direct transitions (η=1/2) emphasize the region of 

high optical absorption near the edge, where the Kubelka-Munk function becomes 

nonlinear in absorber concentration and underlying assumptions become inaccurate. This 

means that determination of edge energies using η=2 is more accurate. However, as 

mentioned previously, most of the earlier studies use η=1/2. Absorption edge energies of 

present series of VOx/Al2O3 catalysts are determined by both methods. The values 

determined based on the method of η=1/2 are considered for discussion because the 

correlations with molecular structures are readily available for this method.  

The edge energies, determined from the intercept of a straight line fitted through 

the rise of the function [F(R∞) hν]1/2 or [F(R∞) hν]2 plotted versus hν [90], are presented in 

Table 2.6. An example for the determination of absorption edge energy from UV-visible 

spectral data is shown in Fig. 2.13 for 20 VOx/Al2O3. The edge energy is 3.7 eV (based on 

η=1/2) for the catalyst 2 VOx/Al2O3 and decreases to 2.6 eV with the increase in loading 

of vanadia to 20 wt%. For comparison, the edge energies of model compounds, ammonium 

metavanadate, sodium metavanadate and bulk vanadium pentoxide are also calculated in 

this work. The former two compounds, with distorted tetrahedral vanadium coordination, 

exhibit an edge energy value of 3.3 eV while the latter, with V5+ in distorted tetragonal 

pyramidal coordination, shows 2.33 eV. It is clear from the edge energy values, in 

comparison to values of model compounds and those reported in previous studies (Tables 

2.4 and 2.5), that vanadium is, most probably, in a monomeric tetrahedral coordination in 2 

VOx/Al2O3. The decrease in edge energy with increasing vanadia loading suggests that the 

nature of vanadia species changes to oligomeric at higher vanadia loadings. This implies an 

increase in the degree of polymerization of vanadium (V) species, with increasing surface 

density of vanadia, ultimately leading to the appearance of octahedral polymeric species 



 
                                            Chapter 2: Preparation and Characterization of VOx/Al2O3 catalysts 

 72

similar to that exist in bulk V2O5 for the catalyst 20 VOx/Al2O3. The fact that the edge 

energy for 20 VOx/Al2O3 (2.6 eV) is slightly higher than that for bulk V2O5 shows the 

presence of some amount of tetrahedral vanadium species, co-existing with octahedral 

polymeric species, even at the highest loading studied. 

 
Fig. 2.13: Exemplification of determination of absorption edge energy with reference to 
the UV-visible spectral data of 20 VOx/Al2O3.  

 

The correlation between absorption edge energy and number of nearest vanadium 

neighbors for different model compounds, proposed by Cruz and Eon [99], was used to 

determine the condensation degree of samples in the present work (Table 2.6). The edge 

energy values for model compounds were taken from Gao et al [98] to draw standard 

correlation line. The absorption edge energies obtained based on direct transitions (η=1/2) 

were used in determining the condensation degrees since the same method is used in the 

above mentioned reports [98,99]. The catalyst 2 VOx/Al2O3 has a very low condensation 

degree suggesting that isolated vanadium (V) species are the predominant species on the 

surface of this catalyst. With increasing vanadium loading, the condensation degree 
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increased suggesting an increase in the degree of polymerization of vanadium (V) species, 

as also obvious from the shift in the position of the bands towards higher wavelengths,  

ultimately leading to the appearance of octahedral polymeric species similar to that exist in 

bulk V2O5 for the catalyst 20 VOx/Al2O3. The absorption edge energy values obtained can 

also be related with domain size of vanadia in line with the previous studies. Hence the 

decrease in edge energy with increasing surface density of vanadia also suggests an 

increase in domain size of vanadia. Infact, we can expect that the domain size and degree 

of polymerization of vanadia species are interrelated, since an increase in latter should 

naturally lead to an increase in former also. However, it should also be noted that the 

inverse relationship between absorption edge energy and domain size hold good mainly 

when the surface density does not exceed that required for monolayer coverage. 

 
Table 2.6: The values of UV-visible Absorption edge energy and Condensation degree for 

calcined VOx/Al2O3 catalysts 

   

 

∗Based on correlation by Cruz and Eon [99] and data of model compounds from  
  Gao et al  [98] that uses direct transitions (η=1/2). 

 

Sample VOx surface 

density 

(VOx/nm2) 

 

Absorption edge 

energy (eV) 

(η=2) 

Absorption 

edge energy 

(eV) (η=1/2) 

Condensation 

degree∗ 

Al2O3 0 - - - 

2 VOx/Al2O3 1.19 2.61, 2.84 3.7 0.42 

5 VOx/Al2O3 2.99 2.38 3.4 1.77 

10 VOx/Al2O3 5.90 2.31 2.8 4.6 

20 VOx/Al2O3 13.36 2.22 2.6 5.5 

NH4VO3 - 3.04 3.28 - 

NaVO3 - 3.02 3.26 - 

V2O5 - 2.17 2.33 - 



 
                                            Chapter 2: Preparation and Characterization of VOx/Al2O3 catalysts 

 74

Table 2.7: Absorption edge energy values of 10 VOx/Al2O3 as a function of 
thermal treatment 

 

 
 
2.4.8. X-ray Photoelectron Spectroscopy 
 
2.4.8.1. V 2p core level 
 

The V 2p3/2 is the most intense peak of vanadium in its XPS spectrum. Figure 2.14 

shows the V 2p3/2 photoelectron spectra of calcined VOx/Al2O3 catalysts as a function of 

vanadia loading. Secondary radiations of Al Kα leads to satellite peaks of O 1s that 

overlaps with the V 2p core level peaks in the 515-525 eV range (Fig. 2.14a). This satellite 

peak of O 1s is subtracted from the original spectra to obtain the V 2p contribution alone. 

The V 2p3/2 peaks appear around 517 eV and the other component of the spin-orbit 

doublet, 2p1/2, appears at around 524.5 eV. The binding energy value of V 2p3/2 core level 

of bulk V2O5 (3d0) is reported to be around 517 eV [100,101] and this value decrease, as 

expected from the increase in number of 3d electrons, for lower oxidation state vanadium 

compounds. The binding energy values of present series of catalysts indicate that the 

vanadia surface species are fully oxidized (V5+).  

  
 

Calcination 

temperature (K) 

Calcination time (h) Absorption edge 

energy (eV) (η=2) 

Condensation 

degree 

723 4 2.33 6.04 

823 8 2.35 5.92 

923 4 2.37 5.80 

1023 4 2.29 6.27 
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(a) 

 
(b) 

 
Fig. 2.14: V 2p core-level spectra of calcined VOx/Al2O3 catalysts (a) before satellite 
subtraction and (b) after satellite subtraction as a function of vanadia loading. Integers in 
figure indicate vanadia loading in wt%.  
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The figure shows that the binding energy of V 2p3/2 peak shifts slightly with 

increasing vanadia loading. V 2p3/2 peak appear at 517.3 eV for 2 VOx/Al2O3 and shifts to 

higher values with increase in vanadia loading up to 10 wt%. However, further increase in 

vanadia loading to 20 wt% decreases the binding energy to 517.2 eV. This can also be 

expressed using the splitting between the O 1s and V 2p3/2 binding energies (∆E). The 

values of energy difference (∆E) between the O 1s and V 2p3/2 transition centroids, 

determined after satellite removal, are given in Table 2.8. The samples 2 and 20 

VOx/Al2O3 exhibit similar ∆E, while the intermediate loadings show lower values. The 

positive shift in binding energy with increasing vanadia loading to 10 wt% may be 

explained as due to the increase in degree of polymerization of vanadium species, which 

causes weakening of the vanadium-oxygen bonds. Vanadium in a polymeric species 

experience considerably less charge density from the neighboring oxygen atoms than that 

in a monomeric species, which results in corresponding shift in binding energy. The 

previous XPS studies on V/SiO2 catalysts report that the binding energy of V 2p3/2 level 

shift to higher values with vanadia loading [102,103]. When the loading of vanadia is 20 

wt%, phases like disordered or paracrystalline V2O5 and AlVO4 appear on the catalyst 

which may be the reason for observed negative shift in binding energy for this catalyst. 

Surface atomic ratios of V and Al were calculated from the XPS peak intensities of 

V 2p3/2 and Al 2p and photoionization cross-section values (equation 2.12) for all vanadia 

loadings and are given in Table 2.8.  

                       (V/Al)Surface      =           Iv        ×         σAl          ×      (KEV)1/2                      (2.12) 
                                                                          IAl                  σV                  (KEAl)1/2        
  

             
where σ is photoionization cross-section and KE = hν-BE, KE and BE being kinetic and 

binding energies of photoelectron, respectively.  
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Table 2.8: XPS data of calcined VOx/Al2O3 catalysts 
 

 

 

Figure 2.15 shows the V/Al surface atomic ratio obtained by XPS as a function of 

total bulk V/Al atomic ratio of the catalysts determined by ICP. The surface atomic ratio 

increases sharply till bulk atomic ratio of 0.05 (10 wt% vanadia loading) and thereafter 

increases only marginally. This indicates that multilayerd vanadia structures appear beyond 

a vanadia loading of 10 wt%. 

 
Fig. 2.15: Surface V/Al obtained by XPS as a function of bulk atomic ratio. V 2p3/2 and Al 
2p were used to determine surface atomic ratio by XPS. 

Sample Binding energy, E 

(eV) 

∆E 

(eV) 

FWHM 

(eV) 

(V/Al) 

Surface 

 V 2p3/2 O 1s  V 2p3/2 O 1s  

2 VOx/Al2O3 517.3 531.1 13.8 n.d. 2.9 0.004 

5 VOx/Al2O3 517.7 531.1 13.4 2.78 2.7 0.015 

10 VOx/Al2O3 517.5 530.9 13.4 2.11 2.5 0.063 

20 VOx/Al2O3 517.2 531.0 13.8 2.6 2.9 0.075 



 
                                            Chapter 2: Preparation and Characterization of VOx/Al2O3 catalysts 

 78

2.4.8.2. O 1s and Al 2p core level  
 

 

 
 

Fig. 2.16: O 1s and Al 2p core-level spectra of calcined VOx/Al2O3 catalysts as a function 
of vanadia loading in wt%.  
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The O 1s spectra of the catalysts were rather independent of the vanadia loading. 

They are broad bands, almost symmetric in nature and centered at 530 ± 0.1 eV. Likely, 

there is a large overlap between the oxygen atoms associated with vanadium and 

aluminium and hence it was difficult to resolve the bands into individual contributions 

(Fig. 2.16 top). 

 The Al 2p peak of all the samples consists of a single component at a binding 

energy of 74.2 eV, which can be assigned to Al3+ species in Al2O3. With increasing 

vanadia loading, FWHM decreases (Fig. 2.16 bottom). 

 
2.4.9. EPR Spectroscopy 

 
Fig. 2.17: The EPR spectra of 20 VOx/Al2O3, measured at 298 K, after (a) calcination at 
823 K for 4h and (b) reduction in H2 at 673 K for 4h.  
 

The EPR spectrum of the calcined 20 VOx/Al2O3 catalyst, recorded at room 

temperature, is given in Fig. 2.17. It is clear from the UV-Visible spectroscopy that the 
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calcined sample contains mainly V5+ and only negligible V4+, however EPR can detect 

these species because of its high sensitivity. The spectrum consists of well-resolved lines 

that can be assigned to V4+ (3d1) species. The hyperfine structure is better resolved after 

the catalyst, 20 VOx/Al2O3, is subjected to reduction in hydrogen flow at 673 K for 4h. The 

hyperfine structure is due to the interaction of the unpaired electron with the nuclear 

magnetic moment of vanadium with I = 7/2 (natural abundance 99.76%), giving rise to 

eight parallel and perpendicular components respectively [104].  The resolution of the 

hyperfine structure in the spectra indicates V4+ ions are highly dispersed. 

The EPR spectra obtained in the present work are similar to those previously 

reported for Al2O3-supported vanadium oxide catalysts. The EPR signals and parameters 

obtained in different studies differ slightly which in some cases have been reported to 

depend on the vanadium content, preparation procedure and reduction pretreatment 

[76,105-107]. In general, the V4+ is considered to be present in an axially symmetric 

environment (VO2+ in C4v environment). It can be expected that a relatively wide 

distribution of coordination geometries occur for vanadyl species immobilized on a support 

surface [107]. Though the g and A tensors become nonaxially symmetric due to the 

deviations from C4v symmetry for individual ions, the average over geometries existing on 

the surface corresponds to C4v symmetry [Fig. 2.18]. This is confirmed by the analysis of 

Sharma et al [107] who found that the observed spectra are well reproduced by an axially 

symmetric spin Hamiltonian. The environment of (V=O)2+ on a support surface is 

described as tetragonally distorted octahedral with C4v symmetry in most of the 

publications [76,105-107]. The assignment of the EPR signals to octahedral V4+ is usually 

supported on the detection of the signal at room temperature, since, in general, it is 

admitted that tetrahedral V4+ is observable only at low temperature due to relaxation 

effects. Thus, the EPR spectra shown in Fig. 2.17 can be tentatively attributed to V4+ in an 

octahedral coordination. Similar spectra with different intensities were obtained for all the 

catalysts studied here. It should be also mentioned here that there is at least one publication 

available in which [105] a signal detectable at 293 K and characterized by g⊥ = 1.979-

1.985, g|| = 1.931–1.934 (depending on the sample), A⊥ = 74 G, A|| = 200 G has been 

assigned to V4+ in a distorted tetrahedral environment.  



 
                                            Chapter 2: Preparation and Characterization of VOx/Al2O3 catalysts 

 81

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.18: Geometry and energy level scheme of the surface vanadyl species. (a) The 
average symmetry corresponds to C4V where the oxygen ligands 1-4 form a square parallel 
to the surface. (b) The variation in energy levels of Oh symmetry with tetragonal distortion 
(adapted from [107]).  
 

 

2.4.10.  51V MAS NMR spectroscopy 
 

The MAS spectra of the calcined VOx/Al2O3 catalysts are shown in Fig. 2.19. The 

isotropic chemical shift values for each catalyst were determined by spinning the sample at 

different rates. The isotropic peaks does not change their position while side bands appear 

at different chemical shift values with variation in spinning speeds. For 2 VOx/Al2O3, the 

isotropic peak appears at –582 ppm. This chemical shift value suggests the attribution of 

vanadia species to tetrahedral V5+. The 4-coordinated vanadates can be classified into 

various groups of Q(n) species, according to the number of bridging oxygen atoms n that 

connect two different vanadium coordination polyhedra [50]. Based on this, vanadates can 

be distinguished into Q(0) species, i.e., monomeric VO4
3- groups (orthovanadates); Q(1) 

species, i.e., dimeric [O3V-O-VO3]4- (pyrovanadates) and Q(2) species, i.e., polymeric [O-

V(O)2-]2- (alkali metavanadates). If we consider the chemical shift value alone, probably 

we can attribute the vanadia species to Q(2) type as in metavanadates NH4VO3 or NaVO3, 

in agreement with the assignment made by Eckert and Wachs [50]. However, the broad 
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nature of the peaks and the fact that spinning at different rates couldn’t narrow the peaks, 

indicate a broad range of vanadium (V) oxide environments, possibly including also 

different numbers of non-bridging oxygen atoms. It should be mentioned that isotropic 

chemical shifts alone do not provide accurate guidance for the exact identification of local 

symmetry among these and for this purpose, the determination of chemical shift anisotropy 

values and the knowledge of static NMR line-shapes are also needed which are not 

attempted in this work.  

 

 
Fig. 2.19: 51V MAS NMR spectra of the calcined VOx/Al2O3 catalysts as a function of 
vanadia loading (in wt%). The spectra were obtained at a spinning rate of 12 kHz. The 
arrows indicate isotropic peaks. The alphabets ‘A’ and ‘V’ denote isotropic peaks of 
AlVO4 and V2O5 respectively. 

 

 

For 5 VOx/Al2O3, isotropic peak is observed to appear at –503 ppm. The position as 

well as the side band pattern of this species is similar to those of the "type a" signal 
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reported by Eckert and Wachs [50] on VOx/TiO2 and VOx/Al2O3 catalysts. These species 

are attributed to V5 + in a distorted octahedral symmetry as in ZnV2O6 or PbV2O6. In each 

of these compounds, there are two shorter (1.6-1.7 Å), three moderately long (1.85-2.1 Å), 

and one extremely long (>2.5 Å) V-O bonds and hence described as distorted octahedral 

symmetry. This bonding geometry type gives rise to a characteristic line shape quite 

different from V2O5. 

For 10 VOx/Al2O3, the isotropic peak is observed at around -504 ppm indicating the 

presence of octahedral vanadia species for this catalyst also. Thus, we can conclude that at 

low surface concentration, the tetrahedral coordination of V5+ is favored, but upon 

increasing the vanadium concentration, octahedrally coordinated species are mainly 

observed by MAS NMR. Similar results have also been reported by other authors 

[50,76,78,105,108]. It should be noted here that the coordination of V5+ as revealed by 

MAS NMR cannot be described as pure isolated tetrahedral or octahedral, rather they are 

in distorted environments. 

In the case of 20 VOx/Al2O3, more than one isotropic peak was observed. The 

isotropic peak observed at –614 ppm can be attributed to bulk-like V2O5 since the position 

and side-band pattern of this peak are in good agreement with those reported for V2O5 in 

literature. Eckert and Wachs [50] reported δiso value of –609 ppm for V2O5. The bonding 

geometry in V2O5 is typically described as square-pyramidal, consisting of four equatorial 

V-O bonds of similar length and one very short axial V-O bond (1.58 Å). Alternatively, the 

environment could be described as 6-coordinate, if the very long (2.78 Å) second axial V-

O distance is included. The XRD studies indicated that only one type of vanadium site 

(V1) and three different oxygen sites exist in crystalline V2O5, as shown in Fig. 2.20 [109]. 

The 51V MAS spectrum of crystalline V2O5 experimentally measured using a rotation rate 

of 20 kHz and consistent with this structure is shown in Fig. 2.20 [109]. Note that the side 

band pattern observed around –614 ppm in MAS NMR spectrum of 20 VOx/Al2O3 is 

similar to that measured for crystalline V2O5. 
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Fig. 2.20: Crystalline V2O5: (a) 001 plane and (b) 010 plane obtained from the XRD 
studies. The markings in the diagram denote three different oxygen sites, (c) extended 
sideband pattern of 51V MAS NMR spectra, measured using a rotation rate of 20 kHz (from 
[109]). 

 

 

The MAS NMR spectrum of 20 VOx/Al2O3 also shows isotropic peaks at –663, -

744, -774 ppm which can be attributed to the presence of AlVO4. The V species in AlVO4 

is in a tetrahedral Q(0) coordination and the δiso values reported by Eckert and Wachs [50] 

are –661, -745 and –775 ppm. The values determined in our experiment are in good 

agreement with these values. The structure of AlVO4 (Fig. 2.21), which was determined by 

a combination of simulated annealing and Rietveld refinement [110, 111], contains three 

distinct VO4
3- tetrahedra, two AlO6 octahedra and a pentacoordinated AlO5 unit. The 

presence of three different vanadium (V) tetrahedra explains the origin of three isotropic 

peaks for vanadia species [110]. 
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Figure 2.21: (a) Polyhedral representation of the structure for AlVO4 shown by a 
projection along the a axis. The light tetrahedra illustrate the isolated VO4 units while the 
dark polyhedra show the coordination for aluminum. (b) 51V MAS NMR spectrum (14.1 T, 
νr=10.5 kHz) of the central and satellite transitions for AlVO4 shown on a kilohertz scale 
relative to the isotropic peak for V(2). The right-hand insets show the spectral region for 
the isotropic peaks (on a ppm scale relative to VOCl3) while the left-hand insets illustrate 
that the ssbs from the satellite transitions are almost completely separated for the three 51V 
sites (from [110]). 
 
 
2.5. THE MOLECULAR STRUCTURE OF VANADIA SPECIES 
 

As mentioned in Chapter 1, vanadia species can exist in different molecular 

structures when supported on metal oxide. Usually, when a catalytically active oxide is 

supported on the surface of an oxide support, the former remains in an X-ray diffraction 

amorphous state up to a loading equivalent to at least the theoretical monolayer coverage 

[112]. The surface free energy of bidimensional monolayer is higher than crystalline bulk 

vanadium oxide, however the interfacial cohesion between vanadium oxide and support 

oxide drives the spreading of the former over the surface of latter. Since the Tamman 

temperature of vanadium oxide is low (449 K), the rate of transformation is relatively fast 

during calcination. Assuming an ideal flat surface with a single type of surface geometry 
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and their close packing [112] (however the real situation may be different), the surface 

density that correspond to a theoretical polyvanadate monolayer can be calculated as ~ 7 

VOx nm-2 for the present series of catalysts (Fig. 2.22A). For a monovanadate monolayer, 

this value is ~ 2.3 VOx nm-2. Assuming a polyvanadate monolayer is more probable, we 

can expect that bulk phases of vanadia will appear only above a surface density of 7 VOx 

nm-2 (~ 12 wt%).  

The various characterization techniques show that the structure of dispersed VOx 

species on Al2O3 support depends on the VOx surface density. At low coverages (VOx 

surface densities below 13 V nm-2), XRD doesn’t detect any vanadium phase while the 

catalyst with surface density 13.4 V nm-2 (20 VOx/Al2O3) show peaks characteristic of 

bulk-like V2O5 and AlVO4. UV-visible spectroscopy suggests that vanadia exist as V5+ 

species with distorted tetrahedral coordination at the lowest surface density studied (1.2 V 

nm-2 or 2 VOx/Al2O3). The decrease in absorption edge energy with increasing surface 

density indicates the progressive condensation of vanadia species leading to polymeric V5+ 

species at higher loadings and finally to bulk-like vanadia crystallites at a surface density 

of 13.4 V nm-2. The relevant point is that the absorption edge energy reflects electronic 

properties that matter for catalysis and the shift in the edge is a sign of oligomerization 

beyond monomeric structures. TPR spectra show a shift in Tmax to lower temperatures as 

the surface density increases from 1.2 to 5.9 V nm-2, which can be attributed to the increased 

polymerization of vanadium species, which are more easily reducible than monomeric 

ones. The additional peak observed at 855 K at a surface density of 13.4 V nm-2 can be 

ascribed to the reduction of bulk-like V2O5 crystallites. Consistent with this interpretation, 

there is the presence of bands at 831 and 1017 cm-1 in the FTIR spectrum of this catalyst, 

which are characteristic of V-O-V bending vibration and V=O stretching vibration in bulk 

vanadia respectively. These bands are not observed for catalysts with lower vanadia 

loadings. Laser Raman spectrum of the 20 VOx/Al2O3 catalyst shows the characteristic 

bands of bulk V2O5, which were not observed for lower vanadia loadings. The results of 
51V NMR experiments are also in agreement with the change in structure of vanadia 

species with surface density. Hence from the various characterization results, it can be 

concluded that tetrahedral V5+ species are present on the VOx/Al2O3 catalyst at a surface 
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density of 1.2 V nm-2 (2 wt% vanadia loading), polymerization of V5+ species increases as 

the surface density increases (Fig. 2.22B) and formation of bulk-like V2O5 crystallites and 

aluminum orthovanadate takes place at a surface density of 13.4 V nm-2 (20 wt% vanadia 

loading). 

 

 

 
 

 

                           A                                                                                 B 

 
Fig. 2.22: (A) The representation of theoretical situation for monolayer, assuming an ideal 
flat surface and (B) Schematic drawing of change in molecular structures of surface 
vanadia species with increasing vanadia loading. 
 

 

The situation we have arrived at is in agreement with the concept of monolayer. 

Below the surface density that corresponds to theoretical monolayer (7 VOx nm-2 ), only 

dispersed surface vanadia species were identified while above that, bulk phases like V2O5 

and AlVO4 were also detected. Now, if we look at the evolution in molecular structure of 

vanadia with increasing surface density, it can be observed that two types of changes are 

apparent, change in coordination and bridging. The expected coordination changes from 

tetrahedral (dispersed vanadia species at 1.2 V nm-2) to trigonal bipyramidal or distorted 

octahedral (crystalline V2O5 at 13.4 V nm-2). On the other side, there is the effect of 

bridging, which changes monomeric structures to polymeric structures. Can we separate 
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these two effects? As far as our study is concerned, it is not possible to separate 

conclusively the effects of coordination and bridging, since they occur together. As 

mentioned previously, the important thing is the oligomerization of vanadia species with 

increasing surface density. The next chapter describes how the catalytic activity changes 

with this structural evolution.  
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SECTION A-CATALYTIC ACTIVITY STUDIES 
 
3.1. INTRODUCTION  
 

Modern research in the field of catalysis is based on the establishment of empirical 

relations between behavior of the catalyst during the reaction at different reaction 

conditions and the catalyst composition, structure and texture, which can be studied ex situ 

or in situ. It is apparent that the study of the catalytic activity under determined reaction 

conditions with a combination of useful methods for catalyst characterization prior and 

subsequent to the reaction could maximize useful information about reaction pathways, 

active sites of reaction and the reaction mechanisms.  

This section describes the results of studies of oxidative dehydrogenation of 

ethylbenzene to styrene in presence of N2O using VOx/Al2O3 catalysts, which can be 

represented as: 

                     C6H5CH2CH3 + N2O → C6H5CH=CH2 + N2 + H2O                       (3.1) 

The general introduction about this reaction is given in Chapter 1. The activity and 

selectivity of the catalysts were correlated with the structural aspects of catalyst determined 

by comparative characterizations before and after ODH catalysis, which is described in 

section B. 

 
3.2. CATALYTIC ACTIVITY MEASUREMENTS 
 
3.2.1. Set-up for the catalytic evaluation 

 
The catalytic tests are carried out in the set-up, which is shown schematically in 

Fig. 3.1. The set-up allows one to perform experiments with full control of all reaction 

parameters and to conduct the process in the presence of gases as reactant or carrier. The 

gaseous reactants (N2O/N2) are fed to the reactor at controlled flow rates using mass flow 

controllers (Hi-Tech, Bronkhorst, The Netherlands). Ethylbenzene was fed to the reactor 

with high accuracy using a high-pressure syringe pump (Isco 500 D). 

The catalytic tests were performed in fixed bed down-flow glass reactors (40 cm 

length, 15 mm I.D.) placed inside an electrically heated split furnace (Geomechanique, 

France) that was controlled by a temperature controller. The catalyst particles, of size 10-
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20 mesh, mixed with ceramic beads were held in the isothermal furnace zone between two 

quartz wool plugs. Ceramic beads are further used to minimize the dead volume of the 

reactor upstream the catalyst bed that also served as vaporizer cum pre-heater. The exact 

temperature of the catalyst bed was monitored by a thermocouple, placed at the center of the 

catalyst bed. The catalyst was activated before each run, by heating at 773 K in a flow of 

dry air for 8 hours and then cooled to the desired reaction temperature. The products of the 

reaction were passed through a condenser, circulated with chilled water, and collected in a 

receiver. The set-up also consists of provision for online gas chromatographic analysis of 

gaseous effluents.  

 
3.2.2. Analytical method 
 

A Hewlett-Packard 6890 plus gas chromatograph, equipped with a flame ionization 

detector, was used for the analysis of condensed reaction products (styrene, benzene, 

toluene, styrene oxide). The separation of various products was achieved using a capillary 

column (BPX5, 50 m × 0.32 mm i.d.). The actual amount of each component in the 

product mixture was determined by using the response factor of that compound. The initial 

confirmation/identification of reaction products was done by GC-MS and GC-IR. The 

gaseous products were analyzed online with a Chemito 1000 gas chromatograph equipped 

with TCD, using a spherocarb column (mesh size 80/100, 8', 1/8'' dia). 

The possible contribution of homogenous, gas-phase reactions was tested by 

comparing the EB conversions obtained with the empty reactor and the reactor filled with 

quartz wool plugs and ceramic beads. The EB conversions obtained in such catalytic tests 

were very low, maximum 2%, up to a temperature range of 773 K. The experiments were 

repeated to check the accuracy of results and were found to be reproducible within the 

normal experimental error. 
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Figure 3.1: Scheme of the reactor set-up used for the catalytic experiments. MFC: Mass 
Flow Controller, TPC: Temperature Programmer Controller. 
 

The parameters of the catalytic performance are defined by the following 

equations: 

                               EB conversion (%) = (CEBin - CEBout / CEBin) × 100                            (3.2) 

                           Selectivity to Styrene (%) = (CST / CEBin - CEBout) × 100                        (3.3) 

                                       Styrene yield (%) = (CST /CEBin)× 100                                        (3.4) 

where C denote the concentration and the subscripts, “in” and “out”, the respective 

concentrations in the feed and outlet. The relative yields of by-products were calculated by 

the same way and the results are given in wt%.  
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The reaction rates of oxidative dehydrogenation of ethylbenzene to styrene based 

on vanadium concentration were calculated according to the following equation: 

                                                             r = F X / nV                                                                                        (3.5)               

with F being flow rate in mol/s, X being the conversion and nV being the number of moles 

of vanadium per gram of catalyst. 

The areal reaction rates (rate based on surface area of catalyst) of ODH of EB to ST 

were calculated according to the equation: 

                                                             rA = F X / S                                                          (3.6) 

where S is the BET surface area in m2 g –1 of the catalyst. 

The reaction kinetics may be determined by diffusion processes, if the rates of heat 

and mass transfer to the catalyst are less than the rate of the reaction on the catalyst 

surface. The limitation by diffusion processes can be checked by determining the 

conversion values at different linear flow rates but at the same contact time. A series of 

experiments was performed at 773 K at a constant contact time (Volume of catalyst/Flow 

rate). The linear flow rates of ethylbenzene were changed and the catalyst amounts were 

proportionally increased for maintaining contact time constant. The differences in the 

catalytic performances were minimal indicating that diffusion limitations can be neglected 

under the present reaction conditions. However, limitation by intra-particle diffusion 

cannot be excluded by this study.  

  
3.3. RESULTS AND DISCUSSION 
 
3.3.1. Nitrous oxide as oxidizing agent 
 

The catalytic activity and selectivity of VOx/Al2O3 catalysts were investigated using 

nitrous oxide as an oxidant. To compare the effectiveness of N2O as an oxidant, the 

reaction was also conducted in the presence of nitrogen alone. Figure 3.2 shows the yield 

of styrene and selectivities of other products observed at 623 K in nitrous oxide and 

nitrogen atmospheres for 20 VOx/Al2O3. The reactions were performed under identical 

conditions, keeping EB space velocity 1 h-1 and N2/N2O flow rate (GHSV) 1200 h-1. It can 

be seen that the styrene yield in the presence of nitrous oxide is at least 2-3 times higher 

than that in nitrogen atmosphere at 623 K. The yield of styrene decreased with reaction 
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time for both N2O and N2 atmospheres, however the yield remained at a much higher level 

in N2O atmosphere throughout the period studied. The selectivities of benzene and toluene, 

which are the dealkylation products of ethylbenzene, were lower under N2O flow as 

compared to that under N2 flow. However, a higher selectivity for styrene oxide was 

observed in N2O atmosphere, probably because the availability of oxygen by the 

dissociation of N2O increases the secondary reaction, the conversion of styrene to styrene 

oxide. The results were similar for other reaction temperatures also. 

 

Figure 3.2: The yield of styrene and selectivities of benzene, toluene, styrene oxide in 
nitrogen and nitrous oxide atmospheres as a function of time on stream. Solid symbols, 
under nitrous oxide flow; open symbols, under nitrogen flow; (7) styrene yield; (ξ) sum of 
benzene and toluene selectivities; (Λ) styrene oxide selectivity. 
Reaction conditions: Temperature, 623 K; WHSV of EB, 1 h-1; GHSV of N2/N2O, 1200 h-1; 
catalyst, 20 VOx/Al2O3. 

 

The reaction was also conducted at different temperatures in nitrogen and nitrous 

oxide atmospheres. Fig. 3.3 shows the conversion of ethylbenzene and yield of styrene at 

different temperatures for 20 VOx/Al2O3. The results show that enhancement of 
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dehydrogenation reaction in nitrous oxide atmosphere is observed at all temperatures. The 

figure also shows results observed with 5 VOx/Al2O3 at 623 and 773 K. The conversion of 

ethylbenzene and selectivity of styrene observed in nitrous oxide atmosphere are well 

above that in nitrogen atmosphere, the difference being more pronounced at higher 

temperatures.  

 
 
Figure 3.3: The yield of styrene and conversion of ethylbenzene in nitrogen and nitrous 
oxide atmospheres as a function of reaction temperature for 5 and 20 VOx/Al2O3. Solid 
symbols, under nitrous oxide flow; open symbols, under nitrogen flow; ethylbenzene 
conversion for 5 VOx/Al2O3 (Χ Β) and for 20 VOx/Al2O3 (, −); styrene yield for 5 VOx/Al2O3 (χ 

β) and for 20 VOx/Al2O3 (7 8). 
Reaction conditions: WHSV of EB, 1 h-1; GHSV of N2 / N2O, 1200 h-1; TOS, 2h. 
 

 

These results allow us to conclude that nitrous oxide enhance the rate of ODH 

reaction irrespective of reaction temperature and vanadia loading and this enhancement is 

stable with reaction time. 
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3.3.2. The effect of reaction temperature 

 
 
Figure 3.4:  Effect of temperature on product yields. (,) ethylbenzene conversion; (7) 
styrene yield; (Ξ) N2O conversion; (ξ) sum of benzene and toluene selectivities; (Λ) styrene 
oxide selectivity; ( ) N2O utilized for ethylbenzene conversion. 
Reaction conditions: Catalyst, 5 VOx/Al2O3; TOS, 2 h; GHSV of N2O, 1200 h-1; WHSV of 
EB, 1 h-1. 

 

Figure 3.4 presents the effect of reaction temperature on the styrene yield in N2O 

atmosphere at time on stream (TOS) of 2 h. The EB conversion as well as styrene yield 

increased monotonically with increasing temperature in the interval studied (623-773 K). 

At 623 K, the conversion of ethylbenzene and yield of styrene were low, being 15% and 

13% respectively, however when the temperature increased to 673 K, they were increased 

more than two times. The figure also shows the conversion of N2O and selectivity of N2O 

for ethylbenzene reaction as a function of temperature. The former increases with 

increasing temperature and reaches 96% at 773 K while the amount of N2O utilized for 

ethylbenzene conversion decreases, which indicate that though most of the N2O 

decomposes, the amount reacting with ethylbenzene is lower at higher temperatures. With 
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increasing temperature, selectivity of styrene oxide decreased while that of dealkylation 

products, benzene and toluene, increased. Hence higher temperatures cause higher 

dealkylation of ethylbenzene and formation of lower amounts of styrene oxide despite the 

presence of nitrous oxide. These trends in activity and selectivity were similar for catalysts 

with other vanadia loadings also. The activity by bulk V2O5 was very low under these 

experimental conditions. 

 
3.3.3. The effect of contact time 

 
Figure 3.5: Influence of contact time on the product yields. (,) ethylbenzene conversion; (!) 
styrene selectivity; (7) styrene yield; (ξ) sum of benzene and toluene selectivities; (Λ) 
styrene oxide selectivity.  
Reaction conditions:  Temperature, 673 K; TOS, 2 h; GHSV of N2O, 1200 h-1; catalyst, 5 
VOx/Al2O3. 

 

The effect of contact time of ethylbenzene with catalyst (inverse of space velocity), 

on the dehydrogenation of EB is illustrated in Fig. 3.5. The results are obtained at a 

reaction time of 2h at 673 K with a nitrous oxide space velocity of for 5 VOx/Al2O3. The 

amount of catalyst was kept constant during these experiments and the feed rate of EB was 
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changed to vary the contact time. With increasing contact time, conversion of ethylbenzene 

increased and selectivity for styrene decreased. The increase in styrene yield with 

increasing contact time, as observed from the figure, is due to the increase in conversion of 

ethylbenzene and does not reflect the decrease in selectivity. The loss in selectivity for 

styrene is the gain in selectivity for benzene and toluene, since these dealkylation products 

increase with increasing contact time. Hence higher contact time increase dealkylation 

more than it do for dehydrogenation of ethylbenzene. Styrene oxide was observed mainly 

at low contact time and decreased with increasing contact time. Considering the fact that 

selectivity of styrene decreases with increasing contact time, it can be assumed that styrene 

oxide is secondary product and results from styrene epoxidation by nitrous oxide. Hence 

the formation of styrene oxide is a consecutive reaction. 

 
3.3.4. The effect of nitrous oxide space velocity 

 
Figure 3.6: Activity and selectivity as a function of nitrous oxide flow rate. (,) ethylbenzene 
conversion; (!) styrene selectivity; (7) styrene yield; (ξ) sum of benzene and toluene 
selectivities; (Λ) styrene oxide selectivity. 
Reaction conditions: Temperature, 773 K; TOS, 3 h; WHSV of EB, 1 h-1; catalyst, 10 
VOx/Al2O3. 
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The influence of nitrous oxide space velocity on the activity and selectivity was 

investigated and the results are summarized in Fig. 3.6. The conversion of ethylbenzene 

and yield of styrene were higher at intermediate space velocities. Both lower and higher 

space velocities decreased the conversion and yield. 

 
3.3.5. The time on stream behavior 
 

 
 

Figure 3.7: The activity and selectivity behaviour in nitrous oxide atmosphere as a 
function of time on stream. Solid symbols, reaction with fresh catalyst; open symbols, 
reaction with regenerated catalyst. 
Reaction conditions: Temperature, 623 K; WHSV of EB, 1 h-1; GHSV of N2O, 1200 h-1; 
catalyst, 20 VOx/Al2O3. 
 

The variation in activity and selectivity of the catalyst in nitrous oxide atmosphere 

with reaction time (TOS) is shown in Fig. 3.7. The reaction is conducted at 623 K with 20 

VOx/Al2O3 at an ethylbenzene space velocity of 1 h-1 for 10 hours. It can be seen that after 

an initial deactivation period, the catalyst shows a steady activity and selectivity. After a 

reaction time of 10 hours, the catalyst is regenerated in a flow of air at 773 K for 8h and 
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the reaction is conducted under similar conditions with regenerated catalyst. Ethylbenzene 

conversion levels were slightly lower compared to the initial run using fresh catalyst and 

selectivity for styrene remained similar to that of initial run. The overall behaviour of the 

catalyst after regeneration shows that the catalyst possesses an acceptable level of stability 

under the present experimental conditions. 

 
3.3.6. The effect of vanadium surface density 
 

The effect of vanadium surface density (equivalent to vanadia loading) on initial 

rate of ethylbenzene conversion per V atom (extrapolated to zero residence time) at 673 K 

is shown in Fig. 3.8. The apparent turnover rate increases as the surface density increases 

and reaches a maximum at vanadium surface density of 6 V/nm2. The rate decreases 

thereafter when the surface density increased to 13.4 V/nm2.  

 
 
Figure 3.8: Effect of VOx surface density on the initial rate of ethylbenzene conversion at 
673 K normalized per V atom (?) and the selectivity of styrene extrapolated to zero 
conversion (!). 
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The specific activity at 673 K, conversion of ethylbenzene per unit surface area of 

the catalysts, increased rapidly with increasing surface density up to about 6 V nm-2, then 

only marginally increased with further increase in surface density (Fig. 3.9).  

The variation in selectivities of various products with vanadium surface density at 

zero conversion of ethylbenzene is presented in Fig. 3.8. As the vanadium surface density 

increases, the selectivities of styrene and styrene oxide decrease. The selectivity of 

dealkylation products increases with increasing surface density (not shown in figure). 

 

 
 

Figure 3.9: Effect of VOx surface density on the initial rate of ethylbenzene conversion at 
673 K normalized per total surface area of the catalyst. 
 
 
3.3.7. The effect of calcination temperature of catalyst 
 

The effect of calcination temperature on the activity and selectivity of the 

VOx/Al2O3 catalyst is examined, considering 10 VOx/Al2O3 calcined at different 

temperatures as an example. The reaction data is illustrated in Fig. 3.10. As the calcination 
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temperature increases, activity that is expressed in terms of styrene yield, decreases. This 

decrease is gradual for the catalysts calcined up to 923 K. However, the catalyst calcined at 

1023 K shows a drastic decrease in activity. The selectivity behavior is not affected 

significantly with calcination temperature except at 1023 K, where slight increase in 

selectivity of dealkylation products observed. Figure 3.10 also shows that the styrene yield 

is lower when 10 VOx/Al2O3 is calcined for a longer duration, i.e., 8 hours instead of 4 

hours.    

 
 

Fig. 3.10: Effect of catalyst calcination temperature on the activity and selectivity of 
catalyst.  
Reaction conditions: Catalyst, 10 VOx/Al2O3; Reaction temperature, 673 K; TOS, 3h; 
WHSV of EB, 1h-1; GHSV of N2O, 1200 h-1. 
 

 

The activation energy of the reaction was determined from the plot of ln k versus 

reciprocal temperature in the range 623-698 K (Fig. 3.11) for 2 and 5 VOx/Al2O3. The 

activation energy is found to be of the order of 50-52 kJ/mol under these conditions.    
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Fig. 3.11: Plot of natural log of rate constant for the reaction at different temperatures 
versus the inverse of the absolute temperature for 2 and 5 VOx/Al2O3 catalysts in the range 
623-698 K. 
 

  

The catalytic activity studies show that the activity is higher at higher temperatures, 

higher contact time and intermediate flow rates of N2O. The catalysts with vanadia 

loadings that correspond to near monolayer values are desirable and bulk vanadia phases 

are not desired. Higher calcination temperatures of catalyst lead to decrease in the activity. 

Hence the optimum conditions for maximum styrene yield can be summarized as: higher 

reaction temperature, higher contact time of ethylbenzene, GHSV of N2O near 1200 h-1, 

vanadia loadings corresponding to that of monolayer and catalyst calcination temperatures 

below 923 K.  
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SECTION B- CHARACTERIZATION OF SPENT CATALYSTS AND 
STRUCTURE-ACTIVITY CORRELATION 

 
3.4. CHARACTERISATION OF SPENT CATALYSTS- OXIDATION ABILITY OF 
NITROUS OXIDE 
 

The X-ray diffraction patterns of 20 VOx/Al2O3 after dehydrogenation reaction at 

673 K for 4 h in nitrogen and nitrous oxide atmospheres are shown in Fig. 3.12. After 

reaction in nitrous oxide atmosphere, catalyst still exhibits peaks characteristic of V2O5 and 

AlVO4, though with reduced intensities, compared to that of fresh catalyst. However, the 

diffraction profile of the catalyst after reaction in nitrogen atmosphere was devoid of the 

peaks that correspond to these phases. This shows the catalyst structure is less affected 

when the reaction is carried out in nitrous oxide atmosphere. 

 
 

Fig. 3.12: Powder X-ray diffraction patterns of 20 VOx/Al2O3 after reaction at 673 K for 4 
h (a) under N2O flow (b) under N2 flow.  



 
Chapter 3: Catalytic activity studies and correlation with structure of VOx/Al2O3 catalysts 

 110

The FTIR spectra of 20 VOx/Al2O3 recorded after dehydrogenation reaction in 

nitrogen and nitrous oxide atmospheres are shown in Fig. 3.13. The band at 1017 cm-1, 

observed for the fresh catalyst, disappeared after the dehydrogenation reaction in N2 

atmosphere at 673 K. The band disappeared also when 20 VOx/Al2O3 is treated in H2 

atmosphere at 673 K for 4 h.  However, this band was still observed with reduced intensity 

for the 20 VOx/Al2O3 catalyst used for the dehydrogenation reaction in N2O atmosphere. 

This shows the presence of bulk-like vanadium pentoxide on the catalyst when the reaction 

is carried out in N2O atmosphere as compared to N2 atmosphere.  

 

 
 

Figure 3.13: FTIR spectra of 20 VOx/Al2O3 after (a) dehydrogenation reaction under N2O 
flow at 673 K for 4 h (b) dehydrogenation reaction under N2 flow at 673 K for 4 h (c) after 
reduction with H2 at 673 K for 4 h.  

 

Figure 3.14 shows the diffuse reflectance UV-visible spectra of catalyst 20 

VOx/Al2O3 after various treatments like reduction by H2, dehydrogenation reactions in 

presence of N2O and N2. After reaction in N2 atmosphere at 673 K for 4 h, the catalyst 
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showed a weak, broad band in the region 500-800 nm. This band can be assigned to 

forbidden d-d transitions of V4+ and / or V3+ since it is clearly developed for 20 VOx/Al2O3 

that was subjected to reduction under H2 at 673 K for 4 h. The band disappeared when the 

reduced sample is treated with N2O at 673 K for 4 h and exhibited a spectrum similar to 

that of fresh, calcined catalyst. The band is much more intense for the 20 VOx/Al2O3 

catalyst after dehydrogenation in N2 atmosphere, compared to that used in N2O atmosphere 

which again shows the ability of N2O to keep the active species at higher oxidation state 

during the reaction (Fig. 3.14). 

 

 
 

 

Figure 3.14: Diffuse reflectance UV–visible spectra of 20 VOx/Al2O3 after (a) 
dehydrogenation reaction under N2O flow at 673 K for 4 h (b) dehydrogenation reaction 
under N2 flow at 673 K for 4 h (c) after reduction with H2 at 673 K for 4 h.  
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The EPR spectra of 20 VOx/Al2O3, recorded at room temperature, after oxidative 

dehydrogenation reaction in nitrous oxide and nitrogen atmospheres at 673 K for 4h, are 

given in Fig. 3.15, which is similar to that of fresh, calcined 20 VOx/Al2O3 but with higher 

intensity indicating reduction of the catalyst during the reaction. The spectrum consists of, 

as described for the fresh catalyst, well-resolved lines which can be assigned to V4+ (3d1) 

in an axially symmetric environment (VO2+ in C4v environment). The g values and the 

hyperfine coupling constants of the V4+ signal from 20 VOx/Al2O3 after reaction are giso = 

1.968, A⊥ = 50 G and A|| = 176 G. Similar spectra, without any additional signal, were also 

recorded at 77 K. The reduction is more for the catalyst used for the reaction in nitrogen 

flow, as can be observed from a comparison of the intensities of the spectra. The hyperfine 

structure is superimposed on a broad isotropic singlet produced by the dipolar interactions 

of weakly interacting (or associated) VO2+ species [1,2], which is also observed to be more 

intense with the catalyst used for reaction in nitrogen atmosphere.  

The EPR spectra obtained in the present work are similar to those previously 

reported for Al2O3-supported vanadium oxide catalysts. The g values and the hyperfine 

coupling constants of the V4+ signal obtained by Blasco et al [1] for VOx/Al2O3 catalysts 

after the catalytic test in the ODH of ethane are g⊥ = 1.965 (±0.005), g|| = 1.947 (±0.005), 

A⊥ = 78 G (±3 G) and A|| = 190 (±3 G). Eon et al [3] recorded the ESR spectra of 

VOx/Al2O3 catalysts after the ODH of propane and obtained a signal with spectral 

parameters (g⊥ = 1.982, g|| = 1.919, A⊥ = 70 G, and A|| = 190 G), which was attributed to an 

amorphous surface vanadium oxide phase.  

It is also clear from the EPR spectra that a strong signal is superimposed on the 

spectrum of V4+ which is not observed for the fresh, calcined catalyst. This may be 

originated from the paramagnetic centers of the carbon deposited on the catalyst during the 

reaction. Since this signal is very intense for the catalyst used for the dehydrogenation 

reaction in nitrogen, it can be inferred that the deposition of coke is more for this catalyst 

compared to that used for the reaction in nitrous oxide. 
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Fig. 3.15: EPR spectra of 20 VOx/Al2O3, measured at 298 K, after dehydrogenation 
reaction in presence of nitrous oxide (solid line) and nitrogen (dotted line). The reactions 
were performed at 673 K for 4h. 
 
 
3.5. ACTIVITY AND STRUCTURE OF THE CATALYSTS- DISCUSSION 
 

As described in the Chapter 2, the structure of dispersed VOx species on Al2O3 

support depends on the VOx surface density. At the lowest surface density, 1.2 V nm-2 (2 

VOx/Al2O3), vanadia exists as monomeric V5+ species with tetrahedral coordination and 

with increasing surface density, the fraction of polymeric V5+ species increases. Bulk-like 

crystallites of vanadia and aluminum orthovanadate appear at a surface density of 13.4 V 

nm-2.  

The relationship observed between the turn-over rate and vanadium surface density 

(Fig. 3.8) can be explained based on the degree of polymerization of vanadium species. 

Activity for the catalyst with the surface density of 1.2 V nm-2 is the lowest since the 

monomeric vanadia species, predominant on this catalyst, are less active than the 
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polymeric V5+ species since the course of the reaction involves the oxidation-reduction 

cycles of V5+ species and V-O-Al species appear to be more difficult to reduce than V-O-V 

or V=O sites in polymeric species. This conclusion is also supported by the fact that 

reducibility of the samples increases with increase in vanadia loading from 2 to 10 wt% as 

evidenced by the shift in Tmax to lower temperatures in TPR experiments (Fig. 2.9). The 

activity decreases again when multilayers of polymerized V5+ species are formed on the 

surface, at higher surface densities (13.4 V nm-2), which prevents the accessibility of the 

reactants to all the vanadium atoms. Hence the maximum turnover rate is observed at 

intermediate surface densities corresponding to the formation of a vanadia monolayer on 

the surface of the support. The observation that areal rate increases rapidly till 6 V nm-2 and 

thereafter only marginally (Fig. 3.9), confirms the occurrence of multilayers or crystallites 

of vanadia above this surface density in which most of the vanadium atoms are 

inaccessible by the reactant molecules. The decrease in activity with increasing calcination 

temperature of the catalyst and the very low activity by 10 VOx/Al2O3, calcined at 1023 K 

(Fig. 3.10), confirm that bulk phases are less active than dispersed vanadia phases. 

The observation of a maximum in activity at intermediate surface density was 

reported previously for the ODH of ethane and propane over vanadia catalysts supported 

on MgO [4-6], Al2O3 and ZrO2 [7-9] and is attributed to the structure of the VOx overlayer 

[8,9]. The observed dependence of selectivities of the products on the surface density (Fig. 

10) reveals that monomeric V5+ species are better suited for the dehydrogenation of 

ethylbenzene since the maximum selectivity for styrene is observed at the lowest surface 

density studied (1.2 V nm-2). The bulk-like vanadia crystallites present at a surface density 

of 13.4 V nm-2 cause dealkylation of ethylbenzene resulting in an increase in the formation 

of benzene and toluene. This seems the case for the catalysts calcined at higher 

temperatures, which give more dealkylation products. A priori, it seems that bulk phases 

cause higher cracking than dispersed phase.     

The effect of N2O in the dehydrogenation reaction is significant as is evident from 

the higher styrene yield observed in N2O compared to that in N2 atmosphere. The 

vanadium species is continuously reduced during the reaction in N2 while it is kept at a 

higher oxidation state when the reaction is carried out under N2O atmosphere as evidenced 
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from the results of characterization of spent catalysts by X-ray diffraction, infra-red, UV-

visible and EPR spectroscopies (Fig. 3.12-3.15) in comparison with fresh catalysts as 

discussed previously. The enhancement in the specific activity in presence of N2O is 

similar to the effect of CO2 on dehydrogenation reaction of EB reported by Sakurai et al 

[10]. This was termed as the promoting effect of CO2 by these authors and is ascribed to 

the ability of CO2 to oxidize the reduced species during reaction that helps to keep it in a 

higher oxidation state. They observed an increase in styrene yield with an increase in the 

loading level of vanadium from 0 to 1.0 mmol/g of MgO but further increases in the 

loading level did not increase the styrene yield. According to Sakurai et al [10], at low 

loadings only isolated VO4 species were dispersed over MgO support, whereas at a loading 

of 3 mmol/g of MgO, polymeric V5+ species with bridging V-O-V oxide ions forming 

MgV2O6 and Mg2V2O7 structures was proposed to co-exist, hence the degree of 

polymerization of vanadate species increases with loading level, leading to the increase in 

styrene yield concurrently.   

 The vanadium surface density required for a theoretical polyvanadate monolayer 

can be calculated as approximately 7 V nm-2 for the present system of catalysts. Below this 

surface density (vanadia loading 2-10 wt%), it is observed that turn-over rates increase 

with increasing surface density (Fig. 3.8) while UV-visible absorption edge energies 

decrease (Table 2.6), that is, there is an inverse relationship between the turn-over rates 

and edge energies. This correlation observed between the turnover rates and UV-visible 

absorption edge energies, within monolayer coverage is similar to that reported previously 

for small alkanes over two dimensional transition metal oxides like VOx, MoOx and WOx 

dispersed over Al2O3, ZrO2 and MgO [11]. For ODH of propane, the turnover rates were 

found to increase in parallel with a decrease in the UV-visible absorption edge energies 

and is explained based on the activation energy for the dissociation of first methylene C-H 

bond which is the rate determining step. The similarity in the relationship between turn-

over rate and absorption edge energy suggests that C-H bond dissociation of ethylbenzene 

proceeds via transition states requiring electron transfer from oxygen atoms to vanadium 

centers and the energy needed for this decides both the energy for C-H bond activation of 

ethylbenzene, which determines the turnover rate, and the energy at which absorption 
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occurs in the UV-visible spectrum. The increase in the turnover rates with increasing 

surface density is accounted by the fact that these electronic transitions require lower 

energies because of increase in oxide domain size as the surface density increases. The 

accommodation of transition state and the products in the rate-determining step requires 

two vanadium atoms which explains, along with the low reducibility of V-O-Al species 

mentioned earlier, the low turnover rates observed for catalysts with low vanadia loadings 

having monomeric vanadium (V) as the predominant species (Fig. 3.8).  

 
3.6. SUMMARY 
 

The catalytic properties of VOx/Al2O3 catalysts with different vanadia loadings 

were evaluated for the oxidative dehydrogenation of EB in the presence of N2O. Structural 

characterization of these catalysts shows that isolated monovanadate species is 

predominant at vanadia loadings below 5 wt%. With increasing vanadia loading, formation 

of polyvanadate species occurs and at vanadia loading of 20 wt%, V2O5 domains are 

observed. The rate of ethylbenzene conversion per V atom found to increase with vanadia 

loading, reaches a maximum at 10 wt% and decreases when the loading is increased to 20 

wt%. Results of the structural characterization indicate that the most active form of the 

catalyst is one that in which the surface of Al2O3 support is covered by two dimensional 

polyvanadate species. The formation of bulk-like V2O5 on the surface at high loadings 

leads to the decrease in activity due to the inaccessibility of a large fraction of V atoms that 

lie below the catalyst surface. The styrene yield was much higher in the presence of N2O 

than in N2 atmosphere, since the surface vanadium species are kept in a high oxidation 

state during the dehydrogenation reaction by N2O. Within the monolayer coverage of VOx, 

the turnover rates for ethylbenzene increase in parallel with a decrease in the UV-Visible 

absorption edge energies. This suggests that the stability of the activated complexes in C-H 

bond dissociation steps depends sensitively on the ability of the active oxide domains to 

transfer electrons from lattice oxygen atoms to metal centers as proposed in the case of 

ODH of propane.   
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SECTION C- PREFERENTIAL OXIDATION OF CO IN THE 
PRESENCE OF H2 AND CO2 

 
 
3.7. INTRODUCTION 
 
 This section describes the results of studies of preferential oxidation of CO in 

presence of excess hydrogen (PROX) using VOx/Al2O3 catalysts. The general introduction 

about this reaction is given in Chapter 1. The activity of the catalysts is correlated with 

their structure, which is determined by various characterization techniques as described in 

Chapter 2.  

 
3.8. EXPERIMENTAL 
 

The reaction of selective oxidation of CO in excess hydrogen was carried out in a 

fixed-bed continuous flow quartz reactor (8 mm I.D.) at temperatures of 373-548 K under 

atmospheric pressure.  Catalyst (0.5 c.c.), pelletized, crushed and sieved in the 10-20 mesh 

range was used for each experiment. Figure 3.16 is a diagram of the reactor setup. The 

catalyst bed was held in place with quartz-wool plugs. The reaction temperature was 

measured with a thermocouple located at the end of the catalyst bed in the reactor. Another 

thermocouple, which was placed inside the furnace, was used to control the reaction 

temperature.  

A standard gas mixture with the composition 0.49% CO, 23.26% CO2, 74.17% H2 

and 2.08% CH4 was used as the feed and its flow rate was set and controlled by a mass 

flow controller (Hi-Tech, Bronkhorst, The Netherlands). Required O2, in the form of air, 

controlled through mass flow controller (Matheson, USA) was pre-mixed with the feed gas 

in a pre-heater zone. The inlet and outlet gas mixtures were analyzed on-line by a gas 

chromatograph (Chemito 1000) using Spherocarb column (mesh size 80/100, 8', 1/8'' dia), 

TCD detector and a methanizer. An online CO analyzer (Fuji Electric, Japan) that can 

measure CO down to 0.1 ppm was also used for measuring CO concentration at the outlet 

of PROX reactor. The activity was evaluated on the basis of CO and O2 conversions, which 

can be determined from CO and O2 concentrations after the catalyst bed, respectively. The 
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selectivity of CO oxidation is defined as the ratio of O2 consumed for the CO oxidation to 

the total O2 consumed, as the oxygen is consumed for H2 oxidation also. 

The conversions of CO (XCO) and O2 (XO2) and the selectivity of CO oxidation 

(SCO) were calculated using the following formulas: 

                                         XCO (%) = ([CO]in-[CO]out/[CO]in )×100                                 (3.7) 
                                         XH2 (%)  = ([H2]in-[H2]out/[H2]in)×100                                      (3.8) 
                                         XO2 (%)  = ([O2]in-[O2]out/[O2]in)×100                                      (3.9) 
                               SCO (%) = {0.5([CO]in-[CO]out)/([O2]in-[O2]out)}×100                     (3.10) 
 
where [CO]in, [H2]in and [O2]in are the inlet concentrations, [CO]out, [H2]out and [O2]out are 

the outlet concentrations. 

 

 
 
 
Fig. 3.16: Experimental setup for the preferential oxidation of CO in presence of H2. G.C.: 
Gas Chromatograph, TPC: Temperature Programmer Controller, MFC: Mass Flow 
Controller. 
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3.9. CATALYTIC ACTIVITY STUDIES 
 
3.9.1. Catalyst activity and selectivity as functions of reaction temperature 
and vanadia loading 

 
The effect of V content on the PROX was examined as a function of temperature at 

a GHSV of 5000 with the gas stream of composition 0.49% CO, 0.49% O2, 23.26% CO2, 

74.17% H2 and 2.08% CH4.  Figure 3.17 shows the conversion of CO as well as the 

selectivity for CO oxidation reaction as a function of temperature over the VOx/Al2O3 

catalyst with different vanadia loadings. All catalysts exhibit a maximum in CO conversion 

and CO oxidation selectivity. The variation in CO oxidation selectivities with vanadia 

loading is better pronounced at low temperatures, at higher temperatures, catalysts exhibit 

similar levels of selectivity. No scattering was seen in the performance of catalysts, 

independent of operating conditions, indicating that catalysts were very stable in the 

temperature range and the duration examined.  

The rate of the reaction is calculated by using the equation [12]: 

                                                            Rate = FX/vW                                                      (3.11)        

where F is the inlet molar flow rate of the particular gas, X is the fractional conversion of 

the gas at a particular temperature, v is the stoichiometric coefficient of the gas and W is 

the weight of the catalyst. The rates of oxidation of H2 and rate of consumption of oxygen 

as functions of vanadia loading and reaction temperature are given in Fig. 3.18. 

It can be seen that the rate of O2 consumption increased continuously with 

increasing temperature. The oxidation of H2 showed a steady rate at lower temperatures but 

increased sharply after around 498 K. CO conversion also increases with increasing 

reaction temperature, but reaches a maximum at 498 K. For temperatures above 498 K, all 

catalysts show a reduction in CO conversion and selectivity, although O2 conversion 

remained high. This indicates that either a larger fraction of O2 is being consumed for H2 

oxidation at higher temperatures or CO is re-generated through reverse water gas shift 

reaction (CO2 + H2 ⇔ CO + H2O). However, the former is more probable. Hence, the 

decrease of CO conversion above 498 K is a consequence of the loss of selectivity since 

the amount of O2 available for CO oxidation is determined by the amount of O2 consumed 
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for the simultaneously occurring H2 oxidation reaction. The general trend of exhibiting a 

maximum in CO conversion and selectivity with increasing reaction temperature is also 

observed in previous studies of selective CO oxidation [13].  

 The observed loss of selectivity of CO oxidation at high temperatures can be 

explained based on the relative coverage by CO on the surface. When a mixture of CO and 

H2 is subjected to oxidation, CO competes with H2 for O2 in the reaction. The continuous 

decrease in selectivity at higher temperature indicates higher activation energy for the H2 

oxidation than for the CO oxidation [14]. It can be assumed that at lower temperatures, CO 

covers the metal surface and inhibits the hydrogen oxidation. In an adsorption study of CO 

on a Pt catalyst using FT-IR [15], full coverage of CO was observed at temperatures below 

200 0C for 0.01% CO mixture and 300 0C for 1% CO. With increasing temperature, CO 

was partially desorbed and the degree of CO coverage decreased. The partial coverage 

allows the hydrogen oxidation to proceed much faster than the CO oxidation, resulting in 

decreased selectivity with increasing temperature, as can be seen in Fig. 3.17 b. The 

variation of selectivity in the low temperature region, which shows a steady increase 

initially, followed by a maximum, is in agreement with the studies of Watanabe et al [16] 

and Kahlich et al [17]. This trend can be explained, as proposed by Kahlich et al [17], 

based on the assumption that H2 and CO are co-adsorbed on the surface so that the 

selectivity for CO oxidation should be inversely proportional to θH/θCO. The lower 

adsorption energy of hydrogen compared to CO, leads to a reduction of the (small) 

hydrogen surface coverage with increasing temperature, while θCO remains close to 

saturation. This leads to a decrease in θH/θCO, which is equivalent with an increase of the 

selectivity of CO oxidation.  
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(a) 

 
 (b) 

 

Fig. 3.17: Dependence of CO conversion (a) and CO oxidation selectivity (b) on reaction 
temperature at different vanadia loadings.  
Reaction conditions: GHSV, 5000 h-1; Feed composition, 0.49% CO, 0.49% O2, 23.26% 
CO2, 74.17% H2 and 2.08% CH4; O2/CO, 1 (mol/mol).  
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(a) 

 
 (b) 

 
Fig. 3.18: Rate of H2 oxidation (a) and O2 consumption (b) as a function of reaction 
temperature at different vanadia loadings.  
Reaction conditions: GHSV, 5000 h-1; Feed composition, 0.49% CO, 0.49% O2, 23.26% 
CO2, 74.17% H2 and 2.08% CH4; O2/CO, 1 (mol/mol). 
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3.9.2. CO oxidation with varying O2 concentration 
 

The results of the reaction between CO and O2 with varying O2 concentration in the 

feed are presented in Fig. 3.19. The reaction was conducted at 498 K at GHSV = 5000 h-1 

over 5 VOx/Al2O3 catalyst using a feed containing 74.17% H2, 0.49% CO and 23.26% 

CO2. Conversion of CO increased with increase in O2/CO mole ratio from 0.5 to 1 and 

reached a plateau with further increase of mole ratio beyond 1. The selectivity for CO 

oxidation remains high at these reaction conditions and is not affected significantly with 

mole ratio. 

 
 

Fig. 3.19: Conversion of CO and selectivity for CO oxidation as a function of molar ratio 
of O2 and CO.  
Reaction conditions: Catalyst, 5 VOx/Al2O3; Temperature, 498 K; GHSV, 5000 h-1. 
 

3.9.3. CO oxidation with varying space velocity 
 

It is important for a PEFC fuel processor to exhibit high CO conversion and CO 

oxidation selectivity over a wide range of contact time (1/SV where SV is the space 
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velocity). Fig. 3.20 shows dependency of the performance of 5 VOx/Al2O3 on the space 

velocity. The CO conversion decreases with increasing space velocity (shorter contact 

time), reflecting the low catalytic activity for the CO oxidation even at 498 K, although the 

CO oxidation selectivity was changed only slightly in the GHSV range 5000 to 20000 h-1. 

The conversion of O2 also decreases with increasing space velocity, indicating that the 

drop in activity is due to shorter contact times. Kim et al [13] observed that below 300 0C, 

the CO conversion decreased with the increasing total flow rate while the selectivity was 

more or less constant in the range 3000-12,000 ml/h over Pt/Al2O3 catalysts. 

 
 
 
 
Fig. 3.20: Conversion of CO and selectivity for CO oxidation as a function of space 
velocity.  
Reaction conditions: Catalyst, 5 VOx/Al2O3; Temperature, 498 K; O2/CO, 1 (mol/mol). 
 

3.9.4. The catalyst structure and activity 
 

The turnover frequencies (TOF) of CO oxidation, expressed in inverse seconds, at 

different temperatures have been calculated which are shown in Fig. 3.21 for different 



 
Chapter 3: Catalytic activity studies and correlation with structure of VOx/Al2O3 catalysts 

 125

vanadia loadings. TOF values are highest for 2 VOx/Al2O3 catalyst in the entire 

temperature range studied and at any particular temperature, TOF is inversely proportional 

to the vanadia loading.  

The structural characterization of VOx/Al2O3 catalysts, as discussed in Chapter 2, 

indicate that monovanadates are predominant for 2 VOx/Al2O3 and polymerization of 

vanadia species increases with increasing vanadia loading. At higher vanadia loadings, the 

fraction of polyvanadate species is higher at the expense of monovanadate species. After 7 

V/nm2, which corresponds to roughly 10 wt% vanadia loading, formation of multilayers of 

vanadia occurs. The decrease in activity per V atom with increasing surface density (or 

vanadia loading) indicates that isolated vanadium sites favor CO oxidation reaction. 

Polyvanadates and vanadia aggregates are intrinsically less active than isolated vanadium 

species. 

 

 
 

Fig. 3.21: Turnover frequencies of CO oxidation as a function of reaction temperature at 
different vanadia loadings.  
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The apparent activation energy (Ea) for CO oxidation reaction, calculated from 

Arrhenius plots of ln (rate) vs. 1/T, over these catalysts range from 28 to 36 kJ/mol. These 

were obtained from the best fit (r2>0.95) values of linear regression of low temperature 

data.  In the literature, values of Ea reported for this reaction are 31.2 kJ mol-1 over Pt/CeO2 

and 53.9 kJ mol-1 for Pt/Al2O3 [18]. An apparent activation energy of 31 kJ mol-1 is 

reported over Au/α-Fe2O3 [19] for oxidation of CO in simulated reformer gas (low partial 

pressures of CO and O2, 75 kPa H2, balance N2).  

 
3.9.5. Summary of section C 
 

The preferential oxidation reaction of CO in presence of excess of H2 is studied 

using VOx/Al2O3 catalysts. The activity and selectivity for CO oxidation increases with 

temperature and exhibit a maximum around 498 K. Activity increases with increasing 

O2/CO ratio till 1 and thereafter remains more or less similar. An increase in space velocity 

decreases activity. Turnover frequencies for CO oxidation decrease with increasing 

vanadia loading. This indicates that higher amounts of polymeric species do not favor the 

activity of catalyst. Polymerization of vanadia species is higher at higher loadings, as 

revealed by structural characterization discussed in Chapter 2. The results show that 

VOx/Al2O3 catalysts are promising for PROX reaction, being active and selective for CO 

oxidation. 
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4.1. INTRODUCTION 
  

In this chapter, the preparation and characterization of V-Mg-O catalysts are 

described. The catalysts were prepared by aqueous impregnation method and characterized 

by various physico-chemical techniques such as X-ray diffractometry, ICP-AES, infrared 

spectroscopy, surface area by nitrogen physisorption, SEM, TG-DTA, TPR, EPR, NMR 

etc. 

 
4.2. CATALYST PREPARATION 
 

MgO support was prepared by thermal decomposition of magnesium oxalate, 

according to a reported procedure [1]. MgC2O4 was precipitated from a magnesium nitrate 

(Merck, India, GR grade) solution with oxalic acid (s. d. fine-chem ltd., LR grade) of the 

same concentration (2 M) and heated at 343 K. the pH of the solution was kept at 7.0 by 

the addition of required amount of NH4OH. The precipitate was filtered off and washed 

several times with distilled water. The precipitate was dried at 383 K and calcined in air at 

773 K for 8h to decompose MgC2O4 to MgO. Vanadia catalysts supported on MgO were 

prepared by impregnating MgO with NH4VO3 (s. d. fine-chem ltd., AR grade) dissolved in 

an aqueous solution of oxalic acid in 1:2 weight ratio at a pH of ~ 1.9. After impregnation, 

the samples were dried in air at 383 K for 12 h and calcined in air at 823 K for 4 h. The 

catalysts are represented by n V-Mg-O throughout the thesis where ‘n’ represents vanadia 

loading in weight percent. 

 
4.3. CATALYST CHARACTERIZATION 
 

The vanadium content, determined by ICP-AES, BET surface area and VOx surface 

density of the V-Mg-O catalysts, calcined at 823 K, are presented in Table 4.1. The BET 

surface area of the prepared MgO support was 109 m2/g and the surface area decreased 

with increasing vanadia loading. The apparent surface density of VOx, assuming all of the 

vanadium is exposed on the surface, increases from 1.02 to 29.25 VOx/nm2 (Table 4.1).  
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4.3.1. X-ray Diffractometry 
 

The XRD patterns of the V-Mg-O catalysts after calcination at 823 K are shown in 

Fig. 4.1 as a function of vanadia loading. The patterns show intense peaks centered at 43 

and 620 which correspond to the (200) and (220) diffraction lines of MgO (JCPDS 4-829). 

No vanadium containing phases were detectable for catalysts with vanadia loading from 2 

to 20 wt%, thus indicating a high dispersion of vanadium or a very small crystallite size at 

these loadings. When the loading was increased to 30 wt%, peaks at about 2θ = 350 

characteristic of magnesium orthovanadate, Mg3(VO4)2 (JCPDS 37-351), were clearly 

developed in the XRD pattern. The major peaks of this phase correspond to d values, 2.55, 

3.03, 2.49, 3.29, 2.08 and 2.86 Å in the order of decreasing intensity. The intensity of the 

most intense peak of Mg3(VO4)2 is approximately equal to that of (200) peak of MgO 

indicating the formation of well-crystallized orthovanadate phase. The peaks attributable to 

V2O5 were not detected at any of the vanadia loadings. 

 
Table 4.1: Characteristics of magnesia support and supported vanadia catalysts 

 

∗Calcination temperature is 823 K 
**Calcination temperature of V-Mg-O catalysts 

Particle size (nm) Sample V content 
(ICP, wt%) 

 

Surface 
area 

(m2 g-1)∗ 

VOx surface 
density  

(V nm-2)∗ 823 (K)** 923 (K)** 

MgO 0 109 0 
 

- - 

2 V-Mg-O 1.39 161 1.02 
 

10.87 n.d. 

5 V-Mg-O 2.69 147 2.16 
 

10.88 14.51 

10 V-Mg-O 6.07 117 6.13 
 

11.46 12.93 

20 V-Mg-O 8.21 94 10.33 
 

11.35 11.90 

30 V-Mg-O 
 

15.09 61 29.25 10.33 13.17 
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Figure 4.2 shows X-ray diffraction patterns of V-Mg-O catalysts calcined at 923 K. 

Peaks characteristic of orthovanadate phase were observable with 20 V-Mg-O itself at this 

calcination temperature, indicating the formation of the same depends on the calcination 

temperature also. The calcination of 30 V-Mg-O at 923 K enhances the formation of 

orthovanadate phase, as revealed by the intensities of diffraction peaks. 

 
Fig. 4.1: Powder X-ray diffraction patterns of V-Mg-O catalysts, calcined at 823 K, as a 
function of vanadia loading in wt%. Only the major peaks are marked in the figure. 
 

The volume averaged particle sizes corresponding to different catalysts were 

calculated using Debye-Scherrer equation considering the most intense peak of MgO 

(d=2.11). This peak was fitted with Gaussian function for each catalyst from which the 

values of full width at half maximum (FWHM) were determined. The particle sizes are 

around 10-15 nm for V-Mg-O catalysts calcined at 823 and 923 K and don’t vary 

significantly with vanadia loading (Table 4.1). However calcination at higher temperatures 

causes definite increase in particle size.  
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Fig. 4.2: Powder X-ray diffraction patterns of V-Mg-O catalysts calcined at 923 K as a 
function of vanadia loading in wt%. 
 
 
4.3.2. Scanning Electron Microscopy 
 

The scanning electron micrographs of V-Mg-O catalysts, calcined at 823 K, with 

vanadia loadings of 2, 20 and 30 wt% are shown in Fig. 4.3. These images show that the 

morphology of the particles depends on the vanadium content. The samples contain 

particles with non-uniform size and shape. Particles of 2 V-Mg-O appeared to be the 

aggregates of porous, fluffy and irregularly shaped particles. 20 V-Mg-O also is composed 

of non-uniform aggregates of highly spongy and porous particles. 30 V-Mg-O consists of 

almost well crystallized particles with mostly non-porous character and non-uniform size.  
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Fig. 4.3: Scanning electron micrographs of calcined V-Mg-O catalysts with vanadia 
loading (a) 2 (b) 20 and (c) 30 wt%. Magnification = 10.00 K. The label ‘VM-40’ in figure 
c is erroneous and should be read as VM-30.  
 

4.3.3. Thermal analysis 
 

The TG, DTG and DTA curves for as-synthesized samples 2, 5 and 20 V-Mg-O are 

shown in Fig. 4.4 a-c. In low temperature region, the weight loss occurs between 150-200 
0C for all the three catalysts and additional weight loss occurs between 200 and 250 0C for 

20 V-Mg-O. Endothermic peaks are observed in DTA in these temperature regions. The 

next weight loss appears between 300 and 460 0C, the peak maximum in DTG shifts to 
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higher temperatures with increasing vanadia loading within this temperature range. At 

temperatures that correspond to these DTG peaks, DTA shows endothermic peaks. All the 

samples show weight loss again in the temperature range 460-550 0C. An endothermic 

peak is observed in DTA in this temperature range for 20 V-Mg-O only. Another weight 

loss is observed between 550 and 680 0C for 20 V-Mg-O whose DTA shows an exothermic 

peak in this region. 

The weight loss below 250 0C can be attributed to the elimination of weakly 

bonded water molecules. The weight loss in the temperature range 300-460 0C may be due 

to either the loss of strongly bonded water or the decomposition of Mg(OH)2 to MgO. The 

decomposition of pure Mg(OH)2 is usually observed in this temperature range with an 

endothermic peak in DTA. The shift in temperature, at which weight loss occurs, to higher 

values with increasing vanadia loading may be due to the retardation of decomposition of 

Mg(OH)2 by the added vanadia. The weight loss observed between 460 and 550 0C can be 

attributed to the decomposition of ammonium vanadyl oxalate [2], as represented below: 

                      (NH4)2[VO(C2O4)2] + 2.5 O2 → 2 NH3 + 4 CO2 + H2O + VOx                 (4.1) 

 Since MgO is a basic oxide support, the NH4
+ ions and/or NH3 desorb easily and 

rarely take part in the reaction with oxygen. This leads to endothermic peak in DTA unlike 

in the case of VOx/Al2O3 system, where exothermic peak is observed in the DTA due to 

the reaction of strongly adsorbed NH4
+ and/or NH3 with oxygen. The weight loss in this 

temperature region increases with vanadia loading, as expected, since the amount of 

ammonium vanadyl oxalate is proportional to the vanadia loading. Vanadium is in 4+ 

oxidation state in ammonium vanadyl oxalate, however, oxidation to 5+ state is expected 

to occur during the thermal process. 

Confusion exists in the literature about the temperature at which the formation of 

vanadate phases occurs. The thermal studies in this area are limited and publications differ 

in the reported values of temperature range. The temperature at which the formation of 

bulk vanadate phase occurs cannot serve as a guideline accurately since the formation 

temperature of supported phase may significantly differ. Said et al [3] studied the solid-

solid interactions in V2O5-MgO system by TG-DTA and reported that the formation of 
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Mg3V2O8 phase occurs at around 550 0C and MgV2O6 at 650-700 0C, as represented 

below:     

                                             3 MgO + V2O5     823 K      
 Mg3V2O8                                                      (4.2) 

    MgO + V2O5     973 K       MgV2O6                                     (4.3)  

  
The precursors were Mg(OH)2 and ammonium metavanadate and the thermal 

analysis was performed in flowing air (40 ml min-1) at a heating rate of 10 0C min-1. The 

formation of orthovanadate, Mg3V2O8, is proposed to occur at 540-600 0C and 

pyrovanadate, Mg2V2O7, at as low as 408 0C by Sam et al [4] in DTA study of 

impregnated NH4VO3/Mg(OH)2 system. Again the analysis was performed at a heating rate 

of 10 0C min-1 under a flow of air. Corma et al [5] reported low formation temperatures for 

orthovanadate (~ 420 0C) and pyrovanadate (~ 410 0C) based on thermogravimetric 

analysis of vanadyl oxalate/MgO system. The measurements have been carried out at a 

heating rate of 10 0C min-1, under a flow of air (100 ml min-1). 

 It is clear that even the temperature of formation of supported phase differ from 

catalyst to catalyst, depending on the preparation conditions, precursors used and thermal 

analysis conditions. For the present series of catalysts, the temperature of formation of 

orthovanadate phase may tentatively be assigned to 550-680 0C. The XRD data shows that 

calcination temperature greater than 550 0C is needed for the formation of orthovanadate 

phase in 20 V-Mg-O since the phase appears only when it is calcined at 650 0C. 
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Fig. 4.4a: Thermogravimetric curves of as synthesized V-Mg-O catalysts. The integers in 
figure indicate vanadia loading as wt%.  
 

 
 
Fig. 4.4b: Differential thermogravimetric curves of as synthesized V-Mg-O catalysts. The 
integers in figure indicate vanadia loading as wt%. 
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Fig. 4.4c: Differential thermoanalytical curves of as synthesized V-Mg-O catalysts. The 
integers in figure indicate vanadia loading as wt%.  
 
 
4.3.4. Infrared Spectroscopy 

 
FTIR spectra of the V-Mg-O catalysts, calcined at 823 K, are shown in Fig. 4.5. 

The spectra were recorded at ambient conditions. All catalysts exhibited a band around 860 

cm-1 in their spectra and this band is very prominent and broad for 30 V-Mg-O. A band 

centered at 680 cm-1 is also observed for 30 V-Mg-O. From the investigation of IR spectra 

of magnesium vanadate reference phases, the band at 860 cm-1 can be assigned to ν3  

antisymmetric stretch of (VO4)3- anions and the band at 680 cm-1 to νas (VOV) [4,6-9].  

These bands are reported as characteristic of magnesium orthovanadate, Mg3(VO4)2. Hence 

the presence of (VO4) species on the present series of catalysts can be confirmed by IR 

spectra. These species may exist as isolated species or as amorphous Mg3(VO4)2 domains 

at lower loadings. The presence of strong bands at 860 and 680 cm-1 for 30 V-Mg-O 

indicate the presence of bulk-like orthovanadate for this catalyst. The spectra for 

magnesium pyrovanadate and metavanadate, Mg2V2O7 and MgV2O6, are reported to have 

absorption bands in the region 500-600 cm-1 that are absent in the orthovanadate spectrum 



 
Chapter 4: Preparation and Characterization of V-Mg-O catalysts 

 137

[6]. The present catalysts didn’t show any absorption bands in this region, thus excluding 

the presence of meta and pyrovanadates. The spectra did not show any evidence for the 

formation of V2O5 since the band at 1020 cm-1 that is usually assigned to the stretching 

vibration of V5+=O species was not observed for any of the catalysts. 

 
Fig. 4.5: FTIR spectra of V-Mg-O catalysts, calcined at 823 K, as a function of vanadia 
loading in wt%. 
 

4.3.5. Diffuse reflectance UV-visible spectroscopy 
 

The lower-energy absorption bands for the vanadium ions in the diffuse reflectance 

UV-visible spectra, which are associated with oxygen to vanadium charge transfer, are 

strongly influenced by the coordination, polymerization degree and/or the oxidation state 

of vanadium ions in the sense that the lower the coordination and polymerization of 

vanadium, the lower is the wavelength [9-11]. The absorption band at 400-500 nm is 

usually considered as characteristic of V5+ in octahedral environment, while the band at 

250-350 nm is due to V5+ in a tetrahedral environment. The d-d transitions of V4+ (d1) in a 
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distorted octahedral symmetry give a broad band in 550-850 nm region. As described in 

Chapter 2, the UV-visible spectra of NH4VO3 and NaVO3, characterized by the presence of 

polymeric tetrahedral VO4, possess absorption band centered at 291 nm while V2O5, 

having distorted tetragonal pyramidal V5+ species show bands at 336 and 472 nm.  The 

band at 472 nm has been tentatively assigned to charge transfer to a delocalized acceptor 

site such as conjugated sites like those in octahedral VO6 chains and the bands at lower 

wavelengths to charge-transfer transitions. 

 

 
  

Fig. 4.6: Diffuse reflectance UV-visible spectra of V-Mg-O catalysts, calcined at 823 K, as 
a function of vanadia loading in wt%. 
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Table 4.2: Assignment of bands characteristic of vanadium-oxy species* 

 

V2O5 V2O3 Mg3(VO4)2 Mg2V2O7 MgV2O6 Assignment 

 

   

265 

 

245 

 

   292  

  334 333  

CT transitions of tetrahedral 

vanadium (V) framework: 

(π)t2 → (d)e 

(π)t1 → (d)t2 

(π)t1 → (d)e 

     

     

250    245 

303    292 

385    392 

CT transitions of octahedral 

vanadium (V) oxy-ions: 

e(π0)  → b2(xy) 

a2, b1(π) → e 
π

x 

a2, b1(π) → b2(xy) LCT 

 244    

 323    

CT transitions of vanadium (III) 

oxy-ions 

     

465    513 

    730 

d-d transitions of vanadyl species: 

b2(xy) → a1
x(z2) 

b2(xy) → e 
π

x (xz, yz) 

     

     

 395    

 571    

d-d transitions of the VIIIO6 

chromophore: 

3T1g(F) → 3T1g(P) 

3T1g(F) → 3T2g 

*The values represent wavelengths in nm at which maximum absorption occurs. 

 

 

The diffuse reflectance UV-visible spectra of V-Mg-O catalysts, calcined at 823 K, 

are presented in Fig. 4.6. The spectra show broad absorptions around 270 nm and the 

maximum of this absorption shifts slightly to higher wavelengths with increasing vanadia 

loading. The absorptions are broader in nature, especially for 20 and 30 V-Mg-O catalysts. 

The band around 270 nm is characteristic of isolated VO4 tetrahedra associated with the 
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presence of Mg3(VO4)2. The various bands observed for vanadium oxy-species and their 

assignment to electronic transitions are given in Table 4.2 based on the data available in 

literature [6]. Hanuza et al [6] constructed an energy diagram for VOO5’ centrum in 

V2O5/MgO catalysts which explain all these electronic transitions. According to this, the 

band at 270 nm can be assigned to the transition from t2 level of oxygen to e level of 

vanadium (V). Though the main band is observed at 270 nm and can be assigned to 

orthovanadate phase, the broad nature of the bands, especially for 30 V-Mg-O, makes it 

impossible to say that they originate only from this phase. The presence of other vanadate 

phases cannot be excluded conclusively. 

 
Table 4.3: Absorption edge energy and TPR data for V-Mg-O catalysts* 

 

 

 

 

 

                         

         
                   

 
         *Calcined at 823 K 

 

Absorption band edge energies, which can be determined using Tauc’s law [12,13] 

provide more quantitative structural information, as described for VOx/Al2O3 catalysts in 

Chapter 2. The edge energies for the present series of catalysts are given in Table 4.3. The 

values were determined, based on the allowed transitions, by finding the intercept of the 

straight line in the low-energy rise of a plot of [F(R∞) hν]2 against hν, where F(R∞) is 

Kubelka-Munk function and hν is the incident photon energy [13-15]. The edge energy 

values reported in the literature for the reference compounds Mg3(VO4)2, Mg2V2O7, 

MgV2O6, with isolated, dimerised and two-dimensionally polymerized vanadium (V) 

Sample Absorption edge 

energy 

(eV) 

H2-TPR 

 Tmax (K) 

Total H2 

consumption 

(µmol H2/g cat.) 

2 V-Mg-O 3.63 791 121 

5 V-Mg-O 3.62 821 604 

10 V-Mg-O 3.60 867 1008 

20 V-Mg-O 3.22 893 1940 

30 V-Mg-O 3.16 925 3422 
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species, are 3.4, 3.2 and 2.4 eV respectively. The edge energy of bulk V2O5 having 

distorted tetragonal pyramidal coordination of vanadium sharing edges and corners, which 

can be regarded as polymerized VO5 units, is reported as 2.2-2.4 eV [15]. The edge energy 

values for the V-Mg-O catalysts in the present study (Table 4.3) fall in the narrow range 

3.2-3.6, suggesting that the molecular structure of the surface vanadium oxide is similar, 

though the vanadium loading varies. The closeness of edge energy values to that of 

magnesium orthovanadate suggests that the structure of surface vanadium species in the 

present series of catalysts are essentially similar to that of orthovanadate, composed of 

isolated tetrahedrally coordinated vanadium (V) species [14,16]. The presence of MgV2O6 

in the present series of catalysts can be ruled out definitely, however the presence or 

absence of Mg2V2O7 is still in ambiguity, since the edge energy values for ortho and 

pyrovanadate phases are not so different. 

 
4.3.6. Temperature Programmed Reduction 

 

Figure 4.7 shows the TPR patterns of V-Mg-O catalysts, calcined at 823 K, as a 

function of vanadia loading. The reduction peak is observed at 791 K for 2 V-Mg-O 

catalyst and the maximum of the peak shifts to higher temperatures with increasing 

vanadia loading (Table 4.3). This peak can be attributed to the reduction of V5+ in 

Mg3(VO4)2. The shift in Tmax  to higher temperatures with increasing vanadia loading may 

be due to the increased difficulty in reduction as the size of the Mg3(VO4)2 domains 

increases. The TPR profiles and the range of reduction temperatures are in agreement with 

previous studies on V-Mg-O catalysts [16-18]. Similar shift in Tmax is reported previously 

and has been ascribed to the increase in bulk-like character of Mg3(VO4)2 domains with 

increasing vanadia loading, since the bulk orthovanadate is more difficult to reduce [16]. 

Table 4.3 also report the values of total hydrogen consumption during the TPR experiment, 

which shows an increase with increasing vanadia loading, as expected. 
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Fig. 4.7: TPR profiles of V-Mg-O catalysts calcined at 823 K. The integers in figure 
indicate vanadia loading in wt%. 
 
 
4.3.7. Laser Raman Spectroscopy 
 

Figure 4.8 shows the laser Raman spectra of V-Mg-O catalysts, calcined at 823 K, 

as a function of vanadia loading. No characteristic peaks were observed for 2 V-Mg-O 

while the catalysts with 5-30 wt% vanadia loading showed well-defined bands. For 5 V-

Mg-O catalyst, the band was observed at around 834 cm-1 that can be assigned to V-O-V or 

V-O-Mg vibrations of tetrahedrally coordinated VO4 species [16,19]. The maximum of the 

band shifted to around 856 cm-1 for the catalysts with higher vanadia loadings. The 

intensity of this band increased with increasing vanadia loading. The position of the band 

agrees well with that reported for magnesium orthovanadate, Mg3(VO4)2 [5,6,9,16,20-26]. 

The band is relatively narrow for 30 V-Mg-O compared to that of catalysts with lower 

vanadia loadings.  The broadening of the band at lower loadings could be probably due to 

the distortion of the crystalline network or due to high dispersion of vanadate phase 
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[26,27]. The peaks characteristic of isolated vanadyl species (~1000 cm-1), Mg2V2O7 (902 

cm-1) or V2O5 were not observed at any vanadia loading. 
 

 
 
Fig. 4. 8: Laser Raman spectra of V-Mg-O catalysts, calcined at 823K, as a function of 
vanadia loading. Numbers in the figure indicate vanadia loading in wt%.  

 

 
4.3.8. 51V MAS NMR spectroscopy 
 

The 51V NMR spectra of the magnesium vanadates were reported to be of different 

nature depending on the local environment of vanadium atoms in individual vanadates 
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[27,28]. Magnesium orthovanadate, which is composed of isolated nearly tetrahedral VO4 

species, gives an isotropic NMR spectrum (Fig. 4.9). In pyrovanadates, the nonequivalent 

vanadium atoms in V2O7
2- fragments lead to spectra consisting of two different lines. In the 

case of metavanadate, the vanadium atom is in a strongly distorted octahedral environment 

with respect to oxygen and the spectrum of this compound has three-dimensional 

anisotropy of the chemical shift tensor. The 51V MAS NMR spectra and parameters of the 

chemical shift tensor of bulk magnesium vanadates reported by Lapina et al [28] are given 

in Fig. 4.9 and Table 4.4 respectively. The isotropic peak appears at –557 ppm for 

Mg3(VO4)2. Two isotropic peaks are observed for pyrovanadates, viz, at –555 and –617 

ppm for α-phase and at –560 and –650 ppm for β-phase. The metavanadate shows 

isotropic peak at –576 ppm. Figure 4.10 a and b shows the 51V MAS NMR spectra of the 

present series of catalysts obtained at two different spinning rates, viz, 8 and 10 kHz 

respectively. The spectra of all the samples show a single narrow intense peak, the 

chemical shift values of the same are around -556 ppm. This peak can be assigned to the 

presence of Mg3(VO4)2 phase since the isotropic nature and chemical shift of the peak 

resemble that of pure Mg3(VO4)2 reference compound [4,16,27,28]. The comparison of 

spectra obtained in the present work with that of bulk magnesium vanadates (Fig. 4.9) and 

the chemical shift values with that reported in Table 4.4 confirms the presence of 

Mg3(VO4)2 phase. 

 

Table 4.4: Parameters of the 51V NMR chemical shift tensor of magnesium vanadates* 

 

  *from [28] 

Compound -δ1 -δ2 -δ3 δiso ∆δ 

Mg3(VO4)2 557 557 557 557 0 

α-Mg2V2O7  V1 510 570 585 555 75 

                     V2 570 580 700 617 130 

β-Mg2V2O7  V1 460 560 680 560 220 

                     V2 590 660 700 650 110 

α-Mg(VO3)2 310 470 950 576 640 
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Fig. 4.9: 51V MAS NMR spectra of bulk magnesium vanadates, measured at 298 K, 
frequency 78.86 MHz, pulse duration 1 s and relaxation decay 0.1 s [28]. The asterisks 
denote MAS side bands. The chemical shift values are given relative to VOCl3. The 
structures of different magnesium vanadates are also displayed.  



 
Chapter 4: Preparation and Characterization of V-Mg-O catalysts 

 146

 
         (a) 

 
          (b) 

 

 

Fig. 4.10: 51V MAS NMR spectra of V-Mg-O catalysts as a function of vanadia loading at 
spinning rates of (a) 8 kHz and (b) 10 kHz. The catalysts were calcined at 823 K. 
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4.3.9. Electron Paramagnetic Resonance Spectroscopy 
 

Fig. 4.11 shows the EPR spectra of V-Mg-O catalysts, calcined at 823 K, as a 

function of vanadia loading. The spectra are similar, except, slight variations in intensity of 

the lines. The well-resolved hyperfine structure with eight parallel and perpendicular 

components, observed in the spectra, can be assigned to the V4+ ion [7] and is originated 

from the interaction between the unpaired electron and the 51V nucleus. The spin 

Hamiltonian constants obtained from the spectra are g|| = 1.937, g⊥ = 1.952, A|| = 173 G and 

A⊥ = 50 G. These parameters are in the same range of those reported for other VO 

complexes with oxygen donor ligands (Table 4.5) and are in agreement with those reported 

for V2O5/MgO catalysts by Hanuza et al [6]. The parameters obtained in their study are g|| 

= 1.949, g⊥ = 1.959, A|| = 161 G and A⊥ = 48 G. The g values obtained for solid V2O5 are g|| 

= 1.88 and g⊥ = 1.99 which give a mean value of 1/3(g||+2g⊥) equal to 1.96. The 

coordination system around the vanadium atom is a strongly distorted square pyramid and 

is closer to a trigonal pyramid in shape. The EPR parameters suggest such a structure for 

the VO2+ ion containing active sites whose symmetry is close to Cs. 

 
 

Table 4.5: Spin-Hamiltonian constants for VO2+ in different lattices [6] 
 
 

Sample g|| g⊥ A|| (G) A⊥ (G) 

VO2+ in GeO2 1.929 1.976 175 68 

VO2+  in SnO2 1.943 1.921 140 31 

VO2+ VOCl5
3- 1.945 1.985 173 64 

VO2+ in VO[(CH3CO)2CH]2 1.944 1.996 173.5 63.5 

VO2+ in VO(L4) complexes 1.934-1.956 1.979-1.992 150-178 40-66 

VO2+ in tetraphenyl porphyrin 1.964 1.989 159 54 

VO2+ in V2O5/MgO catalysts 1.949 1.959 161 48 
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Fig. 4.11: Electron paramagnetic resonance spectra of V-Mg-O catalysts, calcined at 823 
K. The vanadia loading indicated in figure are in wt%. 
 

 

The hyperfine splitting multiplet in the EPR signal, given by V-Mg-O catalysts, is 

overlapped on a broad and distinct spectrum. Hanuza et al [6] assigned these spectra to two 

types of vanadium centers in the catalysts, the first being vanadyl in the surface layer 

which gives the spectrum with hyperfine structure and the second being in the bulk of 

catalyst. This amorphous vanadyl species gives the spectrum without hyperfine features.  

Figure 4.12 shows the spectra of 5 V-Mg-O, which is calcined at 823 K, and those 

obtained after reduction of 5 V-Mg-O catalyst in H2 flow at various temperatures, as 

indicated in figure. As the temperature increases, degree of reduction increases. The 

amount of V4+ increased when the calcined catalyst is heated at 473 K in H2 flow, as can 

be observed from the intensity of spectral lines. The broad spectrum without hyperfine 

structure, on which the hyperfine spectrum is overlapped, is strong indicating that some 
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amounts of V5+ in the bulk also undergo reduction to V4+ at this temperature. At 673 K, 

new eight lines appeared with a smaller hyperfine coupling constant, which is 

superimposed on the V4+ signals. This eight line spectrum is assigned to the V2+ ion in 

octahedral symmetry by Sharma et al [7] and shows that, apart from the V4+ ions, the 

catalyst contains V2+ ions. There may be V3+ ions also on the catalyst, however they are 

not EPR visible. At 723 K, the eight line spectrum of V2+ is very prominent revealing the 

greater extent of reduction to V2+ ion. 

 
 
Fig. 4.12: Electron paramagnetic resonance spectra, measured at 298 K, of fresh and 
reduced 5 V-Mg-O catalyst. The reduction temperatures are indicated in figure. 
 

  

The amount of V4+ is very small in the fresh, calcined V-Mg-O catalysts since other 

characterization studies indicate that most of the vanadium species were tetrahedral V5+ 

and Mg3V2O8 (diamagnetic), which are not EPR visible. Sakurai et al [29] proposed that a 

slight anion vacancy existed in the Mg3V2O8 structure and V4+ ions are highly dispersed in 



 
Chapter 4: Preparation and Characterization of V-Mg-O catalysts 

 150

the V5+ ions, which explain the presence of some amount of V4+ on all the calcined 

catalysts. 

 
 
4.4. STRUCTURE OF V-Mg-O CATALYSTS- THE FINAL WORD 
 
 In the case of V2O5-MgO system, four magnesium vanadates (orthovanadate, 

metavanadate and pyrovanadates) are stable at room temperature. Each characterization 

technique provides valuable information regarding the nature of vanadate phase for the 

present series of catalysts. A single technique alone cannot give conclusive evidence, 

whereas, data from different characterization techniques, taken together, will provide the 

information about the structure of catalyst conclusively. XRD indicate that bulk-like 

magnesium orthovanadate phase is formed on 30 V-Mg-O and doesn’t detect any vanadia 

phase below the vanadia loading, 30 wt%. This shows the amorphous nature (more 

accurately, X-ray amorphous) of vanadia phase below this loading. The presence of (VO4) 

species at all vanadia loadings is indicated by FTIR. Since this type of monomeric, 

tetrahedral V5+ species is characteristic of magnesium orthovanadate, it can be assumed 

that orthovanadate phase is more probable on the surface, rather than pyro or 

metavanadates. In pyrovanadates, vanadium exists as (V2O7) fragments and in 

metavanadate, it is in a distorted octahedral environment. Similar to FTIR, DR UV-visible 

spectroscopy suggests the presence of monomeric tetrahedral vanadium (V) species at all 

vanadia loadings. This strongly supports the presence of orthovanadate phase, but again, 

due to the broad nature of the peaks, the bands cannot be resolved sufficiently to exclude 

the presence of pyrovanadates. However, UV-visible spectroscopy rules out the presence 

of metavanadate based on a comparison between experimental and reference absorption 

edge energy values. TPR shows peaks that can be attributed, most probably, to the 

reduction of V5+ in orthovanadate domains and the shift in Tmax to higher temperatures 

indicate an increase in crystallinity of the domain with increase in vanadia loading. Laser 

Raman spectra show bands in the range 825 and 860 cm-1, again due to the orthovanadate 

phase but here also the broad nature of bands prevents the investigation of presence or 

absence of pyrovanadate phase, which is supposed to give a band around 902 cm-1.  The 

most conclusive evidence for the nearly dominant presence of orthovanadate phase 
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originates from 51V MAS NMR spectroscopy. The isotropic nature, side band pattern and 

chemical shift values observed for the catalysts with different vanadia loadings strongly 

suggest the presence of magnesium orthovanadate phase on the surface. The other phases 

may be either absent or present in only in negligible amounts. Hence it can be concluded 

that among different vanadates, mainly orthovanadate is formed on the surface of present 

catalysts and the size of these domains increases with increasing vanadia loading, finally 

leading to the appearance of bulk-like Mg3(VO4)2 on 30 V-Mg-O. There is no evidence for 

V2O5 domains in the present series of catalysts by any of the characterization techniques.  

Though much of the thermodynamic data published on V2O5-MgO system are 

contradictory, Köbel et al  [30] have prepared a tentative phase diagram, mainly based on 

the data of Clark and Morley [31] and of Kerby and Wilson [32]. This diagram (Fig. 4.13) 

includes the compounds, Mg3V2O8, Mg2V2O7 and MgV2O6 and left out all other phases 

that were not verified in their work. According to the diagram, below approximately 25 

mol% V2O5 and between 400 and 1200 0C, Mg3V2O8 is the vanadium containing phase 

observed, which is in agreement with our observation. It should be noted that, this phase 

diagram is based on limited number of studies and not an absolute one.  
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Fig. 4.13: Tentative phase-diagram of V2O5–MgO, drawn by Köbel et al  [30] based on 
the data of Clark and Morley [31] and of Kerby and Wilson [32]. Markers indicate 
polymorphic transitions. 
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SECTION A-CATALYTIC ACTIVITY STUDIES 
 
5.1. INTRODUCTION 
 

The first part of this Chapter discusses the results of oxidative dehydrogenation of 

ethylbenzene to styrene using N2O over V-Mg-O catalysts. The catalysts were 

characterized after the reaction and the results are included in Section B. The relation ship 

of activity and selectivity of the catalysts with their structure, determined by 

characterization of fresh and spent catalysts, is also discussed. The experimental setup and 

analytical procedure are same as those described in Chapter 3. 

 
5.2. RESULTS AND DISCUSSION 
 
5.2.1. Effect of nitrous oxide 
 

Table 5.1 shows the styrene yields observed at 773 K in nitrous oxide and nitrogen 

atmospheres. The reaction was conducted using 30 V-Mg-O at an ethylbenzene WHSV of 

1 h-1 and at a nitrous oxide flow rate of 1200 h-1.  

 
Table 5.1: Dehydrogenation of ethylbenzene under nitrous oxide and nitrogen flows over  

V-Mg-O catalyst 

 

 
Reaction conditions: Catalyst, 30 V-Mg-O; Reaction temperature, 773 K; WHSV of EB, 1 
h-1; GHSV of N2O, 1200 h-1. 



 
Chapter 5: Catalytic activity studies and correlation with structure of V-Mg-O catalysts 

 156

The styrene yield in the presence of nitrous oxide is at least 5 times higher than that 

in nitrogen atmosphere at 773 K. The yield of styrene decreased with time on stream for 

both N2O and N2 atmospheres, however it was considerably higher in N2O atmosphere 

throughout the period studied. The combined selectivity for benzene and toluene was lower 

in nitrous oxide atmosphere, indicating a lower rate of dealkylation of ethylbenzene, as 

observed for VOx/Al2O3 catalysts. 

 

5.2.2. Effect of reaction temperature 
 

The effect of reaction temperature on the dehydrogenation of ethylbenzene for 30 

V-Mg-O catalyst at a reaction time of 3 h is shown in Fig. 5.1. The conversion of 

ethylbenzene is low at 623 K, being 9.6% and increased to 58.4% at 773 K. The styrene 

yield also increased with increasing reaction temperature. At low temperatures, conversion 

of N2O was low and increase in temperature enhanced the conversion. The amount of N2O 

that react with ethylbenzene showed a decrease with increasing temperature. Hence most 

of the N2O converted at higher temperatures undergo decomposition, rather than reaction 

with ethylbenzene. The selectivity of styrene oxide, which is around 20% at 623 K, 

decreased with increasing temperature. Hence the conversion of styrene to styrene oxide is 

more probable at lower temperatures. The dealkylation of ethylbenzene leading to the 

formation of benzene and toluene increased slightly with increasing temperature. The total 

yield of benzene, toluene and styrene oxide was very low, being less than 5% at all 

temperatures.  
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Figure 5.1: Effect of reaction temperature on conversions of ethylbenzene and N2O, 
styrene yield and selectivities of products. (,) ethylbenzene conversion; (7) styrene yield; (Ξ) 
N2O conversion (ξ) sum of benzene and toluene selectivities; (Λ) styrene oxide selectivity; 

( ) N2O utilized for ethylbenzene conversion.  
Reaction conditions: Catalyst, 30 V-Mg-O; TOS, 3 h; GHSV of N2O, 1200 h-1; WHSV of 
EB, 1 h-1. 

 

 

5.2.3. Turnover rate, Areal rate and Styrene selectivity 
 
Figure 5.2 shows the initial rates of ODH of ethylbenzene per vanadium atom at 

623 K plotted as a function of vanadia loading. The turnover rate increased with increasing 

vanadia loading up to 10 wt% (surface density from 1 to 6 V nm-2) and then decreased with 

further increase in vanadia loading. Since the catalysts contain magnesium orthovanadate 

as the vanadium-containing phase, the difference in activity may be attributed to the size of 

the orthovanadate domains, which varies as a function of vanadia loading. The 

characterization of catalysts, discussed in Chapter 4, reveals that the surface possesses 

monomeric, tetrahedral vanadium (V) species, similar to that exist in magnesium 
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orthovanadate. As the vanadia loading increases, the size of domains containing these 

vanadium species increases. The trend exhibited by turnover rate with vanadia loading 

shows that vanadia domains should be of appropriate size for maximum activity. The 

activity of very large domains (bulk-like phases) and very small domains are lower than 

that of domains of intermediate size. Similar trend of activity with surface density was 

observed for the ODH of propane on V-Mg-O, VOx/ZrO2 and VOx/Al2O3 catalysts [1,2]. It 

is proposed for these catalysts that the decrease in specific activity after reaching the 

maximum is due to the formation of multilayers of the active form of vanadia which 

prevents the accessibility of V atoms lying below the surface which is the most probable 

explanation in the present case also. The specific activity, conversion of ethylbenzene per 

unit surface area of the catalysts, increased rapidly with increasing vanadia loading up to 

10 wt% (surface density up to about 6 V nm-2), then decreased and remained constant with 

further increase in vanadia loading (Fig. 5.2). This confirms the proposition that formation 

of larger crystallites of Mg3(VO4)2 occur when the surface density exceeds 6 V nm-2 due to 

which all the vanadium atoms are not accessible for the reactants. This is similar to the 

trend observed by Pak et al [3] for ODH of propane using V-Mg-O catalysts. Hence it can 

be concluded that activity of these catalysts is due to the presence of small, two-

dimensional domains of Mg3(VO4)2 on the surface of MgO rather than crystallites of bulk 

Mg3(VO4)2.  

Figure 5.2 also shows the styrene selectivity at an ethylbenzene conversion level of 

10% as a function of the vanadia loading at 623 K. The selectivity to styrene increased 

with vanadia loading up to 10 wt% (6 V nm-2), after which it decreased. The trend is 

similar to that observed for activity and size of the domains containing vanadium species 

seems to be the determining factor here also. The dehydrogenation of ethylbenzene to 

styrene is most favorable when the domains are of intermediate size and the rate of side 

reactions like dealkylation seems to be higher with bulk-like phases. Hence styrene 

selectivity decreases with formation of multilayers of vanadia species. The observed trend 

in selectivity with the apparent surface density of VOx is very similar to that reported 

previously for vanadia dispersed on MgO, ZrO2 and Al2O3. 
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Figure 5.2: Effect of vanadia loading on the initial rate of ethylbenzene conversion 
normalized per V atom (?), per unit surface area of the catalyst (3) and the selectivity of 
styrene at 10% conversion level (!). Reaction temperature, 623 K. 
 

 
5.2.4. Effect of space velocity 
 
 Figure 5.3 shows the effect of variation of space velocity of ethylbenzene on the 

dehydrogenation of ethylbenzene. The feed rate of ethylbenzene was changed in these 

experiments, keeping the amount of catalyst constant, to vary the space velocity. With 

increasing space velocity, ethylbenzene conversion and styrene yield decreased while the 

amount of styrene oxide increased. Hence the dehydrogenation of ethylbenzene to styrene 

is higher at higher contact time. The total selectivity of dealkylation products, benzene and 

toluene, decreased marginally with increasing space velocity, indicating the rate of 

dealkylation is proportional to contact time.  
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Figure 5.3: Effect of variation of space velocity of ethylbenzene on ethylbenzene 
conversion, styrene yield and product selectivities. (,) ethylbenzene conversion; (!) styrene 
selectivity (7) styrene yield; (ξ) sum of benzene and toluene selectivities; (Λ) styrene oxide 
selectivity.  
Reaction conditions: Catalyst, 10 V-Mg-O; Reaction temperature, 723 K; TOS, 3 h; GHSV 
of N2O, 1200 h-1. 
  

 
5.2.5. Effect nitrous oxide flow rate 
 
 Figure 5.4 shows the variation in yields of styrene and by-products as a function of 

nitrous oxide flow rate. The yield of styrene decreased when GHSV of N2O is lower than 

1200 h-1 while at space velocities higher than this, the yield was more or less similar. This 

means that very high flow rates of N2O are not much helpful in increasing styrene yield 

since the maximum possible yield of styrene at the reaction temperature is already 

achieved. The selectivities of benzene and toluene increased only marginally with 

increasing flow rate.  
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Figure 5.4: Conversion of ethylbenzene, yield and selectivities of styrene and by-products 
as a function of nitrous oxide flow rate. (,) ethylbenzene conversion; (!) styrene selectivity 
(7) styrene yield; (ξ) sum of benzene and toluene selectivities; (Λ) styrene oxide selectivity.  
Reaction conditions: Catalyst, 10 V-Mg-O; Reaction temperature, 723 K; reaction time, 3 
h; WHSV of EB, 1h-1. 
 

 
5.2.6. The time on stream behavior 
 
 The activity and selectivity of the V-Mg-O catalyst were studied as a function of 

time on stream. The results of the reaction conducted at 723 K using 5 V-Mg-O with EB 

WHSV of 1 h-1 and at a nitrous oxide flow rate of 1200 h-1 are given in Fig. 5.5. A slow 

and steady decrease in conversion of ethylbenzene was observed with time on stream, the 

decrease being around 7.5% after 10 hours of reaction. The selectivity of styrene slightly 

increased with time on stream showing that, under the present experimental conditions, the 

selectivity is better for catalyst with marginal deactivation. The catalyst was regenerated in 

flowing dry air at 773 K for 8h and the experiment was repeated under similar reaction 

conditions, the results of which are also shown in same figure. The trends observed in 
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activity and selectivity are more or less similar, indicating the stability and regenerability 

of the catalyst. 

 
 

Figure 5.5: The activity and selectivity of fresh and regenerated catalysts as a function of 
time on stream. (,) ethylbenzene conversion; (!) styrene selectivity; (7) styrene yield. Solid 
symbols, reaction with fresh catalyst; open symbols, reaction with regenerated catalyst.  
Reaction conditions: Catalyst, 5 V-Mg-O; Reaction temperature, 723 K; WHSV of EB,  
1h-1; GHSV of N2O, 1200 h-1. 
 

 

It can be summarized that higher temperatures, higher contact time of ethylbenzene 

with catalyst and intermediate flow rates of N2O favor higher styrene yield in oxidative 

dehydrogenation of ethylbenzene with N2O over V-Mg-O catalysts. This is similar to the 

observation made for ODH of EB using VOx/Al2O3 catalysts, as described in Chapter 3. 

The structure of vanadia species on V-Mg-O catalysts is very important in determining the 

catalytic performance. The catalysts with intermediate vanadia loadings (near monolayer 

catalysts) are more active than those having bulk vanadia phases.  
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SECTION B- CHARACTERIZATION OF SPENT CATALYSTS AND 
STRUCTURE-ACTIVITY CORRELATION 

 
5.3. CHARACTERIZATION OF SPENT CATALYSTS 

 
 
Figure 5.6: Powder X- ray diffraction patterns of 30 V-Mg-O after (a) dehydrogenation 
reaction under N2O flow at 673 K for 4 h (b) dehydrogenation reaction under N2 flow at 
673 K for 4 h.  

 

 

The XRD patterns of the catalyst, 30 V-Mg-O after dehydrogenation reaction at 

773 K for 4 h in N2O and N2 atmospheres are shown in Fig. 5.6. The pattern of the sample 

after dehydrogenation reaction in N2O atmosphere shows peaks characteristic of 

magnesium orthovanadate, though the intensity of these peaks reduced considerably 

compared to that of fresh catalyst. However, these peaks were completely disappeared after 

the dehydrogenation reaction in N2 atmosphere. 
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Figure 5.7: Diffuse reflectance UV–visible spectra of 30 V-Mg-O after (a) 
dehydrogenation reaction under N2O flow at 673 K for 4 h (b) dehydrogenation reaction 
under N2 flow at 673 K for 4 h (c) after reduction with H2 at 673 K for 4 h.  
 

 

The diffuse reflectance UV-visible spectra of 30 V-Mg-O catalysts after various 

treatments are shown in Fig. 5.7. After the dehydrogenation of ethylbenzene in presence of 

N2, the catalyst showed a new broad and weak band with an absorption maximum between 

500 and 700 nm that is characteristic of the V4+ d-d transitions (Fig. 5.7b). This band can 

be observed prominently after the reduction of fresh 30 V-Mg-O catalyst with H2 at 773 K 

(Fig. 5.7c). This band was not observed for the catalyst used for dehydrogenation in N2O 

atmosphere (Fig. 5.7a). Hence a higher extent of reduction of vanadium species occurs 

during the reaction in N2 atmosphere. The reduction of vanadium species during the 

reaction is reversible since the band at 270 nm reappeared and the band due to V4+ 

disappeared when the reduced catalyst is treated in N2O atmosphere at 773 K for 4 h (not 

shown). 
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Figure 5.8 shows the FTIR spectra of 30 V-Mg-O catalyst after different 

treatments. The intensity of the band at 860 cm-1, characteristic of Mg3(VO4)2, was reduced 

after the dehydrogenation reaction in N2O atmosphere (Fig. 5.8a) while the band 

disappeared after the reaction in N2 atmosphere (Fig. 5.8b). This again shows a greater 

extent of reduction for the catalyst when the reaction is carried out in N2 atmosphere. The 

spectra of 30 V-Mg-O reduced in H2 and reoxidised in N2O are also given in Fig. 5.8 for 

comparison. The band at 860 cm-1disappeared after treating fresh 30 V-Mg-O in H2 at 773 

K and reappeared when the reduced catalyst was treated in N2O atmosphere at 773 K for 4 

h.   

 
Figure 5.8: FTIR spectra of 30 V-Mg-O after (a) dehydrogenation reaction under N2O 
flow at 673 K for 4 h (b) dehydrogenation reaction under N2 flow at 673 K for 4 h (c) after 
reduction with H2 at 673 K for 4 h (d) after treating the reduced catalyst under N2O flow at 
673 K for 4h.  

 

The EPR spectra of 5 V-Mg-O, measured at 298 K, after dehydrogenation reaction 

in presence of nitrous oxide and nitrogen, at 673 K for 4h, are given in Fig. 5.9 together 

with the spectrum of freshly calcined sample. The EPR spectra of the catalysts after the 
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dehydrogenation reaction contain a strong signal superimposed on the spectrum of V4+ that 

may be originated from the paramagnetic centers of the carbon deposited on the catalyst 

during the reaction. As observed for VOx/Al2O3 catalyst, this signal is more intense for the 

catalyst used for dehydrogenation reaction in nitrogen, indicating higher carbon deposition, 

compared to that in nitrous oxide. It should also be mentioned that the intensity of the 

signal corresponding to deposited carbon is lower for spent V-Mg-O catalysts as compared 

to that of spent VOx/Al2O3 catalysts. The lesser coke deposition for V-Mg-O catalysts may 

be ascribed to the basicity of the support, MgO while in VOx/Al2O3 catalysts, the support is 

acidic.  

 
 

Fig. 5.9: The electron paramagnetic resonance spectra of 5 V-Mg-O catalyst, measured at 
298 K, (a) calcined at 823 K for 4h (b) after oxidative dehydrogenation reaction in nitrous 
oxide atmosphere at 673 K for 4h and (c) after oxidative dehydrogenation reaction in 
nitrogen atmosphere at 673 K for 4h.   

 

It is also clear from the spectra that when the dehydrogenation is carried out in 

nitrogen atmosphere, the catalyst undergoes deeper reduction than that occurs during the 
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dehydrogenation reaction in nitrous oxide atmosphere. As mentioned in the previous 

chapter, the vanadium (V) species in the surface layer, on reduction in H2 environment, 

gives EPR signal with hyperfine pattern, while those in the bulk give signal without 

hyperfine features. The broad signal overlapping the hyperfine splitting pattern, observed 

for the catalyst used for dehydrogenation reaction in nitrogen atmosphere, shows the 

presence of reduced bulk vanadium species in this case. 

The characterization of catalysts after reaction reveals that the vanadium species is 

continuously reduced when the dehydrogenation is carried out in N2 atmosphere. Though 

the reduction of vanadium species does takes place during the reaction in N2O atmosphere, 

the reoxidation of the vanadium species must be occurring in this case, owing to the mild 

oxidizing property of N2O. The higher styrene yield in the presence of N2O than that in N2 

atmosphere can be ascribed to the ability of N2O to reoxidise vanadium that got reduced 

during the reaction, though the complete reoxidation was not observed. This is similar to 

the effect reported by Sakurai et al [4] for the dehydrogenation of ethylbenzene with CO2 

in which the vanadium species was kept at a higher oxidation state during the reaction due 

to the oxidation capability of CO2. 

 
5.4. CATALYTIC ACTIVITY AND STRUCTURE OF V-Mg-O CATALYST 

 
As mentioned in the previous chapter, structural characterization of V-Mg-O 

catalysts shows that at lower loadings, isolated VO4 species similar to that exist in 

magnesium orthovanadate and at higher loadings, magnesium orthovanadate domains are 

present on catalysts. With increasing vanadia loading, the size of orthovanadate domains 

increase, finally leading to the appearance of bulk-like Mg3(VO4)2 on 30 V-Mg-O. The rate 

of ethylbenzene conversion per V atom increases with increasing vanadia loading, reaches 

a maximum at 10 wt% and decreases when the loading is increased further (Fig. 5.2). 

Consideration of the structural characterization data together with catalytic activity 

indicates that the surfaces of most active catalysts possess small domains of Mg3(VO4)2. 

The formation of bulk-like orthovanadate on the surface at high loadings leads to decrease 

in activity and selectivity, since the fraction of V atoms that lie below the first layer are not 

accessible to the reactants. Previous reports suggest that Mg3(VO4)2 phase is mainly 
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responsible for the activity and selectivity for the dehydrogenation of ethylbenzene, in the 

presence of CO2 [4] and oxygen [5]. Moreover, the most active species for propane ODH is 

also suggested as VO4
3- species existing in a surface structure that is essentially identical to 

that present in Mg3(VO4)2, for V-Mg-O catalysts prepared by conventional and thermolytic 

methods [3,6-10]. 

In the case of VOx/Al2O3 catalysts, the structure of dispersed VOx species depends 

on the VOx surface density, transforming from monomeric to polymeric V5+ species and 

bulk-like vanadia phases with increasing surface density. Here the maximum activity, in 

terms of turnover rate, is observed for catalyst with monolayer vanadia loading. For V-Mg-

O catalysts also, the maximum activity is observed for intermediate vanadia loadings, 

however, a direct comparison with VOx/Al2O3 catalysts is not possible since the molecular 

structure of vanadia species is different. For V-Mg-O catalysts, the concepts of vanadia 

monolayer and surface density are not very appropriate, though these terms are mentioned 

in this Chapter in some places, since MgO support doesn’t disperse vanadia species like 

alumina support. A gradual transformation from monomeric to polymeric vanadia species 

and the formation of a monolayer, as described for VOx/Al2O3 catalysts, cannot be 

anticipated for V-Mg-O catalysts. Instead, it forms mixed phase with vanadia at low 

loadings itself due to its basic nature. Hence, it is more appropriate to explain the variation 

in activity and selectivity with vanadia loading based on the domain size of the mixed 

phase, magnesium orthovanadate, for V-Mg-O catalysts.  

As observed for VOx/Al2O3 catalysts, V-Mg-O catalysts show enhancement in 

styrene yield in presence of N2O. N2O is able to keep vanadium at a higher average 

oxidation state, as evidenced by characterization of spent catalysts, due to which styrene 

yield is higher compared to that in N2 atmosphere. Since this enhancement in specific 

activity is observed for both series of catalysts, it seems that the effect is independent of 

support and vanadia molecular structure.  

Hanuza et al [11] suggested that catalytic properties of V2O5/MgO catalysts are 

related to the structure of their active sites consisting of V(V) and V(IV) ions. The oxygen 

bridge linking these ions allows electron exchange between them and acts as an electron 

transmitter. It is suggested that both V(V) and V(IV) cooperate closely in the oxidative 
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dehydrogenation process and hence the activity in oxidative dehydrogenation process 

depends critically on the equilibrium between these two oxidation states. It can be inferred 

that N2O helps to maintain this equilibrium and hence leads to higher activity.  

Two mechanisms have been suggested for the oxidative dehydrogenation of 

ethylbenzene in presence of molecular oxygen. The first one involves the formation of a π-

complex involving ethylbenzene and surface V=O group. The second mechanism proceeds 

through the formation of the σ-complex [11]. Chen et al [12-14] proposed a mechanism for 

ODH of propane over VOx-based catalysts. All of these mechanisms of ODH reactions are 

based on a highly dynamic model of the working catalyst. Figure 5.10 shows a plausible 

mechanism for the current reaction investigated, ODH of ethylbenzene with N2O, based on 

the above-proposed mechanisms. It can be assumed that the methylene C-H bond in 

ethylbenzene molecule first interacts with lattice oxygen leading to weak adsorption of the 

molecule on the oxide surface (II in Fig. 5.10). The adsorbed ethylbenzene molecule reacts 

with a vicinal lattice oxygen atom to form an alkoxide species and an OH group (III). This 

involves a transition state in which two electrons are transferred from lattice oxygens to 

metal centers. The transition state contains incipiently cleaved C-H and V-O bonds and 

partially formed O-C and O-H bonds. It is found for ODH of propane that that the turnover 

rate is controlled by the dissociation of the first methylene C-H bond in propane. The same 

may be true for ODH of ethylbenzene also. The C-H activation step ultimately involve two 

lattice oxygen atoms and each one provides one electron to either a single vanadium 

center, leading to a two-electron reduction (V5+ to V3+), or to two vanadium centers, each 

of which undergoes a one-electron reduction (V5+ to V4+). The second path is more 

probable because of lower activation energy [15]. The activation of second C-H bond 

forms styrene and a surface hydroxyl group (IV). In the next step, elimination of water 

molecule occurs via the condensation of surface hydroxyl groups (V). Finally, N2O 

reoxidise the reduced vanadium centers.  

This mechanism is applicable for both V-Mg-O and VOx/Al2O3 catalysts and 

explains why turnover rates are higher at intermediate vanadia loadings. At least two 

adjacent vanadium atoms are required to accommodate the transition state and the products 

in the rate-determining step, which demands vanadium oxide domains of suitable 
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dimensions. Very small oxide domains should undergo less favorable two-electron 

reduction of individual vanadium atoms during each ODH catalytic turnover and hence 

exhibit low turnover rates. It explains also why N2O enhances the activity. The role of N2O 

as oxidizing agent is crucial in the final step wherein the active oxygen species generated 

from nitrous oxide reoxidize the reduced vanadium centers and the catalytic cycle is 

continued. It should be made clear that the mechanism proposed is a hypothetical one and 

has to be supported by experimental evidences or by molecular simulation studies. 

Nevertheless, it is the most probable mechanism, consistent with the current experimental 

observations, as explained in the preceding sentences.   
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Fig. 5.10: Tentative mechanism of oxidative dehydrogenation of ethylbenzene to styrene in 
presence of N2O as oxidizing agent on supported vanadia catalysts.  
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6.1. Summary 
 

This thesis describes the preparation, characterization and catalytic evaluation of 

alumina and magnesia supported vanadia catalysts (VOx/Al2O3 and V-Mg-O). The 

reactions studied were oxidative dehydrogenation of ethylbenzene to styrene and 

preferential oxidation of CO in presence of excess hydrogen (PROX). VOx/Al2O3 catalysts 

were found to be active for both reactions while V-Mg-O catalysts didn’t show 

considerable activity for PROX reaction. This chapter present a brief summary of the work 

described in previous chapters, general conclusions arrived from the work and suggestions 

for further research. 

 Chapter 1 gives an introduction about supported vanadia catalysts, ethylbenzene 

dehydrogenation to styrene and preferential oxidation of CO. It is mainly a review of the 

literature on these topics.  The current-knowledge about the structure of supported vanadia 

catalysts is briefly discussed. The chemistry, thermodynamics and current commercial 

processes for the dehydrogenation of ethylbenzene to styrene are also described in this 

chapter. It gives the limitations of current processes, which necessitates the development of 

alternate processes. A brief description about the current research for alternate processes is 

also given. The chapter also gives a brief introduction about preferential oxidation of CO. 

Finally, the aim of the thesis is given: to check the viability of oxidative dehydrogenation 

of ethylbenzene using nitrous oxide as an alternate process and to understand the relation 

between structure of supported vanadia catalysts and their catalytic activity for the above 

said reaction and PROX reaction.   

 Chapter 2 describes the preparation and characterization of VOx/Al2O3 catalysts. 

The catalysts with different vanadia loadings were prepared by impregnation and 

characterized by ICP-AES, XRD, SEM, surface area (by BET method), TG-DTA, IR, 

Laser Raman, UV-visible, XPS, EPR and solid-state NMR. Theory and experimental 

procedure for each technique are also described briefly in this chapter.    

 The characterization of catalysts revealed that the molecular structure of vanadia 

species depends on the coverage of vanadia on alumina support. Monomeric vanadia 

species are predominant at low vanadia loadings while polymeric vanadia species increase 
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with increasing vanadia loading. When vanadia loading exceeds that required for a 

monolayer, bulk-like phases of AlVO4 and V2O5 are formed on the catalyst.  

Chapter 3 describes the investigation of oxidative dehydrogenation of ethylbenzene 

in presence of N2O over VOx/Al2O3 catalysts. The catalyst showed good activity and 

selectivity for the dehydrogenation of ethylbenzene to styrene which is much better than 

those observed when the reaction is carried out in N2 atmosphere. In general, the activity 

increases with reaction temperature, contact time and shows a maximum at intermediate 

nitrous oxide flow rate. The activity critically depends on the molecular structure of 

vanadia species. The turnover rate increases with increasing vanadia loading till the 

formation of a monolayer which means that polymeric vanadia species is more active than 

monomeric species for this reaction. Activity decreases again when the vanadia loading 

exceeds that required for a monolayer which shows the inherent low activity of bulk 

vanadia phases. Hence, a monolayer containing polymeric vanadia species is most suitable 

for this reaction. 

This chapter also describes the characterization of spent catalysts. Investigation of 

the spent catalysts with XRD, FTIR, UV-visible and EPR showed that on an average, 

vanadium is in a higher oxidation state after the reaction in nitrous oxide atmosphere 

compared to that in nitrogen atmosphere. The higher activity in nitrous oxide atmosphere 

can be attributed to higher average oxidation state of vanadium due to the mild oxidation 

capability of N2O. 

The results of preferential oxidation of CO in excess of H2 are also given in 

Chapter 3. The activity and selectivity for CO oxidation exhibit maximum values at 

intermediate temperature in the range studied. The activity is higher at higher contact time 

and O2/CO ratios. The decrease in activity with increasing vanadia loading shows that the 

presence of monomeric vanadia species is more favourable for this reaction.   

Chapter 4 describes the preparation and characterization of V-Mg-O catalysts. The 

catalysts were prepared by impregnation and characterized by ICP-AES, XRD, SEM, 

surface area (by BET method), TG-DTA, IR, Laser Raman, UV-visible, EPR and solid-

state NMR. The amount of vanadia deposited on the catalysts varied from 2 to 30 wt%. 
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 As observed for VOx/Al2O3 catalysts, the molecular structure of vanadia species on 

V-Mg-O catalysts depends on the coverage of vanadia on magnesia support. At lower 

vanadia loadings, vanadia exist in an X-ray amorphous state. However, these are mainly 

isolated tetrahedral vanadium (V) species, similar to that exist in magnesium 

orthovanadate, Mg3(VO4)2, as revealed by techniques like UV-visible, 51V solid state NMR 

and laser Raman spectroscopies. Bulk-like orthovanadate phase, detectable by XRD, 

appear at a vanadia loading of 30 wt%.   

Chapter 5 describes the investigation of oxidative dehydrogenation of ethylbenzene 

in presence of N2O over V-Mg-O catalysts. As observed for VOx/Al2O3 catalysts, V-Mg-O 

catalysts also showed good activity and selectivity for the dehydrogenation of 

ethylbenzene to styrene which is much better than those observed when the reaction is 

carried out in N2 atmosphere. In general, the activity increases with reaction temperature, 

contact time and shows a maximum at intermediate nitrous oxide flow rate. The turn-over 

rate is maximum at intermediate vanadia loading. This shows that vanadia species in two 

dimensional domains of appropriate size is most active while bulk vanadia phases are less 

active.  

Characterization of spent catalysts with FTIR, UV-visible, EPR spectroscopies and 

XRD showed that vanadium exist in a higher oxidation state after the reaction in nitrous 

oxide atmosphere compared to that in nitrogen atmosphere. The higher average oxidation 

state of vanadium in nitrous oxide atmosphere explain the higher activity compared to that 

in nitrogen atmosphere. This is similar to the observation made for VOx/Al2O3 catalysts. 

Finally, Chapter 6 summarises the conclusions reached in this thesis and gives 

suggestions for further research. 

 
6.2. General conclusions 
 
 It has been observed from this work that oxidative dehydrogenation of ethylbenzene 

using nitrous oxide as an oxidant is a promising alternate route for the production of styrene. 

The reaction can be operated at lower temperatures compared to the conventional catalytic 

dehydrogenation process. There is no need of huge amounts of steam which makes 

conventional process highly energy intensive. N2O is a mild oxidizing agent unlike strongly 



 

Chapter 6: General conclusions and Recommendations for further research 

 

 176

reactive molecular oxygen and gives only nitrogen as the by-product, which makes it a suitable 

oxidant for this reaction. The conversion of nitrous oxide is very high; hence the abatement of 

this green house gas can be achieved which reduce the problem of its emission to environment. 

 The catalytic performance is sensitive to structure of vanadia species. As revealed by 

this study, bulk vanadia phases are intrinsically less active than dispersed phases whether it is 

VOx/Al2O3 or V-Mg-O catalysts. For both series, catalysts with apparent monolayer of vanadia 

species are most active. The nature of vanadia species depends on the support. When support is 

alumina, there is a gradual variation in molecular structure, from monomeric to polymeric and 

then finally to bulk-like vanadia species with increasing surface density (loading). Such a 

distinction is not clear when the support is MgO. Here, the interaction of added vanadia with 

the support is higher even at low loadings and results in amorphous magnesium orthovanadate 

phases at lower loadings and crystalline orthovanadate at higher loadings. This may be due to 

the higher basicity of MgO that cause greater interaction with slightly acidic vanadia leading to 

the formation of mixed phase even at low loadings. Alumina being acidic, the interaction of 

vanadia with alumina support is lower which is the reason for the formation of mainly vanadia 

phases in this case instead of mixed phases.  

 It is also an interesting observation that the activity, in terms of turnover rate, exhibits a 

different trend in PROX reaction for VOx/Al2O3 catalysts. Here, the activity is inversely 

proportional to the vanadium surface density (loading), leading to the conclusion that 

monomeric vanadia species are most active. The monolayer loading doesn’t seem to have 

much importance, unlike ODH of ethylbenzene. This may be explained probably considering 

the difference in nature of reactants. In PROX, the main reactants are CO and O2 and 

monomeric vanadia species are sufficient for their adsorption before reaction. At low loadings, 

the dispersion of vanadia species is higher, hence the activity is higher. However, for 

geometrical reasons, adsorption of ethylbenzene will be more feasible when more than one 

vanadia species occur together on the surface which explains the higher activity with higher 

fraction of polymeric vanadia species for ODH of ethylbenzene. The bulk phases are very less 

active for both cases because of the lesser number of vanadia species available for reaction 

since the vanadium atoms that lie below the surface are not accessible for reactant molecules. 

The fact that VOx/Al2O3 catalysts are active for PROX reaction while V-Mg-O catalysts are 
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not significantly active indicates the structure sensitivity of this reaction and the importance of 

nature of vanadia species and support interaction. The reaction may require dispersed vanadia 

species rather than mixed vanadia phases. The exact reasons have to be investigated in detail. 

  
6.3. Suggestions for further research 
  

This work shows that ODH of ethylbenzene using N2O as the oxidant is promising as 

an alternate method for the conventional process. However, this is just a preliminary 

investigation in laboratory scale and a lot more work has to be carried out for developing a 

process. Only alumina and magnesia supports were examined in the current study while many 

other oxides like TiO2, ZrO2, CeO2, SiO2 and mixed metal oxides like Al2O3-SiO2, CeO2-

ZrO2, CeO2-TiO2 can be used as supports. The activity and selectivity of supported 

vanadium oxide catalysts are significantly affected by the properties of the support oxide 

material, which is generally known as the metal oxide-support effect [1]. The support has a 

strong influence on the overall reactivity. For example, the turnover frequency for the 

oxidation of methanol to formaldehyde varies by several orders of magnitude for the 

following supports: Al2O3, Nb2O5, TiO2, ZrO2, CeO2 [2]. Hence the effect of different 

supports on the catalytic performance should be further investigated.  

In the present study, catalysts were prepared by impregnation method. However, 

the effect of other preparation methods has to be studied. A method of preparation, which 

may increase the amount of vanadium that can be added to the catalyst without the 

formation of mixed oxides, will help to increase the activity. The catalysts can also be 

prepared with the controlled doping of a metal oxide additive like the oxides of K, Mo, W 

etc. The addition of these may improve the catalytic performance, which has to be 

investigated in detail. The selectivity of the catalyst has to be still improved, minimizing 

the amount of by-products to the maximum possible extent. Typical interacting additives 

like P and alkali/alkaline earth oxides (K, Na, Ca, etc.) modify the local structure of the 

surface vanadia species [3]. Typical non-interacting additives like surface oxides of W, Nb, 

S, Si, Mo, Ni, Co and Fe indirectly affect the molecular structure of the surface vanadia 

species via lateral interactions. Such lateral interactions have been found to influence the 
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ratio of polymerized to isolated surface vanadia species. However, the role of dopants on 

the structure and properties of supported vanadia is not yet fully understood. 

 The nature of active site may be investigated further, preferably in situ since the 

actual active species in the real reaction conditions can be revealed by these studies only. 

The techniques used in the present work are all ex situ, which reveal only the structure at 

ambient conditions that may or may not be similar to that in actual reaction conditions. 

One significant problem observed with the present series of catalysts is 

deactivation. The industrial operation requires stable catalytic activity for a significantly 

longer period. Further research has to be carried out to optimize the catalyst, probably with 

the help of a promoter element, to achieve slow rate of deactivation.  

It is also shown in the present work that alumina supported vanadia catalysts are 

reasonably active in preferential oxidation of CO in excess of hydrogen (PROX). Here also 

the reaction is very sensitive to catalyst structure. Polymeric and bulk vanadia phases on 

alumina are less active than monomeric species while vanadia supported on MgO is not 

significantly active which shows the structure sensitivity of the reaction. The activity 

shown by alumina supported vanadia assumes significance since the current operating 

PROX catalysts are prepared from costly alumina-supported Pt, Pd, Ru and Rh. Here also 

extensive further studies are required. The catalyst structure has to be optimized by varying 

different parameters like preparation methods, promoters etc. The rate of deactivation has 

to be minimized in this case also through suitable modification of the catalyst.  
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