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Preface

Oxygen plays a fundamental role in catalysis because on the one hand it is a component of the most widely used type of catalysts — oxides—and on the other hand it is the reactant of one of the most important types of catalytic reactions—oxidation. In combination with main group elements, it forms oxides of acidic or basic character which are commonly used as supports for highly dispersed metal cat­alysts and constitute a vital part of multifunctional catalysts. Finally, oxides are very often used as precursors in the process of prepara­tion of catalytic systems, in which the active phase is metallic or is composed of such metal compounds as sulfides, chlorides, etc. This book is devoted to physical chemistry of oxygen and its compounds in all these aspects.Oxygen accounts for the greater part of inorganic chemistry, which is concerned with compounds containing oxygen. Simple metal­lic oxides range from the essentially ionic compounds of the more electropositive elements to the molecular oxides of the nonmetals. Transition metal oxides belong to the compounds of Bertholide class; that is, they show a nonstoichiometry due to the presence of a defect structure in form of point defects or extended defects such as dis­locations or shear structures. Understanding of the character of bonding in the solid and of the defect equilibria and their dependence on such parameters as oxygen pressure or the presence of additives enables catalytic properties of these oxides to be predicted and cat­alysts to be tailored to the requirement of the reaction. In the case of higher valent transition metal oxides anisotropy appears very often, rendering the surface and catalytic properties strongly dependent on the crystal habit of the oxide catalyst. The phenomenon of the struc­
iii
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iv Prefaceture sensitivity of catalytic reactions on oxides is then observed. Compounds containing two or more elements in addition to oxygen may be grouped into two classes: complex oxides, which may be con­sidered as being composed of close-packed oxygen ions with cations in the octahedral or tetrahedral interstices, and oxysalts containing complex oxy-anions. Physicochemical and catalytic properties of oxides of the first class may be modified by substitution with alter- valent cations, whereas interaction of oxides of the second class with surfaces of the appropriate carriers results in the formation of oxide monolayer catalysts. A new field of surface coordination chemistry emerges. The main problems of the physical chemistry of oxides are discussed in more detail in the first three chapters, but the impor­tance of structure-catalytic activity correlations is emphasized and illustrated wherever mechanisms of various reactions are discussed.Oxygen as reactant of catalytic reactions may enter into these reactions as electrophilic species O2, O2", and O”, or as the nucleo­philic species ". Accordingly, oxidation reactions may be classified as electrophilic or nucleophilic. They constitute the main source of energy exploited by mankind in the form of combustion of fossil fuels, or by living organisms in biological oxidations. Therefore, oxidation of CO and H2 are extensively discussed in the book as model reactions for combustion. Selective oxidation processes, in which hydrocarbon molecules are oxygenated to form alcohols, aldehydes, or acids, are the basis of the modern petrochemical industry and constitute the largest category of catalytic organic reactions. Practically all mono­mers used in manufacturing of artificial fibers and plastics are ob­tained by processes of catalytic oxidation. They may be divided into vapor phase reactions, which are catalyzed by solid oxide catalysts and are carried out as heterogeneous catalytic processes, and liquid phase reactions, which are commonly realized as homogenous catalytic processes. Because of the voluminous literature devoted to these reactions and their importance in both science of catalysis and modern chemical industry, separate chapters have been dedicated to the heter­ogenous oxidations of aliphatic hydrocarbons and aromatic hydro­carbons. These chapters contain a description of catalytic systems commonly used as model systems in laboratory and as industrial cat­alysts in large-scale operations, and a discussion of the mechanisms operating in these reactions. Attempts to describe the elementary steps by quantum chemical methods are also shown. In recent years particularly, great efforts have been invested in studying the oxida­tion of methane, which therefore has been described in more detail in Chapter 9. The last chapter of the book contains the discussion of homogeneous catalytic oxidations.The essence of catalysis can described briefly as the art of manip­ulating chemical molecules. A group of atoms, forming the catalyst active site, is made to interact with an organic molecule, resulting in such modification of the molecule’s electronic structure and bond dis­
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Preface vtances and angles that its transformation along the desired reaction pathway is favored. The study of this interaction is an interdiscipli­nary field of research. Contributions from inorganic and organic chemistry, quantum chemistry, solid state, surface science, chemical kinetics, and other branches of science are required to understand the phenomenon of catalysis. The limited size of the book makes necessary the difficult choice of only the most important topics indis­pensable for the reader to grasp the essence of the mechanisms dis­cussed without having to refer much to other texts. Because the choice of material is arbitrary, the authors hope that not too many interesting problems have been omitted. Thus, the authors will be grateful to all readers who send their comments and criticisms by which subsequent editions may benefit.The book is intended to be used mainly as a research monograph by a vast community of those working in the field of catalysis. There­fore, ample references to the original literature have been included. However, it may also serve as a supplementary text for postgraduate students studying physical chemistry, industrial chemistry, or chem­ical technology as well as for university lectures in general chemistry.Adam Bielanski Jerzy Haber
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1

Molecular Oxygen and 
Oxygen Compounds

I. MOLECULAR OXYGENThe usual form in which oxygen is present in the gas phase is di­oxygen O2∙ Trioxygen O3 (ozone), thermodynamically unstable un­der normal conditions, is formed when an electric discharge passes through oxygen gas. It may also be obtained by various forms of irradiation (UV, X- and γ-rays). The formation of small amounts of (O2)2 in the gas phase occurs only at low temperatures.Some data concerning the physical properties of O2 molecules are given in Table 1.1. An orbital diagram of the O2 molecule is given in Fig. 1.1. Because of the relatively large distance between the energy of electrons in 2s and 2p levels of the O atom (165 eV), no s-p orbital mixing is assumed in the O2 molecule in contrast to N2 (2s-2p level separation 12.4 eV) and the 2p level is situated be­low that of the πu 2p orbitals. The electronic configuration of O2 molecule in its ground state:
9 9 9 ? 949(σgls)z( σuls∕( σg2s∕( σu2s∕( σg2p)⅛u2p)¼g2pΓ

with two unpaired electrons on two τig2p antibonding orbitals pro­vides the explanation of the observed paramagnetism of oxygen. With 8 electrons on molecular bonding orbitals and 4 on antibonding ones, the bond order in O2 is 2 [1]. The above sequence of mo­lecular-orbital energy levels was also confirmed by photoelectron spectroscopy.Several excited states of the O2 molecule were detected [2]. The ground state with two unpaired electrons, each of them on one 1
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2 Bielanski and HaberTABLE 1.1 Molecular Properties of O2Bond dissociation energy 117.96 kcal mol^l = 493.87 kJ mol"l (a)Bond length 0.120741 nm (a)Ionization energy 149 kcal mol^l = 623 kJ mol“lElectron affinities: (b)
O2 + e” —> O2 10.15 kcal moΓ^ = 42.47 kJ moΓ 1 (c)O2 + 2e- —> 0∣" -154.5 kcal moΓ1 = -646.4 kJ moΓ1 (c)Polarizability αχχ = ayy 1.2 × 10"24 cm3azz 2.4 × 10^24 cm^ctQ 1.6 × 10-24 cm3

(d)(d)(d)(a) R. L. Dekock and H. B. Gray, Chemical Structure and Bonding, Benjamin Cummings, Menlo Park, Ca., 1980, p. 229.(b) D. G. Tuck, J. Inorg. Nucl. Chem., 26, 1525 (1964).(c) M. Che and A. J. Tench, Adv. Catal., 32, 1 (1983).(d) E. A. V. Ebsworth, J. A. Connor, and J. J. Turner, in Com­prehensive Inorganic Chemistry, Vol. 2 (C. Bailar, H. J. Emeleus, R. Nyholm, and A. F. Trottman-Dickenson, eds.), Pergamon Press, Oxford, 1973, p. 698.

FIGURE 1.1 Molecular-orbital energy diagram for dioxygen molecule. 
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Molecular Oxygen and Oxygen Compounds 3πg2p orbital, is a triplet 3∑g state. Both lowest excited states ⅛g and ⅛g (0.98154 and 1.6357037 eV above the ground state, respec­tively) are singlet ones. Two electrons with antiparallel spins occu­py the same πg2p orbital in the former case and different πg2p or­bitals in the latter case. Singlet oxygen playing an important role in the photochemistry of oxygen may be generated by electrodeless electrical discharge (microwave discharge) in low-pressure oxygen or by the photosensitization method. It is also present in oxygen evolved in a number of chemical reactions, such as hydrogen perox­ide reacting with hypochloride [3]. The 1∑* ÷ ⅛g transition is symmetry-forbidden and ⅛g → 3Σ^ both symmetry- and spin-forbid­den. Hence both transitions and especially the latter one are slow and the lifetime of the ⅛+ state is 7 sec while that of the ⅛g state is 45 min when extrapolated to zero pressure.The perturbations from surrounding gases considerably modify and shorten these periods of time. Singlet oxygen when evolved in solutions exhibits characteristic red chemiluminescence, which is mainly due to the double-molecule transition:
1 1 Q - Q -θ2\ + 02∖ ÷ θ2 V°2 VhV

Singlet oxygen is chemically very reactive and in recent years its chemistry developed into a relatively large field of studies compris­ing such processes as cycloadditions, reactions with alkyl-substituted olefins, reactions of heterocyclic and aromatic systems, and degrada­tion of polymers and dyes. The appearance of chemisorbed singlet oxygen on the surface of some oxides was suggested by several authors [4]. However, there is no direct confirmation of this sup­position; also, to date no proof of the participation of singlet oxy­gen in heterogeneous catalytic reactions has been reported. It is assumed that singlet oxygen molecules may be present in oxygen physically adsorbed. The generation of singlet oxygen in reactions with transition metal ions will be discussed in Chapter 4, Section I.The molecule of ozone O3, the allotropic modifcation of oxygen, isoelectronic with NO^ ion, has an angular shape and belongs to the C2v symmetry point group. The bond angle 116o45, indicates sp^ hybridization of the orbitals of the central O atom. The overlap of 2px orbitals of lateral atoms with hybridized orbitals would give two localized bonds and the overlap of 2pz orbitals of all three atoms di­rected perpendicularly to the symmetry plane three delocalized π or­bitals: bonding, nonbonding, and antibonding ones. More elaborate theoretical treatment leads to a system of delocalized σ and π or­bitals and the following ground state configuration of the O3 mole­cule [5]:
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4 Bielanski and Haber(la1)2(lb2)2(2a1)2(2b2)2(3a1)2(lb1)2(3b2)2(4a1)2(la2)2

B. Bonding of Oxygen in OxidesA synthetic review of oxide chemistry was given by Sanderson [6], on which the following is mainly based, and also by Ebsworth et al. [ 2 ].The oxidation state —II is attributed to oxygen in the oxides. In oxide molecules it can either form two single covalent bonds or one multiple, usually double, bond to the atoms of other elements. In the case of two single covalent bonds the bond angle is some­where within the limits 100—111°. These are the values mostly de­viating from the value 109°28, corresponding to an equal repulsion of four electron pairs around an O atom core or, alternatively, to the sp3 hybridization of oxygen orbitals such that in each hybrid orbital there is 25% of s and 75% of p character. The fact that the angle is smaller indicates that the hybrid orbitals involved in both bonds exhibit a smaller participation of s character. In the case of a water molecule with a bond angle equal to 104.52°, the bonding hybrid orbitals exhibit 20% of s character and 80% of p character. Simultaneously, the participation of s orbitals in the nonbonding hy­brid orbitals increases to 60% [ 1 ].

The molecule of ozone is diamagnetic. It exhibits a nonzero dipole moment (Table 1.2), an ionization potential close to that of O2, and a high positive electron affinity. The additional electron in ozonide ion O3 occupies the 2b2 level empty in the neutral molecule. The O3 ion is one of the chemisorbed oxygen species stable below room temperature.
II. BONDING OF OXYGEN IN ITS COMPOUNDSA. IntroductionDespite the fact that oxygen seems to be a very familiar element, occurring in most of its compounds in the oxidation state —II, its chemistry is by no means simple and a logical classification of oxy­gen compounds is not an easy task. In the present chapter we shall discuss only those aspects of oxygen chemistry which are important for understanding catalytic oxidation reactions. To this end it is appropriate to discuss oxygen bonding in the oxides and, rather briefly, oxygen bonding in metal complexes. The fact that the overwhelming majority of oxidation catalysts are oxides justifies in­clusion of the paragraphs dealing with the structure of this class of compounds. The structures of superoxides, peroxides, and ozonides will not be discussed here as these substances are thermally unsta­ble and therefore do not play a role in oxidation catalysis. B.
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Molecular Oxygen and Oxygen Compounds 5TABLE 1.2 Properties of O3 MoleculeBond length 0—0 0.1278(3) nmχx°∖Bond angle O O 116o45,Dipole moment 0.58 D = 1.9 × 10^3° C mIonization potential 1 12.3 ± 0.1 eV2 12.52 ± 0.05 eVElectron affinityEnthalpy of formation 44 ± 10 kcal mol-l = 184 ± 42 kJ mol^l
∆Hθf(g) 34.1 kcal moΓ1 = 142.7 kJ moΓ1Source: Ref. 2.

There are also known examples of the O^ angle bond that are appreciably larger than 109o28' as, for example O×p bond in P4O10 equal to 124o or in SiO2 (α-quartz) equal to 144o [7]. Such ol bonds are always shorter than would correspond to a single bond and a certain participation of the ”nonshared" electron pairs must be assumed, resulting in an increase of bond order above 1. In the limiting case of P-O-P bonds in ZrP2O7, the bond angle reaches as much as 180o [6].As already stated, oxygen if linked to only one other atom forms a multiple, usually a double, bond. It has been supposed by some authors [8,9] that such doubly bonded oxygen at the surface of transition metal simple or double oxides such as MoO3, WO3, or CaMoO4 may play a special role in the selective oxidation of hydro­carbons. This point will be discussed in detail in the next chapter. In some molecules singly coordinated oxygen may exhibit a bond or­der higher than 2 if two π-bonding orbitals are present. In CO there are three bonding electron pairs and a bond orderequal to 3. In an NO molecule containing one valence electron less and with one of the π orbitals only half-filled ( σ2π^πJp , the bond order is 2∣.Oxygen is the most electronegative of all the elements with the exception of fluorine, and hence its bonds to other elements are more or less polar with oxygen acquiring a negative charge. In the limiting case of the oxides of the least electronegative metals, e.g., Cs2O or Rb2O, a highly ionic bond forms and the ionic approxima­tion is commonly applied when discussing the properties of metal ox­ides. However, the ionic approximation in a great many cases is as 
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6 Bielanski and Haberinadequate as a strictly covalent one. As Sanderson [6] points out, it is very improbable that, say, in CaO an oxide ion which can lose its two extra electrons with a net gain of about 168 kcal mol-l would remain unaffected in a close surrounding of six calcium ions, each of which could acquire two electrons with a net gain of about 415 kcal mol^l. Some overlapping of orbitals and sharing of electrons must evidently occur resulting in the diminishing of the negative charge on the oxygen atom. Based on his own theory of electro­negativity, Sanderson [10] calculated the charge on oxygen atoms in some oxides of main group elements and those of some transition metals. Although his data (given in Tables 1.3 and 1.4) can only be taken as a rough approximation, they seem to be useful in com­paring the properties of various oxides. Keeping in mind the fact that the electrical charge calculated from the known dipole moment and bond length, where such data are available, are mostly higher than those calculated by Sanderson and the bonds are presumably more polar than is suggested by the data in both tables, we can nevertheless accept the thesis that in real ’’ionic” oxides the devia­tion from the ideal ionic bond is quite substantial and that Sander­son’s series reflects the real trends in changes of ionicity of the oxygen bonding.Experimental information concerning the electrical charge on an atom in a compound may be obtained from X-ray photoelectron spec­troscopy. Using this method, Nefedov et al. [11] determined the binding energies of oxygen Is electrons for a number of oxides. In the series of main group oxides—MgO (Eβ = 530.2 eV), AI2O3 (Eβ = 531.8 eV), SiO2(Eβ = 533.1 eV), B2O3(Eb = 533.2 eV), and P2O5(Eβ = 533.8 for terminal and Eβ = 532.4 eV for bridging O atoms)—the sequence in which Eβ increases and hence the negative charge on oxygen decreases is very similar to the sequence given in Table 3, thus confirming the correctness of the trends indicated by Sanderson’s calculations. Unfortunately, the sets of oxides in­vestigated in both papers were partially not overlapping and a more ample comparison of the results is not possible. It should also be observed that the value of Eβ = 533.5 eV given by Nefedov for water cannot be included in the above series as presumably it has been obtained not for a solid but for gaseous molecules.The oxygen atom when combined with other atoms or atom by two single or one double covalent bond still possesses two unshared electron pairs, enabling it to act as an electron pair donor. Usual­ly one unshared electron pair is donated but in some cases, e.g., ice, both nonbonding electron pairs are involved in the formation of hydrogen bonds.In Sanderson's approach the polarity of bonds and the charge on the oxygen atom play an important role in the interpretation of acid-base properties of the oxides. According to him the principal fundamental characteristic of acidic oxides is a low negative charge
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Molecular Oxygen and Oxygen Compounds 7TABLE 1.3 Charge of Oxygen Atom and Coordination Number (CN) in Some Oxides of Main Group Elements According to SandersonCharge on O CN Acid-baseCs2O -0.96 8 SBRb2O -0.92 8 SBκ2o -0.89 8 SBNa20 -0.81 8 SBLi2O -0.80 8 SBBaO -0.67 6 SBSrO -0.62 6 SBCaO -0.57 6 SBMgO -0.42 6 WBBeO -0.35 4 ABAl2O3 -0.31 4 ABH2O -0.25 2 ABb2o3 -0.24 2 WASiO2 -0.23 2 WAP2θ5 -0.13 2 MACO2 -0.11 1 WASO3 -0.06 1 SAN2O5 -0.05 1 and 2 SACl2O7 -0.01 1 and 2 SAAbbreviations: A, acid; B, base; S, strong; M, medium; W, weak. Source: Ref. 6.
on the oxygen atom, while that of basic oxides is a high negative charge on the oxygen. Such a correlation, which is supported by the data in Table 1.3, may be explained on the basis of Sanderson’s theory of electronegativity. According to this theory, the electro­negativities of atoms in a compound are different from the electro­negativities of the same atoms when unbonded. Electron density in a compound is distributed in such a way that the electronegativities of all atoms become equal and reach a common value which is the geometric mean of the initial electronegativities of particular atoms.
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8 Bielanski and HaberTABLE 1.4 Charge and Coordination Number (CN) of Oxygen Atoms in Some 18-Shell and Transition Metal OxidesApproximate charge CNCu2O -0.45 4TiO -0.37 6FeO -0.35 6CdO -0.32 6τi2o3 -0.31 4ZrO2 -0.30 4NbO2 -0.30 4ZnO -0.29 4Fθ2o3 -0.25 4SnO -0.25 4PbO -0.25 4TiO2 -0.25 3VO2 -0.25 3Source: Ref. 6.
In the compound the electronegativities of the strongly electronega­tive atoms therefore decrease and those of weakly electronegative atoms increase. In oxides the electronegativity of oxygen always decreases and the electronegativity of its partner increases, the only exceptions being the oxides of fluorine. The shifts in electron density and hence the changes in electronegativity result in the accumulation of a certain negative charge on oxygen atoms and a positive charge on its partner’s atoms.Now independently of the definition of acid and base we can think of acids as electron attractors and acceptors and of bases as electron donors. Oxygen bonded in an oxide cannot act as elec­tron acceptor because all its valence orbitals are filled. The role of acceptor can only be fulfilled by the other atom and the more it acts as acceptor the higher the electronegativity it reaches in the compound. A small negative charge on oxygen in acidic oxide means that oxygen atoms are bonded with highly electronegative partners which may already be highly electronegative in the unbond­ed state, e.g., sulfur in SO3, and/or has been made highly electro­negative through electron withdrawal by several competitive, highly 
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Molecular Oxygen and Oxygen Compounds 9electronegative oxygen atoms, e.g., manganese in Mn2O7. In both cases the other element by the action of oxygen is rendered more electronegative than it was in the unbonded state and also has or­bitals that can become acceptors. The acceptor properties of an or­bital are strongly improved by an even slight withdrawal of elec­trons and the partial positive charge also contributes to the stability of the outer d orbitals. It should be observed here that a high negative charge on oxygen corresponds to a state in which its elec­tronegativity is greatly decreased and the average electronegativity is low. The low electronegativity of the oxygen partner atoms re­duces their ability to accept electrons and the oxide becomes much less acidic and more basic.When considering basic properties of the oxides we must stress the fact that oxygen atoms, when linked with two single covalent bonds or with one double bond, still possess two unshared electron pairs enabling them to act as donors, i.e., to exercise the function of a base. The electron-donating ability of oxygen obviously in­creases with increasing negative charge, but Sanderson points out that the donating ability of oxygen is stronger when the oxygen atom is attached by single rather than multiple bonds. He believes that this effect is the result of a greater localization of unshared electron pairs in the former case than in the latter. This explana­tion would be equivalent to the assumption that the localization is greater when unbonding electron pairs occupy sp^ hybrid orbitals than when they occupy sp^ hybrids. This explanation seems rather doubtful from the point of view of quantum chemistry as the spn hy­brids are considered to exhibit higher bonding ability (and hence the higher concentration of electron density) when the participation of s orbitals is higher [12]. As shown by the data in Table 1.3, oxygen atoms in oxides which are known to be very strongly basic, such as the oxides of alkali metals, bear the highest negative partial charge. The amphoteric oxides BeO, AI2O3, and H2O occupy a central position in the series of oxides ordered according to the decreasing negative charge on oxygen. The donating ability of oxy­gen and the tendency of the other atom to accept an electron pair are comparable in these compounds and, depending on conditions, the compounds may act either as a weak base or a weak acid.An interesting example of the application of Sanderson’s approach to a discussion of physicochemical properties of oxide systems has been given by Mortier [13]. His calculations for various zeolites gave the explanation of the observed fact that the strength of Brbn- sted acid centers in a given type of zeolite increases with increasing protonation as well as with an increasing SiO2∕Al2O3 molar ratio.Unfortunately, no Sanderson’s electronegativities were calculated for most of the transition metals and such calculations usually have to be limited to the main groups of elements.
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10 Bielanski and HaberB. Structural Properties of Oxides1. Coordination Polyhedra and Close-Packed IonsThe structure of oxide crystals may be discussed from two points of view [7,14-16]. The crystal may be considered to be composed of close-packed rigid spheres of oxygen with cations distributed in the interstices between these spheres, or it may be constructed from co­ordination polyhedra built of the central metal atom surrounded by oxygen atoms, linked together by corners, edges, or faces into an ordered periodic arrangement in space.The form of a coordination polyhedron depends on the type of chemical bonds linking the metal atom with the adjacent oxygen atoms. When bonds are covalent the number and position of oxygen ligands are determined by hybridization of the orbitals of the central atom, and when they are ionic, by the ratio of the radii of ions. In crystal these polyhedra are linked together in an ordered mode, whereas in an amorphous substance they exist in a more or less disordered fashion. Thus, crystals are characterized by both short - and long-range order, whereas in amorphous substances only the short-range order is present. It must be emphasized that coordina­tion polyhedra are not equivalent to groups of atoms which could be defined as chemical molecules; they must be considered as arbitrary structural units, which can be chosen in many different ways. The coordination polyhedra acquire a physical sense when the bonds be­tween atoms within the polyhedra are stronger than bonds between them. This is the case when the valence of the central atom is greater than half of the sum of the valences of oxygen ligands. In the limiting case, when the valence of the central atom is equal to the sum of the valences of oxygen ligands, the coordination poly­hedron is a chemical molecule. In such case it is obvious that dif­ferent chemical bonds operate within the coordination polyhedra and between them. Depending on whether the atoms in the crystal are linked together with one type of bond or whether different types of bonds are present in the crystal, we may divide all structures into two groups: homodesmic and heterodesmic. The structure is homodesmic when all the atoms of which it is composed are linked together by the same type of bonds. MgO or ZnS may serve as ex­amples of homodesmic structures with predominantly ionic or pre- dominatly covalent bonds, respectively.The structure is heterodesmic when its structural elements are linked by at least two different types of bonds. Oxy salts contain­ing complex anions are a typical example. In sulfates, phosphates, and the like, the bonds within the complex anions have a predomi­nantly covalent character, whereas the bonds between these anions and cations are ionic. In this case the representation of the crystal in terms of coordination polyhedra is nearer to physical reality than 
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Molecular Oxygen and Oxygen Compounds 11the model of close-packed rigid spheres. It is also convenient in the discussion of catalytic properties because coordination polyhedra may serve as models of active centers of an oxide catalyst. When they are located at the surface, at least one coordination site is empty and can accommodate the reacting molecule. An intermediate complex is thus formed in which the reacting molecule is one of the ligands of the coordination polyhedron of the oxide lattice.The approach based on close-packed oxygen spheres essentially comes down to the question of how spheres of equal size can be packed together to fill the space as densely as possible and how the atoms of different metals can be distributed in the interstices ap­pearing between these spheres.On a plane surface the closest packing is attained when each sphere is in contact with six others. The second identical layer may now be superimposed on the first, so that the spheres in the upper layer are vertically above the centers of the triangles formed by spheres of the lower layer. On superimposing the third layer we have two alternatives: the spheres of this layer may be placed in the centers of triangles formed above the spheres of the first layer or above the interstices in this layer. In the first case a hexagonal close-packed structure is obtained, characterized by the sequence of layers ABABA; in the second case a cubic close-packed structure is obtained with the ABCABC sequence. In both struc­tures each sphere has 12 neighbors.2. Structures of Simple Metallic OxidesCrystal structures of some oxides which are of importance in cataly­sis are summarized in Table 1.5 [7]. The structures are arranged according to type of coordination polyhedra and the mode in which they are linked together. First are the three-dimensional struc­tures of high coordination number, such as ReO3, rutile, corundum, and sodium chloride; then come those with tetrahedral or lower co­ordination. Then follow the layer and chain structures. We shall discuss in more detail those most commonly encountered in catalytic studies.In fluorite the metal cations are surrounded by eight oxide ions located in the apexes of a cube forming the coordination polyhedron. The cubes are linked by common edges (Fig. 1.2), which results in a cation to oxide anion ratio 1:2 as required by the chemical formula MeO2. This structure may also be regarded as the fee sublattice of metal ions, in which all tetrahedral interstices are occupied by oxide ions. It can be expected that the fluorite structure will be adopted by compounds for which the ratio of cation to anion radii exceeds 0.732. In fact, oxides of large quadrivalent cations such as Zr, Ce, Th, and V crystallize in this structure.
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12 Bielanski and HaberTABLE 1.5 Crystal Structures of Some Metallic Oxides
Type of structure Formula type and coordination numbers of M and Name ofO structure ExampleInfinte three­dimensional complexes MO3MO2 6:28:4 ReO3Fluorite WO3ThO2, CeO2, HfO2, NpO2, PuO2, AmO2, PoO2, CmO2, PrO2, uc>2,zr026:3 Rutile TiO2, GeO2, SnO2, MnO2, RuO2, OsO2, IrO2, CrO2, MoO2, WO2, TeO2, ReO2, PbO2, VO2, (NbO2), TeO2, TaO2, PtO2,M2O3 6:4 Corundum

A’rare earth sesquioxide
α-A12θ3√x-Fθ2θ3, Cr2θ3>Ti2θ3>V2O3, a-Ga2O3,Rh2θ3, La2θ3,Ce2θ3, Pr2θ3,Nd2O36:4 C’rare earth sesquioxide α-Mn2O3, Sc2O3, Y2O3, In2O3, Tl2O3 Sm2O3,and other rare earths oxides M2O3MO 6:6 Sodium chloride MgO, CaO, SrO, BaO, CdO, VO, TiO, NbO, FeO, CoO, NiO, MnO4:4 Zinc blend wurtzite BeOZnOMO2 4:2 Quartz structures SiO2, GeO2

M2O 2:4 Cuprite Cu2OjAg2OM2O 4:8 Antifluorite Li2O, Na2O, K2O, Rb2OLayer structures MoO3, As2O3, PbO, SnO,Re2O7
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Molecular Oxygen and Oxygen Compounds 13TABLE 1.5 (Continued)
Type of structure Formula type and coordinationnumbers of M and O Name of structure ExampleChain structures Sb2O3,CrO3, SeO2Molecular structural units: polymers Sb4Oθ, As4OθMolecular structural units: single molecules All simple molecuIar oxidesSource: Ref. 7.

FIGURE 1.2 Fluorite structure. (After [16].)
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14 Bielanski and HaberReO3, rutile, corundum, and sodium chloride are built of coor­dination Octahedra linked in different ways. In the ReO3 structure the octahedra share only vertices as shown in Fig. 1.3. When octa- hedra share all edges, the sodium chloride structure appears. In the rutile structure (Fig. 1.4) each octahedron shares two opposite edges with the neighboring octahedra. Chains of octahedra are formed which are linked together through the remaining free ver­tices of the octahedra. Because of the high positive charge on metal ions the repulsive forces between them play an important role and often cause a distortion of the octahedra, resulting in an in­crease of the intercationic distance. In the rutile lattice the sur­rounding of the cation has a form of a distorted octahedron, in which two oxygen ions are slightly further than the other four. Some dioxides crystallize with a less symmetric variant of the rutile structure, in which successive pairs of metal atoms in the string of octahedra are alternately closer together and further apart. In some transition metal oxides, such as MoO3, this distortion is assisted by the formation of π bonds between oxide ions and the metal cations, resulting in a decrease of cation-cation repulsion and in the appearance of a strong tendency to form a layer structure, as in the case of MoO3 described below [17].The corundum structure is built of face-sharing pairs of octa­hedra interlinked through edges to form layers of six-membered rings (Fig. 1.5). The coordination polyhedron of “ ions around each Al3+ ion is essentially regular octahedral and there is no evi­dence to suggest the existence of metal-metal interactions across the

FIGURE 1.3 ReO3, structure. (After [16].)
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Molecular Oxygen and Oxygen Compounds 15

FIGURE 1.4 Rutile structure. (After [16].)
shared face. Thus, it is sometimes more convenient to consider the structure as a hexagonal close-packed array of oxygen ions with metal ions occupying two-thirds of the octahedral holes. Such a structure, represented by the ABAB sequence of close-packed lay­ers, is assumed by α-alumina. There are two other ways of stack­ing the close-packed layers encountered in aluminas, namely, various sequences of the type ABACAB, ABAC-CABA, etc., represented by χ and к aluminas, and the cubic close-packed arrangement ABCABC of γ-alumina. In the latter case the aluminum ions occupy tetra­hedral and octahedral interstices forming a spinel structure, in which one-third of tetrahedral sites normally occupied remain empty.Active alumina is not pure AI2O3 but contains a certain amount of water in the form of surface hydroxyl groups. Several models of the surface structure of such aluminas were proposed [18,19], the most recent one being that of Knozinger and Ratnasamy [20].The linking of tetrahedra takes place only through vertices and there are two alternative ways of arranging them to obtain a metal- oxygen atomic ratio of 1:1 as in MeO compounds: a cubic structure of zinc blend and a hexagonal structure of wurtzite. There are, however, many different ways of linking the tetrahedra to satisfy the formula MO2; thus many different structures are encountered in the case of silica.
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16 Bielanski and Haber

FIGURE 1.5 Packing of AlOg octahedra in the corundum structure. (After [16].)It follows from the Pauling rules [21] that in the structures of silicates each vertex of the SiO4 tetrahedron is common only for two tetrahedra, and two tetrahedra have only one vertex in common, i.e., they never share edges or faces.When SiO4 tetrahedra have no elements in common and are linked only through the polyhedra of other cations, orthosilicates are formed as olivine (Mg,Fe)2SiO4, granates (Mg,Fe,Mn,Ca)3(Cr,Al, Fe)2(SiO4)3, etc. When each tetrahedron shares only one vertex with another tetrahedron, the silicate is composed of [Si2θγ]θ^ as the structural unit. Tetrahedra which share two vertices with other tetrahedra form structures composed either of chain ions l[SiC>3]2~ (number 1 in the left superscript indicates the one-dimensional chain stretching infinitely as marked by the left subscript ∞ or of cyclic ions [SigOg]^” (three-membered rings) and [SigOig] 12“ (six-mem­bered rings). The Si:0 ratio in these compounds amounts to 1.3. A simple silicate chain is shown in Fig. 1.6a; the three- and six­membered rings are illustrated in Fig. 1.6b and c. Simple chain ions may link together through free vertices to form double chains of the composition l[Si4On]θ^, in which the Si:O ratio amounts to 1:2.75.Linkage of a large number of chains through vertices lying in one plane results in the formation of a layer structure, shown in Fig. 1.7a. In this structure each tetrahedron shares three vertices with other tetrahedra, the Si:O ratio thus being 1:2.5. The struc­ture may thus be described as composed of ∞[Si2C>5]2" units, with the number 2 in the left superscript indicating the bidimensional sheet. Three main classes of layer structures can be distinguished according to the structure of the layer. The first class comprises structures composed of single layers, in which the free vertices of
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Molecular Oxygen and Oxygen Compounds 17

FIGURE 1.6 Arrangement of SiO4 tetrahedra in the simple chain (a), three-membered ring (b), and six-membered ring (c). (After [16].)
tetrahedra in alternate rings point to opposite sides of the layer, the cations lying between the layers. In the structures of the sec­ond class, represented by many aluminosilicates, the layers are built of tetrahedra pointing with free vertices to one side and linked to­gether in pairs to form double layers. If some of the Si^+ ions are replaced by Al^+ ions, the net negative charge appears on the aluminosilicate layers and is compensated by interlayer cations, which hold together the layers in the crystal (Fig. 1.7b). The third class of structures are composed of sheets of SiO4 tetrahedra with vertices pointing to one side and linked to sheets of octahedra of such cations as Mg+^s Ca+2, Al+^, etc., coordinated by oxygen ions or hydroxyl groups, to form a composite layer. The octahedral sheet may also be linked on both sides to tetrahedral sheets to form a three-sheet composite layer. Such composite layers are neutral and are held together in the crystal by weak van der Waals forces. This explains the softness of such structures, which are present in, for example, talc. If a certain number of ions, e.g., Al^+, in the octahedral sheet are substituted by divalent ions, the composite layer acquires the charge, which must be compensated by additional cations incorporated between the layers (Fig. 1.7c). In some struc­tures the charged composite layers are interleaved with hydrated ions, as in montmorillonite:
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FIGURE 1.7 Structure of layer silicates: (a) single layer, (b) cross-section of the array of double layers, (c) cross-section of array of three-sheet composite layers. (After [16].)
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Molecular Oxygen and Oxygen Compounds 19-∩ ??Mg0.33A11.67S14°10^OH^2 Na0.33When all four oxygen atoms of the SiO4 tetrahedron are shared by two tetrahedra a three-dimensional silicon-oxygen framework is formed, as in all polymorphic modifications of SiO2 and such minerals as feldspars and zeolites.Oxides of group IB metals assume a very peculiar structure of cuprite, consisting of two completely interpenetrating and identical frameworks without any cross-connecting bonds.The stereochemistry of the metal atom in MoO3 can be best con­sidered as that of a distorted octahedron, although it can be easily deduced from the MoO3 tetrahedron as a basic unit [22]. Figure 1.8a shows an infinite string of corner-sharing tetrahedra. When such strings are linked together to increase the coordination of molybdenum to 5 (Fig. 1.8b) and other strings are brought from be­neath to complete this coordination to 6 (Fig. 1.8c), sheets are formed composed of ribbons of octahedra sharing their two adjacent edges with other octahedra and corners with two adjacent ribbons on both sides (in and out of the plane of Fig. 1.8d). A layer struc­ture of MoO3 appears in this way.Closely related to the structure of MoO3 is that of V2O5 [23], which will be discussed in detail in Chapter 8.

FIGURE 1.8 Elements of MoO3 structure: (a) string of tetrahedra, (b, c) linking of strings into ribbon and sheet, (d) projection of the structure along the (100) axis.
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20 Bielanski and Haber3. Complex Oxides and Oxy SaltsIt is convenient to divide all compounds containing two or more ele­ments in addition to oxygen into two groups according to whether the relation of the oxygen atoms to one kind of atom is different from that to another or no distinction can be made between the bonds of these atoms to oxygen atoms, i.e., whether the structure is heterodesmic or homodesmic. When oxygen atoms in the crystal AxYyOz can be associated with one kind of atoms Y to form oxy ions YyOz, the bonds within these oxy ions having a higher degree of covalency, the structure may be considered as composed of cations A and complex oxy anions YyOz linked by ionic bonds, the oxy anions being either finite or infinite. Such compounds may be called oxy salts. The oxy anions may be composed of two or more kinds of coordination polyhedra containing different central atoms as it is the case in heteropoly oxy salts. When no distinction can be made between the different bonds in the crystal it is convenient to regard the structure as a close-packed array of oxygen ions, with A and Y ions distributed in tetrahedral and octahedral holes. The type of coordination chosen by the given ion depends on its size and ligand field site preference energy. The term complex ox­ides should be used to describe such phases. If the A ions are approximately the same size as oxygen ions, the structure may be considered to be a close-packed arrangement of O and A ions with Y ions in tetrahedral or octahedral interstices.The different behavior of atoms in the oxide structure may be related to their electronegativities. When element A is electroposi­tive and element Y electronegative, an oxy salt-type structure will be formed with Y as the central atom of the oxy anion. When both A and Y are electropositive, the structure should be regarded as a complex oxide. Thus, when a diagonal line is drawn across the periodic table from the upper left corner to the lower right one, atoms to the left of this line, which form essentially ionic bonds with oxygen, will appear in crystal structures, which should be considered as complex oxides. The coordination numbers of these ions are determined by their relative sizes. On the other hand, atoms located to the right of this line form oxy anions with a con­siderable degree of co valency. In the case of transition elements this refers to their ions in the highest oxidation state. Oxides of transition metal ions in lower oxidation states are more ionic.a. Complex metal oxides: The largest group of complex oxides is the solid solution of one oxide in another, the different ions ran­domly occupying the cationic sites of a simple oxide structure. Two types of such solid solutions are of particular interest to catalysis: binary complex metal oxides of acid-base properties (e.g., alumino­silicates) and solutions of transition metal ions in diamagnetic ma­trices (e.g., Cr+3 in AI2O3, Ni+^ in MgO, etc.) used in reactions of the redox type.
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Molecular Oxygen and Oxygen Compounds 21Binary oxides with acidic properties: The generation of acidity by substitution of a given ion in the oxide lattice by a different ion may be explained after Tanabe as due to the appearance of a posi­tive or a negative charge at the site of substitution. Tanabe [24] calculates this charge by constructing a hypothetical model struc­ture, in whichThe coordination numbers of both atoms in the oxide solid solution remain the same as they were in simple oxides, andThe coordination number of oxygen of the majority component oxide is retained for all oxygens in the solid solution.As an example, Fig. 1.9a shows the model structure of the TiO2- SiO2 system in which TiO2 is the majority component oxide and Fig. 1.9b that of SiO2-TiO2 system, where SiO2 is the majority oxide. In both cases the coordination numbers of Si and Ti atoms remain 4 and 6, respectively, as in pure SiO2 and TiO2, as required by the first assumption, whereas coordination numbers of oxygen are 3 and 2, respectively, according to the second assumption. In the case of the TiO2-SiO2 system, in which silicon atoms replace titanium

charge difference^^-∣)×4=+^∙

charge difference:}*^-2)*6 =-2FIGURE 1.9 Model structures of TiO2-SiO2: (a) when TiO2 is major oxide, (b) when SiO2 is major oxide. (After [24].)
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22 Bielanski and Haberatoms, the four positive charges of the silicon atom are distributed to four bonds, i.e., one valence unit to each bond, while two nega­tive charges of the oxygen atom are distributed to three bonds, i.e., —2/3 of a valence unit for each bond. The charge difference for each bond is 1-2/3 = +1/3; on the Si atom there is thus a charge excess of +1/3 × 4 = + 4/3. This means that a Lewis acid site ap­peared. In the case of a SiO2-TiO2 system with Ti atoms substitut­ing Si atoms, four positive charges of the Ti atom are distributed to six bonds, i.e., +4/6 valence unit to each bond, while two negative charges of the oxygen atom are distributed to two bonds, i.e., one negative charge per bond. The charge difference for each bond is +4/6 — 1 = —1/3; the Ti atom therefore has —2 charges in excess. Tanabe argues that in this case Bronsted acidity appears because two protons must associate with six oxygen atoms to maintain the electric neutrality. Experiments show [25] that the TiO2-SiO2 sys­tem is indeed characterized by a very high acidity.The classical representatives of solid acids are aluminosilicates used as catalysts since the 1920s. Using Tanabe’s procedure one can calculate that substitution of Al atom for the Si atom in the tetrahedron of the silica structure results in the appearance of one excess negative charge at the Al atom, which must be compensated by adding the proton to one of the oxygen ions (Fig. 1.10a). A center containing a loosely bonded proton is thus formed with properties of a Bronsted acid center. On outgassing at higher temperatures the surface becomes dehydroxylated and the Bronsted acid center is transformed into a Lewis center (Fig. 1.10b). АЮ4 tetrahedra may be substituted into any form of silica, resulting in the formation of amorphous aluminosilicates, those with layer struc­ture like in montmorillonite or a three-dimensional framework as in zeolites.In zeolites, which are crystalline aluminosilicates built of SiO4 tetrahedra partially substituted by АЮ4 tetrahedra and linked through all four vertices into a three-dimensional framework, one can distinguish building units such as chains, rings, and regular polyhedra [26], which are the basis of the classification of zeolites. As an example, Fig. 1.11a shows the sodalite unit, which is a cubo­octahedron (truncated octahedron) built of SiO4 tetrahedra. It can be visualized as obtained by the superposition of an octahedron and a cube, and cutting away all the vertices of the octahedron. When the sodalite units are linked together by the vertices of the tetra­hedra, protruding from the hexagonal planes into a three-dimension­al array in which every sodalite unit is tetrahedrally surrounded by other sodalite units (diamond-type structure), the structure of the mineral faujasite and its synthetic analogs, zeolites X and Y, is produced (Fig. l.llb). It can be visualized as composed of cubo- octahedra linked together through hexagonal prisms. This produces
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Molecular Oxygen and Oxygen Compounds 23
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0 0 0 0 0 0FIGURE 1.10 Generation of Bronsted (a) and Lewis (b) acidity by substitution of aluminum atom into silicate structure.
internal cavities (supercages) of almost spherical shape, with a diame­ter of 12 A, interconnected through distorted 12-membered windows of diameter 8—9 A.One of the zeolite types used extensively in catalysis is ZSM-5 [27]. It is built of five-membered rings, eight of which form a building unit as shown in Fig. 1.12a. These units are linked through edges to form chains (Fig. 1.12b) connected then through vertices

FIGURE 1.11 Structure of faujasite: (a) sodalite unit, (b) linking of sodalite units in tetrahedral arrangement and appearance of super­cage. The Si(Al) atoms are situated at the apices of the truncated octahedra.
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24 Bielanski and Haber

FIGURE 1.12 (a) Building unit, (b) chain, and (c) sheet in ZSM-5 zeolite.
into sheets (Fig. 1.12c), and finally into a three-dimensional frame­work. Two interconnected channel systems, one sinusoidal and the other straight, are produced, as shown schematically in Fig. 1.13.The number of АЮ4 tetrahedra which can be incorporated into the silicate framework varies over a wide range, and so does the composition of zeolites, usually expressed in terms of the Si/Al ratio. This ratio is 1 in Linde A or type X zeolites, 3 in type Y zeolites, and assumes values as high as 30 or more in ZSM-type structures. Depending on the Si/Al ratio there are five different environments possible for each SiO4 tetrahedron. Namely, it can be linked to four other SiO4 tetrahedra with no adjacent AIO4 tetrahedron [Si(OSi)4], or it can have in its surrounding one, two, three, or four АЮ4
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Molecular Oxygen and Oxygen Compounds 25

FIGURE 1.13 Channel structure in ZSM-5 zeolite.
tetrahedra and three, two, one, or no SiO4 tetrahedra, respectively [Si(OAl)(OSi)3, Si(OAl)2(OSi)2, etc.]. Their concentrations can be determined by using the 29gj magic angle spinning nuclear magnetic resonance (MASNMR) [28]. As an example, Fig. 1.14 shows the 2θSi MASNMR spectrum of a synthetic faujasite with an Si/Al ratio of 2.75. It may be seen that four nonequivalent types of SiO4 tetrahedra are present, the predominant ones being those with one or two adjacent АЮ4 tetrahedra. The negative charge introduced to the framework by each incorporated АЮ4 tetrahedron must be com­pensated by a cation introduced into the framework. Thus, the number of these cations divided by their valence must equal the number of АЮ4 tetrahedra. The cations are exchangeable; there­fore the selection of their type and degree of exchange offers a pos­sibility of wide modifications of adsorptive and catalytic properties
√'

I________ I________ I------------ 1
-80 -90 -100 -110

ppm from TMSFIGURE 1.14 MASNMR spectrum of faujasite with Si:Al ratio of 2.75. Experimental spectrum (left) and computer simulated spectra (right). The four peaks represent [Si(OAl)3(OSi) ], [Si(OAl)2(OSi)2], [Si(OAl)(OSi)3] and [Si(OSi)4]. (After [28].)
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26 Bielanski and Haberof zeolites. By exchanging them for protons the acidic form of the zeolite may be obtained. Their concentration and acidic properties may be determined by IR spectroscopy. Figure 1.15a illustrates the IR spectrum of the hydrogen form of HZSM-5 zeolite [29]. Two strong bands are visible in the stretching frequency region, at 3620 cm"l and 3740 cm"l, indicating that two types of OH groups are present. Their acidic properties are revealed by the spectra regis­tered after adsorption of a base, e.g., pyridine (Fig. 1.15b). The appearance of a strong band of pyridinium ions at 1552 cm" 1 and the simultaneous disappearance of the band at 3620 cm" 1 demonstrates that these hydroxyl groups play the role of strong Bronsted acid centers transforming pyridine into pyridinium ions.Solid solutions of transition metal ions and diamagnetic matrices: When reacting molecules interact with transition metal ions at the surface of an oxide catalyst, the transfer of electrons takes place between the adsorbed layer and the solid. A fundamental question arises as to what extent the type of bonding between the molecule and the transition metal ion depends on the local properties of this ion, such as the d-electron structure, the character and arrange­ment of surrounding oxygen ions, etc., and how relevant in this 

FIGURE 1.15 IR spectrum of type Y zeolite: (a) fresh sample, (b) after adsorption of pyridine. (After [29].)
b Wove numbers
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Molecular Oxygen and Oxygen Compounds 27respect are the collective properties of the solid, in particular the chemical potential of electrons as given by the position of the Fermi level, and the ability of the solid to transport the electrons from one active center at the surface to another expressed by its electric conductivity.One method of discrimination between the influence of localized and collective properties of the oxide on its behavior in catalytic re­actions is the use as model catalysts of the solid solutions of transi­tion metal ions in an insulating, diamagnetic oxide as solvent [BO- 32]. At very small concentrations it can be assumed that practically no interactions operate between the transition metal ions, and the behavior of isolated ions in adsorption and catalysis can be thus studied. On increasing the concentration one may study the in­fluence of the strength of interaction between the transition metal ions.MgO as a matrix offering sites with octahedral symmetry and ZnO with tetrahedral symmetry are usually used for such studies. Solid solutions in α-Al2O3 with octahedral sites and in MgA⅛O4 with both octahedral and tetrahedral sites have also been investigated.Spinels and perovskites: Among the complex oxides which can be considered as compounds of the formula AxByOz, two main types can be distinguished: structures with close-packed oxygen ions, and structures in which oxygen and A ions, because of their similar size, are in close-packed arrangement. Representative of the first type, applied widely in catalysis, are spinels; representative of the second type, also of great interest for catalysis, are perovskites.Spinel structure is assumed by many oxides of the general formula AB2O4, which can be divided into groups as follows: (1) M11M2raO4, (2) MivM211O4 and (3) MvlM⅛O4. We shall describe the first group in more detail.The unit cell of the spinel mHm^C^ comprises 32 oxygen ions (8M^M2^O4) in cubic close packing (Fig. 1.16). As follows from simple considerations, the unit cell contains 32 octahedral and 64 tetrahedral holes, in which 8 mH ions and 16 ions are arranged. When 8 equivalent tetrahedral holes out of 64 are occupied by M11 ions, and 16 octahedral holes out of 32 by МШ ions, the spinel is called normal. Other modes of distribution are also encountered. The 8 tetrahedral holes may be occupied by мШ ions, the remaining 8 M™ ions ancι a∩ 8 M∏ ions occupying the 16 octahedral holes. Such spinels which are represented by the formula мШмИдоИк^ are called inversed. In some spinels both mH and МШ ions are randomly distributed in tetrahedral and octahedral holes. It is con­venient to describe different modes of distribution by a parameter η, which gives the fraction of divalent metal ions in octahedral coor­dination. Thus for the normal spinel η = O and for the inversed one η = 1. In the case of random distribution η = 0.67. Values of the
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28 Bielanski and Haber

FIGURE 1.16 Spinel structure. (After [16].)
parameter η found experimentally in different spinels are given in Table 1.6 [33].Calculation of the lattice energy of a spinel formed only by main group metal ions, e.g., MgAl2O4, indicates that normal distribution of cations is most stable. When, however, the spinel is composed of transition metal cations, the ligand field stabilization energy must be taken into account in the assessment of the stability of different dis­tributions [33]. The greatest tendency to occupy the octahedral position is shown by Cr^+ and Mn^+ ions. Accordingly, all chromites and manganites except NiMn2O4 are normal spinels. Conversely, the Fe^+ ion is not at all stabilized in the ligand field, similar to the Zn2+ ion. Thus, zinc ferrite is a normal spinel because only the lattice energy determines the distribution, whereas ferrites of Cu2+, Ni2+, Co2+, and Fe2+ are inversed because the high ligand field stabilization energy of these ions in octahedral coordination is the decisive factor, Fe^+ ions being displaced to tetrahedral positions.There are many ways that defects can form in a spinel struc­ture [34]. The most commonly encountered are vacancies in the ca­tion sublattices, both tetrahedral and octahedral. On the other hand, the spinel structure is fairly empty because only one-eighth of the tetrahedral and one-half of the octahedral sites are occupied. Thus solubility of the component oxides in the spinel phase is ob­served, resulting in the appearance of excess cations in the inter­stitial tetrahedral and octahedral sites. The given cations in the spinel structure can be substituted by many other cations. In this
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Molecular Oxygen and Oxygen Compounds 29TABLE 1.6 Distribution of Cations in Octahedral Positions in the Spinel Lattice (Values of Parameter η)Cation Mg2+ M∩2÷ Fe2+ Co2+ Ni2+ Cu2+ Zn2+Al3+ O O O O 0,76 OCr3+ O O O O O 0,1 OFe3+ 0,9 0,2 1 1 1 1 OMn3+ O O 1 O OCo3+ O OSource: Ref. 33.
way multicomponent systems can be obtained, with their properties purposefully regulated by proper selection of the component cations and appropriate adjustment of their composition. This also opens up possibilities for studying various factors influencing the catalytic activity of oxide systems.The second structure which will be described here is that of perovskite. It is adopted by compounds in which one of the metal ions is of a size similar to that of an oxygen ion. In the case of a binary compound composed of A and O ions with гд/гд - 1, such a close-packed arrangement of these ions in which the positive ions A are not in contact with each other is possible only at an O/A ratio of at least 3:1, i.e., for compounds of the composition AO3. The ions may be arranged in two ways, as illustrated in Fig. 1.17 in which single layers of these arrangements are shown. The crystal structures are formed by superimposition of such layers, with ions A having dodecahedral coordination. When metal ions A are mono- or divalent, the excess negative charge must be compensated by a second type of cation, characterized by a small radius and occupy­ing the interstices, in the close-packed structure. Complex oxides, halides, and so forth are formed in this way. By superimposition of layers, as shown in Fig. 1.17, and distribution of cations in octahedral holes, a perovskite structure of the composition ABO3 is formed (Fig. 1.18). This requires that B be a cation with a preference for octahedral coordination. For stoichiometric ABO3 compounds there are many combinations of Aa+ and B^+ that satisfy the electroneutrality condition a + b = 6, and this structure is adopted by many complex oxides of groups IV, V, and VI transition metal ions with alkali or alkali earth metal cations, e.g., BaTiO3, KNbO3, PbTiO3, SrZrO3, LaMnO3, LaCrO3, KTaO3, BaHfO3, etc. It is interesting to note that the perovskite structure is closely re­lated to that of ReO3.
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FIGURE 1.17 Close-packed layers of ions A and O with the sameradius in the structure of AO3 compound.
The possible combinations of A and B ions are restricted by geometric and coordination requirements [35].Both ions A and B can be substituted by other ions to form the full variety of solid solutions. Ordering of the solute ions may also take place, resulting in the formation of definite compounds.The perovskite phases are usually nonstoichiometric due to the presence of vacancies in the sublattice of cations A as well as vacan­cies in the oxygen sublattice. This is manifested by the existence of, for example, tungsten bronzes NaxWO3 with a very broad range of the variation of x. When the number of A is much smaller than that of B, the A ions may either be distributed randomly in the dodecahedral sites as it is the case in tungsten bronzes, or form an ordered superstructure, as in La2∕3TiO3. Nonstoichiometry result­ing from the presence of oxygen vacancies also occurs frequently in the perovskite phases [35].

FIGURE 1.18 Perovskite structure. (After [16].)
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Molecular Oxygen and Oxygen Compounds 31Of particular importance for the use of perovskites as catalysts is the ability of these structures to stabilize the noble metals. Com­pounds of Pt, Ir, Is, Re, Rh, and Ra may exist in the perovskite structure, with the noble metal atoms occupying the B sites.b. Oxy Salts: The stereochemistry of simple oxy ions is shown in Table 1.7. Many of these ions form complex oxy ions by linking through vertices (oxygen atoms), edges, or faces. These complex ions may be symmetric, i.e., every XOn group may share the same number of O atoms with similar groups, or asymmetric as in S3O∣0 ions, in which the central tetrahedron shares two vertices and tne terminal tetrahedra only one. In the case of compounds with octa­hedral coordination, the XOg groups are never linked into complex oxy ions only through vertices or only through edges, but always share vertices and edges. Still more combinations are possible in the case of structures which are composed of two types of oxy ions, e.g., tetrahedral XO4 and octahedral XOg groups, as in the (Mo2Oγ-)n poly ion.The usually observed coordination numbers in oxy compounds of some elements are summarized in Table 1.8, in which the dotted line separates the regions of different coordination numbers. The ele­ments in circles—B, Si, Mo, W and Te-are those for which the oxygen coordination number is equal to the number of valency elec­trons in the atom and which show a very strong tendency to form complex polyions. However, many complex phosphates, vanadates, and chromates are also known.As an example of the complexity of the oxide chemistry of some elements, we shall discuss the structures of molybdates in more de­tail. The extensive oxygen chemistry of molybdenum may be partial­ly explained by the fact that molybdenum in oxy compounds readily assumes both tetrahedral and octahedral coordination, which pro­vides an almost infinite number of possible combinations of the spa­tial arrangement of these coordination polyhedra.Anhydrous ortho-molybdates contain isolated MoO4” tetrahedral ions arranged to form the structure of phenacite (Li2MoO4), spinel (Na2MoOg), or scheelite (PbMoO4). In appropriate conditions di- and trimolybdates are formed. Dimolybdates contain chain polyion (Mo2O7)∩n"^, composed of MoOg Octahedra and MoO4 tetrahedra linked through vertices. When the condensation of MoOg octahedra proceeds further, hepta- and octa-molybdates may be obtained, con­taining Mo7Oθ4 amd MogO^g ions, built of edge-linked octahedra is shown in Fig. 1.19.The MoOg octahedra may also form a compact grouping around a central atom of some other element. Such compounds are called heteropoly oxy salts. They may be divided into two classes ac­cording to whether the central atom is surrounded by four (tetra­hedral) or six (octahedral) oxygen atoms. As an example, Fig. 1.20
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32 Bielanski and HaberTABLE 1.7 Shapes of Oxy IonsConfiguration AnionsNonlinear C1O2Planar CO^^ N05Pyramidal so∣^ c105BrO3105Tetrahedral SiO^^ PO^^ Sθ2' СЮ4AsO∣- IO5VO^^ MoO4^ MnO4Octahedral Teθθ^ IO∣^
shows the structure of the molybdophosphate anion. The central P atom is located at the center of a PO4 tetrahedron, which shares oxygen atoms with four groups of three edge-sharing MoOg octahe- dra. Such complexes, called Keggin units, are stacked together with the appropriate number of protons (heteropoly oxy acids) or cations (heteropoly oxy salts) into an ionic lattice. Figure 1.21 il­lustrates the structure of the molybdotellurate anion as a represen­tative of compounds in which the central atom (Te) is octahedrally surrounded by MoOg Octahedra sharing edges.

FIGURE 1.19 Structure of (a) heptamolybdate ion Mo7O24, and (b) octamolybdate ion MogO^g.
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33Molecular Oxygen and Oxygen CompoundsTABLE 1.8 Coordination Numbers in Oxy Compounds

FIGURE 1.20 Keggin unit of molybdophosphates.
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34 Bielanski and Haber

FIGURE 1.21 Structure of TeMoθOθ4 anion.
C. Bonding of Oxygen in Transition Metal ComplexesMolecular oxygen may be activated in different ways. Figure 1.22 shows the potential energy curves of the oxygen molecule in the ground and excited states, with the corresponding equilibrium 0-0 bond length also given [36]. Thermal excitation of the molecule in its vibrational modes may result in vibronic transition into the first electronically excited state, in which electrons on the antibonding rg2p orbitals become paired and localized on one of these two orbitals. This is the ⅛g singlet state, which is 22.64 kcal.mol“1 above the ground state. Thus, the transition ^∑' ÷ ⅛g requires a consider­able activation energy. However, oxygen may also be activated chemically, by bonding it to an appropriate center which may be the transition metal atom in the coordination complex or at the sur­face of a solid, e.g., transition metal oxide. Usually the oxygen molecule in the interaction with a metal atom center behaves as an electron acceptor. The character of bonding and hence the proper­ties and reactivity of the oxygen molecule depend on the energy, spacial orientation, and occupancy of the metal d orbitals as well as on the type of surrounding ligands. Complexes with oxygen are formed by compounds of transition metals in lower oxidation states, which have the ability to donate electrons strong enough to effectu­ate the charge transfer to the oxygen molecule, but not so strong as to cause the rupture of the 0—0 bond [37,38].
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FIGURE 1.22 Potential curves of the observed states of the O2molecule. (After [36].)
Metal complexes in low oxidation states can interact with dioxy­gen in successive steps in which electrons are transferred from the metal to dioxygen forming successively superoxo, μ-peroxo, peroxo, oxo, and μ-oxo complexes [39]. Thus, an important parameter which determines the mode of dioxygen binding is the electron-donating ability of the metal (the energy of the occupied d orbitals). Some transition metal complexes reduce dioxygen reversibly at ambient tem­peratures. Besides formation of peroxo complexes, dioxygen can also insert into M-H or M-R bonds to form hydroperoxide and alkylperoxo metal complexes, respectively. The latter are intermediates in the oxidation of hydrocarbons catalyzed by metal complexes [40].There are two ways of bonding the oxygen molecule to the transition metal atom: superoxo (terminal, open) with the Cs sym­metry and peroxo (side-on, chelate, closed) with the C2v symmetry, depending on the type of orbitals involved in bonding [41,42].
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(Ia) (∏a)The 0—0 bond order in superoxo complexes is 1.5, in peroxo complexes: 1.0. It is noteworthy that the coordinated O2 molecule shows an almost constant state in either class of compounds as indi­cated by the very narrow range of frequencies, in which the vq-o stretching vibrations of different complexes are contained (cf. Table 1.9), and by the remarkable fact that the dioxygen molecule co­valently bound in metal complexes resembles either of the two ionic species: superoxide ion or peroxide ion O2^.When a second atom becomes linked to the oxygen molecule, di- nuclear complexes [μ-superoxo (Ib) or μ-peroxo (IIb)] are formed:
M-O O-M

c2v

M-O O-M
cι(Ib1) (Ib2) (Ib3) (IIb1)

The frontier orbitals of the oxygen molecule in the ground state 3∑g are the doubly degenerate, singly occupied, antibonding πg2p orbitals. Usually such singly occupied orbitals have both electron acceptor and electron donor properties. When a transition metal atom has the appropriate energy and occupancy a peroxo complex is formed by a transfer of the electron from one of the antibonding ffg2p MO of dioxygen onto the empty d-АО of the metal atom, and simultaneous back donation of an electron from the occupied d-AO of the metal onto the singly occupied second πg2p antibonding MO of dioxygen. This is shown in Fig. 1.23, illustrating orbitals in­volved in bonding of dioxygen in different types of complexes. The resulting electron configuration of dioxygen is identical to that of the first excited singlet state of the oxygen molecule; formation of the peroxo complex is thus equivalent to the activation of oxygen from the triplet to the singlet state. Such peroxo complexes are diamagnetic and may be represented by the formula M...O2. On the other hand, when the transition metal atom is in the low oxida-
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∖>θ2, cm"1TABLE 1.9 Dioxygen Vibrational Frequencies in Metal Complexes
Type Metal No Range AverageIa Fe Co 9 1103-1195 1134Ib Co 5 1075-1122 IllOTotal, superoxocomplexes: 14 1075-1195 1125IIa Ti V Cr Co Ni 33 818-932 881Zr Nb Mo Ru Rh Pd 66 800-929 872Ta W Os Ir Pt U 75 807-911 850IIb Fe Co 7 790-844 807Total, peroxocomplexes: 181 790-932 860Source: Ref. 47.
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3dz2-I7fuα 3dxz TTg 3dyz-TfubFIGURE 1.23 The main metal 3d-dioxygen interactions: (a) bent structure; (b) side-on structure. (Adapted from [44].)
tion state and has no low-lying empty d-АО, showing a high elec­tron donor potential, only the d → π* transfer of electron takes place, resulting in the formation of the molecular ion . By deter­mining the structures of the iridium-oxygen complexes, Ibers [43] discovered that the 0—0 distance and the tendency to bind oxygen increases as the ancillary ligands become more electron donating. For example, in Cl-Ir(CO)L2O2 the 0—0 distance is 1.30 A, in the iodide analogue it is 1.51 A, and in the phosphine chelate Ir(Ar2P)4O2 it is 1.66 A. The valence frequency of the 0-0 bond is considerably lowered (800-900 cm“l) in comparison with the free molecule (1555 cm"^∙).In the superoxo complexes the axis of the oxygen molecule is inclined in respect to the metal-oxygen bond. This angle depends on the type of metal cation and amounts to 126o in the case of Co2÷, 120o in Fe^÷, and 102.5o in Rh^+ complexes, depending on the de­gree to which different orbitals are involved in the bonding. The scheme of energy levels of the Co-O2 complexes is shown in Fig. 1.24 [44]. It may be seen that, depending on the value of λ, the
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FIGURE 1.24 Simplified interaction diagram and the ground state configuration for the superoxo complex of cobalt. (Adapted from [44].)
electronic structure of the complex becomes Co^+...O2 (λ = 0) Co2÷,,,θ2 (λ = 1), or Co+...O2 (λ = ∞). The ab initio calculations have shown that the configuration (πg)2(ττg)l, corresponding to the Co+3... O2 case, is more stable than the others, but the difference is small and cannot be taken as an indication of the prevailing struc­ture. However, EPR studies revealed the electron spin density on the coordinated O2 to be close to 100%, thus confirming that the unpaired electron resides on the dioxygen moiety and the complex is properly represented as Co^+...O2 [45].Theoretically, the third possibility of bonding exists, resulting in the formation of a linear complex. Until now, however, such a configuration was never observed in dioxygen complexes, at variance with the dinitrogen complexes, for which the linear structure is most characteristic. In dioxygen complexes there is only one vacant ιτ-MO (in the singlet state) on which only one electron pair from metal d-АО may be localized, which excludes the possibility of a linear structure. However, the end-on peroxo complex Πb2 was postulated to explain the results of resonance Raman spectroscopic studies on oxyhemerythrin with 1 -labeled dioxygen which showed that the two oxygen atoms in the bound O2 molecule have different environments [46].
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2

Adsorbed Oxygen Species

I. OXYGEN SPECIES AT THE SURFACE OF OXIDESA. IntroductionFrom the point of view of thermodynamics, most of the other ele­ments and a great many chemical compounds including practically all organic substances are not stable with respect to oxygen. However, a small portion of them do react spontaneously at room or even slightly elevated temperatures. The high bond energy in O2 is one of the reasons that the activation energy of uncatalyzed oxidation reactions is high and at moderate temperatures catalyst must be used. One of the essential functions of the catalyst in oxidation reactions is the activation of oxygen. The way in which oxygen be­comes activated is a crucial problem in oxidation catalysis. Gener­ally speaking, oxygen activation is considered to occur by its ad­sorption and/or incorporation into the oxide crystal lattice, the sur­face atoms of which may also participate in the catalytic reaction. Therefore the study of the behavior and properties of oxygen ad­sorbed on the catalyst as well as surface oxygen atoms in oxides is essential for an understanding of the catalytic oxidation processes. In the present chapter these topics are discussed separately for the two main groups of oxidation catalysts: the oxides and the metals.Oxygen species adsorbed on the surface of oxides and their identification, occurrence, and reactivity were recently reviewed in two comprehensive papers by Che and Tench [1,2]. In this chap­ter only the main properties of surface oxygen species will be dis­cussed, especially those relevant to catalytic studies. Table 2.1
43
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44 Bielanski and HaberTABLE 2.1 Oxygen Surface Species1. Mononuclear surface oxygen species:O- ion(aggregates of O- species: dimer, trimer) Q_surface oxygen ion of low coordinationdoubly bonded surface oxygen atom2. Dioxygen surface species:reversibly bonded O2 moleculesO 2 ion∩2-υ2(O∣" ion)(O2 ion)3. Oxygen surface species containing more than two nuclei:O3 ion(O4 ion) 
presents the list of various surface oxygen species whose existence was proved or postulated in the literature. It also contains the species discussed in [1] and [2] as well as reversibly bonded molecular oxygen [3]. It is seen that most of the existing oxygen surface species are considered to be negatively charged, although the bond between the formally ionic species and the surface may exhibit a notable amount of covalency.No thermodynamic data are available concerning the energy of formation of surface oxygen species. Data concerning the formation of mono- and polynuclear species in the gas phase taken from [1] and [2] are given in Table 2.2. It is seen that the only negative oxygen species stable in the gas phase with respect to O2 is super­oxide ion C>2, which in fact is a commonly adsorbed oxygen species. In the gas phase the formation of ozonide ion O3 from ozone is ex- oenergetic, which indicates its relative stability in the adsorbed state. All other negative oxygen species are unstable in the gas phase. However, they may be stabilized by the Madelung potential in the bulk of solid oxides or as adsorbed species at their surface. The Madelung potential stabilizes 0%” ion in the bulk of oxide crys­tal lattices and, as it is generally assumed, also in their surface layer despite the fact that it is highly unstable in the gas phase.
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Adsorbed Oxygen Species 45TABLE 2.2 Enthalpies of the Formation of Mono- and Dioxygen Species in Gas PhaseProcess ∆H (kJ mol^1)O2 → 20 493.7O ÷ e" ÷ O" -441.3O^ + e^ → O2^ 752.7O + 2e^ -÷ O2^ 611.3O → O+ + e^ 1273.6O+ → O2+ + e^ 3389O2 ÷ e” ÷ O^ -42.47O2 ÷ e^ → O“ + O 347.4O2 + 2e" ÷ 20“ 211.0O2 + 2e^ ÷ O∣^ 646.4o2 + θ^ ÷ o∣ 688.9O2 ÷ o2 + e^ 1165.002 -÷ O + o^ 394.8O2 + e^ ÷ 20’ 253.5O∣^ → 20^ - 435.4O2 + 4e^ -÷ 2O2^ 1716a1⅜O2 → O3 142.3bO3 + e' ÷ Oj - 189.3O“ + O2 → Oβ - 144.4aCalculated using the data from note b and Ref. 2.bE. A. V. Ebsworth, J. A. Connor, and J. J. Turner, in Compre­hensive Inorganic Chemistry, Vol. 2, (C. Bailar, H. J. Emeleus, R. Nyholm, and A. F. Trottman-Dickenson, eds.), Pergamon Press, Oxford, p. 786.Source: Data from Ref. 2.
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46 Bielanski and HaberIt is considered by many authors [3] that “ as adsorbed species would also be unstable and the sorption of oxygen resulting in the formation of " ions is considered to be equivalent to the incorpor­ation of oxygen into the oxide lattice. The data in Table 2.2 sug­gest also the possibility of transformation of O%^ ions in the surface layer of the oxides into O" ones as being energetically favorable.It was suggested that the incorporation of oxygen into the ox­ide layer may occur stepwise [1,3] according to the following scheme:
02(g) ∙'⅛,tlsi-----------------θ(ads)

u2(ads) θ( lattice)
in which a direct transformation of θ2(ads) ^nto θ(ads) seems to be

o_more probable than that through the Oreads) intermediate, the formation of which is energetically less favorable.With the exception of O∣" and O%^, all other negative oxygen species—mono- as well as polynuclear—are paramagnetic and may be investigated using the EPR method, which in fact has become the most important tool for studying their properties.Although the compounds containing positively charged dioxygen O2 ions are known, no possibility of formation of such adsorbed spe­cies is taken into account because the oxidation of neutral dioxygen occurs only in the presence of the strongest oxidation agents.
B. Mononuclear Surface Oxygen Species1. O’ Absorbed SpeciesAn O’ anion radical, either on the surface or in the bulk of the ox­ide crystal lattice, is identified on the basis of its EPR spectra and in particular by the determination of g and hyperfine (hf) tensors. The theory of EPR spectra of 0’ was given in [4-6] and in a some­what simplified form in [ 7 ]. In orthorhombic symmetry the degen­eration of all three 2p orbitals of oxygen is suppressed, as is sche­matically shown in Fig. 2.1, and according to the latter authors the g components of EPR spectrum are given by 

⅞zz ⅛ ⅜cx ⅛ + ∆E^ 2λδ-2where ge = 2.0023 is the Lande g factor for free electron, λ = the spin-orbit coupling constant, and the meaning of Ej and E2 is given by Fig. 2.1.
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FIGURE 2.1 Energy levels diagram for O" ion: (a) free ion, (b) in an axial crystal field, and (c) in an orthorhombic crystal field [1].
In the case of axial symmetry only the degeneration of the pz orbital parallel to the symmetry axis and perpendicular to the sur­face is abolished while the energy of px and Py orbitals remains the same. The EPR signal in this case is a doublet with

∙. 2λ
Sn = Szz ≡ Se and Si = ⅛ = Syy = ⅛ + -КЁThe signals of adsorbed O" species most frequently observed correspond to axial symmetry and as such were observed, for ex­ample, on prereduced V2O5∕SiO2 and MoO3∕SiO2 catalysts after dis­sociative adsorption of N2O [8]. Table 2.3 presents the data con­cerning gιι values of O" species adsorbed on powders taken from the review by Che and Tench [1]. Important additional information can be obtained from the measurements of EPR signals exhibiting hyperfine structure due to the presence of paramagnetic nuclei either in the adsorbed O“ species itself or in the surface atom on which oxygen is adsorbed. In the former case the adsorbed spe­cies is the I7O isotope of oxygen, the nucleus of which exhibits nuclear spin I = 5/2 and the signal is composed of six lines (num­ber of lines (2nl + 1) where n is the number of paramagnetic nu­clei interacting with unpaired electrons). From the hyperfine tensor spin density on O“ principally may be calculated. However, in the case of O-∕MgO [9] the obtained value depended on the cal­culation method. When a one-electron wave function was used the values 0.83—0.92 were obtained. The application of a many-elec- tron wave function led to the value of 1.01. When investigating l7O^ adsorbed on MoO3∕SiO2, Ben Taarit and Lunsford [10] showed that 93% of the spin density was localized on the oxygen nucleus of O" species and they therefore concluded that 7% of spin density is
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48 Bielanski and HaberTABLE 2.3 gi Values of O" Oxygen Species Adsorbed on Different Oxides and Chlorides g1 valuesAdsorbate (axial symmetry)KCl 2.258NaCl 2.0806NaOH + ice 2.070MgO 2.0385CaO 2.0697SrO 2.0705A⅛o3 w03∕si02 V2O5∕S1O2 MOO3∕sio2 A1203∕si02 As2o5∕sio2

2.0332.0262.0262.0192.0122.0055
Source: Data from Ref. 1.
localized on the molybdenum nucleus. The application of ^7O to the study of adsorbed oxygen species was amply discussed in [11].Conclusions concerning the delocalization of electrons from 0“ adsorbed species may also be taken from the registration of EPR signals exhibiting hyperfine structure due to the interactions with paramagnetic nuclei of the cations on which O" species are local­ized. The EPR splitting in this case is called by Che and Tench [1] Superhyperfine splitting. Kolosov et al. [12] investigated the ad­sorption of oxygen on θ^MoO3 (95% of θ^Mo isotope) and observed an EPR signal of O" species obtained by the dissociative adsorption of N2O shown in Fig. 2.2. It is seen that both components g1 and g∣∣ were split into six lines corresponding to the nuclear spin of ^Mo equal to 5/2. According to the calculations carried out in this investigation, 1.9% of spin density is localized on molybdenum and 98.1% on O’ species.Another interesting feature of the EPR signals of adsorbed O" is the value of the gi tensor. It is seen from Table 2.3 that while the g∣∣ value is contained within very narrow limits, the gi value
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Adsorbed Oxygen Species 49

FIGURE 2.2 EPR signal of O" species in θ^MoO3 [12].
does distinctly change with the oxidation number of the cation on which the O’ species is adsorbed. It is highest in the case of uni­valent cations and decreases with increasing cation charge.Although the EPR is the most important method for detecting and identifying O" adsorbed species, there exist some cases in which the formation of such species is postulated on the basis of strictly chemical experiments despite the fact that their existence was not confirmed by EPR measurement. Bielanski and Najbar [13] proposed a chemical method of the determination of the mean num­ber of elementary electric charges acquired per oxygen atom ad­sorbed on the surface of such oxides as NiO, CoO, and MnO. It consists of the determination of the volume of oxygen gas adsorbed on a high-surface-area sample of strictly stoichiometric oxide and the subsequent analytical determination (Bunsen-Rupp iodometric method) of the number of metal ions promoted to a higher oxidation state as the result of electron transfer from the adsorbent to the adsorbate. In the course of all experiments the sample is never exposed to air. Using this method it has been shown that, in the case of high-surface-area nickel oxide at room temperature, oxygen is adsorbed predominantly (about 90%) irreversibly. In the irre­versible adsorption one electron was transferred per adsorbed O atom, which corresponds to the chemisorption in the form of 0“ species or, less probably, from thermodynamic factors in the form of O2~ ion. At 150oC no reversible adsorption was observed and the number of transferred electrons increased with the time of con­tact from 1.0 elementary charge per O atom after 10 min to 1.52 after 2 hrs which indicated the gradual transformation of O’ into C)2“ ion, i.e., the incorporation of adsorbed oxygen into the crystal 
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50 Bielanski and Haberlattice of NiO. It should here be observed that according to our knowledge no detection of EPR signals of O- on NiO was reported. This may be due either to dipolar interactions between paramagnetic 0“ species or—as already said—to the less probable formation of diamagnetic O∣" ions. Praliaud et al. [14], when applying a similar method consisting of dissolution of the sample in a redox system (Fe2÷∕Fe3+), showed the presence of oxidizing species in the sample of MgO which had been thermally activated. The results could be due to the presence of O" species in the bulk or at the surface. It was also supposed [1] that the effect could be due to coordina- tively unsaturated ^ ions. This alternative seems to be less ac­ceptable as the species principally does not exhibit oxidizing properties.The O" adsorbed species may be obtained at the surface of ox­ides either by adsorption of oxygen under the proper conditions as already mentioned or by the dissociative chemisorption of N2O. The O" species may also be generated by irradiation of oxides and even by their thermal activation. In the course of chemisorption of oxygen, in most cases O- and Og ions are being formed simul­taneously. The results obtained by Shvets and Kazansky [8] can be cited as an example. When adsorbing at —196°C oxygen on pre­reduced V2O5∕SiO2 sample they observed a complex EPR signal with well-resolved Superhyperfine structure from 51 v nuclei (I = 7/2), which was identified as the signal of Og species. On heating this sample with adsorbed oxygen to —78°C or higher, the intensity of this signal decreased and a new signal which could be attributed to O" appeared. When O2 was adsorbed at temperatures as high as 350oC for 2—3 min the only signal which was registered was that of O^ ion. This experiment shows a high thermal stability of O“ spe­cies adsorbed on silica-supported vanadium oxide in which V atoms occupy tetrahedral positions. On the other hand, on prereduced TiO2∕SiO2 sample the signal of 0’ ion could be obtained only at the liquid nitrogen temperature and it vanished by —78oC. Its trans­formation into q2“ and Og was rapid.The generation of surface 0^ ions by dissociative chemisorption of N2O was applied by many authors:
NoOz ч + e -÷ O z , λ + Nθz λ 2 (g) (ads) 2(g)In this way Kolosov et al. [12] produced O" on prereduced ^⅛[oO3∣ SiO2 at IOOoC. The EPR signals exhibited ultrafine structure due to the magnetic moment of molybdenum 95 nuclei (I = 5/2). The g tensor values were g1 = 2.021 and g∣∣ = 2.006.A number of papers also described the formation of O" ions by γ or UV irradiation of the oxides and especially of MgO. Such 
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Adsorbed Oxygen Species 51methods, although very important for solid state physics, are of lesser interest from the point of view of catalytic research.High reactivity of the adsorbed O" species was reported in the literature. It reacted with hydrogen at temperatures as low as 77 K in the case of O" on previously irradiated MgO. The same reac­tion was observed on silica-supported Ti, Mo, W, and V oxides and the reactivity followed the pattern V > Mo > W [ 8 ]. The latter authors also observed at 77 K the formation of O3 ions from O“ species ad­sorbed on V2O5∕SiO2 and O2 molecules from gas phase. With CO and CO2 the O“ species gives the CO^ and CO3 ion radicals [15-17], the plausible intermediates in the catalytic oxidation on transition metal oxides. The reactions of O" species with hydrocarbons were studied in [15] and [18].From the above considerations it is clear that the existence of O“ adsorbed species on the oxide surfaces is well established. It is highly reactive even at fairly low temperatures and, despite the fact that in the case of V2O5∕SiO2 catalyst it could be detected after heating the sample to 300oC, it is generally not very stable. In an overwhelming majority the conditions under which the properties of O” were investigated are much different from those typical for the catalytic oxidation processes, i.e., the conditions under which the EPR measurement, because of high temperature and experimental dif­ficulties, cannot be carried out and the identification of transient radicals is very difficult. However, it should be said that the O" ion is a plausible participant in such catalytic processes and must be taken seriously into account as one of the forms in which oxygen gets activated. The role which O^ species may play in oxidation catalysis was discussed by Kazansky [19], according to whom O” may participate as an intermediate in the reduction as well as re­oxidation of oxide catalyst surface and also may participate directly in reaction with other reagent molecules. In this consideration he refers to the fact that the reduction of V2O5 and TiO2 catalysts is very much faster if the catalyst is illuminated with the light quanta enabling charge transfer from O^" to V^+. The generation of a positive hole on the oxide ion, then, is equivalent to the formation of an O" ion. The mechanism of such photoreduction of an oxide in the presence of CO can therefore be the sequence of the following two reactions:M- + O2' hv- Mt--^1) + o'M-+ + o' + CO ------— CO2 + ^1) + □
Neither is the formation of CO^ anion as an intermediate excluded. A similar scheme with transient O“ species and the formation of a 
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52 Bielanski and Habersurface anion vacancy may also be proposed for photoreduction with hydrogen:M-+ + O2^ —+ o^O’ + Ho ------ «- OH’ + H ,2 adsH j + O2^ + M-+ ------- — OH’ +ads
- 2-2OH ------- -- Oz + H2O + □

Kazansky argues that the same mechanism can also operate at suffi­ciently high temperatures without illumination. The charge transfer process is then thermally activated.The appearance, perhaps momentary, of an O" intermediate is also very probable in the course of reoxidation of reduced oxide catalyst, which may be represented by the equation:
- 2-O2 + 2 □ + 4e ------- - 2Oz

There is very little chance for this process to occur in just one stage. As was already stated, more often the O^ species usually formed on the prereduced oxides subsequently turns into O^ and this, finally, into 0^^ ion. The process will be favored by the presence of surface oxygen vacancies:
O2 + θ + α θ2( surface)0Of Γ ∖ + e + O = 20, p λ2 (surface) (surface)- - 2-2θ(surface) + - ^^ζsupface)If the reoxidation is fast, the concentration of both O^ and O" species at the surface is low and the oxidation of a reducing gas mixed with oxygen can be effectuated mainly by reducing the catalyst. On the other hand, if reoxidation is slow, the concentra­tion of oxygen radicals is relatively high and the direct reaction be­tween O" and, say, an organic molecule becomes the main path of the reaction. The problem of both mechanisms of catalytic oxida­tion will be discussed more fully in Chapter 3.
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Adsorbed Oxygen Species 532. Surface O%~ Ions of Low CoordinationChe and Tench in their review [1] emphasize the often neglected role which may be played in catalytic processes by surface oxygen ions O2 “ exhibiting lower coordination than in the bulk of oxide crystals. Oxide ion O2- is fairly unstable in the gas phase because of its high positive enthalpy of formation amounting to 858 kJ moΓ^- of O2^ ions. The O2" ion in the bulk of oxide lattice is stabilized by the largely coulombic interactions with neighboring ions. It is obvious that the stabilizing Madelung potential is weaker at the sur­face than in the bulk owing to the decreased coordination number which, for example, in NaCl-type crystal decreases from 6 in the bulk to 5 at (100), 4 at (110), and 3 at (111) crystal face. The sites of diminished coordination exist also at the edges and corners of the crystals and other sites which can be geometrically dis­tinguished, as electron microphotographs show that the surface of a real crystal is never ideally flat but contains imperfections: steps, pits, etc. , in which atoms of low coordination may exist. Such a situation is schematically represented in Fig. 2.3, which was taken from the review by Che and Tench [1]. Following these authors we shall determine the low coordination oxide ions by the symbol . In particular cases the coordination number will be substituted for L (O∣q, an oxide ion in fivefold coordination). The lower the coordination of an surface O2" ion, the lesser is its stability. The decrease of stability with decreasing coordination number will be manifested by (1) the decreasing energy of bonding the O2~ surface ion and (2) the increasing tendency to give off an electron and to turn into O’ species or to became the donor of an electron pair in the presence of an electrophilic molecule or ion.Strong support for such a model is coming from the investigation of heterophase isotopic exchange of oxygen, which will be discussed in Chapter 3. Such investigations show that oxygen in the surface layer of numerous transition metal oxides is heterogeneous with re­spect to the isotopic exchange, which also indicates the heterogene­ity of its bonding.The electron donor properties of oxides have been the object of increasing interest in recent years. Nitrobenzene (NB) and such related compounds as di- and trinitrobenzene, along with some other substances such as tetracyanoethylene (TCNE), which exhibit high electron affinity when adsorbed on the oxide surface may acquire electrons and convert into negatively charged radicals, the presence of which can be detected by EPR measurement. It is considered that in the case of MgO the role of surface donor centers is mainly played by surface OH- and ions. Che et al. [20] adsorbed TCNE from benzene solution on MgO activated within the temperature range 150—800oC and, depending on the calcination temperature,
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54 Bielanski and Haber

FIGURE 2.3 Representation of a surface (100) plane of MgO show­ing imperfections which provide sites for ions of low coordination [1].
observed two maxima of TCNE signal intensity—at about 200 and 700oC. Thermogravimetric and IR investigation indicated that the first maximum is connected to the presence of surface OH groups. It decreased parallel to a decrease in OH group concentration. After calcination at about 600oC new donor centers began to operate which, following the earlier suggestion of Tench and Nelson [21], were attributed to the low coordination surface O^" ions. At still higher temperatures sintering of MgO crystallites and a decrease in the amount of occurred. Heterogeneity of surface oxygen in MgO was also confirmed in [23].Very similar results were obtained by Flockhart [22] in the case of adsorption of TCNE on alumina. Maxima of TCNE adsorption ap­peared in the case of samples calcined at 200 and 800oC, and the interpretation is essentially the same as in the case of MgO.Kibblewhite and Tench [24] investigated the properties of sur­face oxygen ions by heating MgO samples with adsorbed halogens at 300oC. Under these conditions chlorine evolved an amount of oxy­gen corresponding to 20% of surface O^" ions with the parallel formation of an equivalent amount of CΓ ion. Bromine substituted 10% and iodine only 1% of surface oxygen atoms. These results were compared with the enthalpies of formation of MgO (—143 kcal mol"l) and halides (MgC⅛ —153 kcal moΓ^, MgBr2 —125 kcal mol"l, and Mg⅛ —87 kcal mol^l). The results again indicate the heterogeneity 
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Adsorbed Oxygen Species 55of surface oxygen atoms. The highest is the number of oxygen atoms liberated by chlorine, the strongest electron acceptor, but with decreasing acceptor power the amount of liberated oxygen de­creases. A very likely interpretation of these results is that iodine can only react with O^" ions in the lowest coordination, perhaps O∣q, bromine with 0∣q and O4Q, and chlorine with a still wider range of oxygen ions.Surface O%~ ions containing oxygen in its lowest oxidation state in contrast to O“ and species cannot exhibit oxidizing properties. However, they can play an important role in the mechanism of catalytic oxidation processes because of the fact that they are Lewis and also Bronsted basic sites. Mamoru Ai [25], when discussing the correlation between the acid-base properties of oxide catalysts, shows that both acidic and basic centers may be involved at dif­ferent stages of the process. Metal atoms in a high state of oxida­tion, such as Mo(VI) in molybdates of V(V) in V2O5 and vanadates, are Lewis acid centers, electron pair acceptors, and can adsorb electrophilic molecules such as olefins. The surface O%^ ions may, on the other hand, fulfill two different functions connected with their basic properties, namely, to accept protons splitted by ad­sorbed hydrocarbon molecules and to act as nucleophilic ligands entering the molecules of the reagent which were turned at the acid sites into nucleophilic intermediates. A detailed model of this kind of process was described by Haber and Grzybowska [ 26 ].3. Doubly Bonded Surface Atoms M=OAs already stated, the largely covalent oxides containing transition metals in their highest oxidation state can contain in their struc­tures O atoms bonded in two different ways. They form either two covalent bonds with two neighboring metal atoms in the chains —M—O—M— or double σ-π bonds with only one metal atom. In the former case each oxygen atom is common for at least two coordina­tion polyhedra MOn, in the latter they occupy the position of termin­al atoms in polyheclra. Such singly coordinated O atoms, when present at the surface, e.g., (OlO) face in V2O5 crystal, differ from the low-coordinated o£q oxygen atoms described in the previ­ous section mostly in the sense that the metal-oxygen bond is only weakly polarized. The M=O bond, being stronger than M-O in M—0—M, exhibits stretching vibrations at a higher frequency and is characterized by an IR band between 900 and IlOO cm"l, while the vibrations of M—O—M chains are usually connected with several overlapping bands between 600 and 900 cm~l [27].Trifiro and Pasquon [28,29], when investigating the catalytic oxidation of CO, ammonia, propene, and methanol, stated that oxide catalysts used by them or investigated by them could be grouped into 
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56 Bielanski and Habertwo classes. Class 1 comprised the oxides: NiO, Co3O4, Cuq, Cr2O3, Mr1O2, Fe2O3, SnO-Sb2O3, and CdMoO4, which were active in the oxidation of CO, in homomolecular isotopic oxygen exchange, oxi­dized methanol and propene to CO2 and ammonia to N2O. Class 2 com­prised V2O5, MoO3, as well as the molybdates of Fe, Bi, Co, Ni, and Mn, which were not active or only weakly active in the oxidation of carbon monoxide and in homomolecular isotopic oxygen exchange, but selectively oxidized propylene to acroleine and methanol (with the ex­ception of V2O5) to CH2O. Ammonia was oxidized to N2. Both classes differed also by the fact that class 1 catalysts did not possess a metal-oxygen bond of double-bond character, while all class 2 catalysts exhibited the presence of such a bond, according to IR investigations. Basing on this observation, Trifiro and Pas- quon concluded that the metal-oxygen double bond, in the particu­lar case of molybdates a Mo=O bond, plays an essential role in the selective oxidation of hydrocarbons. They suggested that an H atom abstracted from an adsorbed hydrocarbon molecule may add to the metal-oxygen double bond. The opening of the double bond leaves a free valence on the metal which may be used in a bond with the dehydrogenated molecule. In the case of the oxidation of propylene after a possible adsorption as a π-olefin complex this free valence can be used to give an allyl complex.Analogous results were obtained by Akimoto and Echigoya [30] who investigated the oxidation of butadiene on a series of titania (anatase) catalysts modified by different oxides, and stated that only the catalyst containing as additives the oxides exhibiting doubly bonded oxygen (As2O3, Ta2O5, P2θ5> WO3, and MoO3) produced certain amounts of maleic anhydride, the catalyst MoO3-TiO2 being much more selective than the other. The modification of anatase with the oxides which do not possess doubly bonded oxygen in their structure only converted butadiene to carbon mono- and dioxides. The same authors [31], when investigating oxidation of furan to maleic anhydride on modified molybdena and titania catalysts, con­cluded that in the former case the active species of oxygen was Moθ+=O and in the latter anion radical. They also suggested [32] that the Mo=O bond may behave like radical oxygen, its radical character increasing especially as the result of electron transfer to a nonbonding atomic orbital of Moθ+, and that its reactivity is strongly affected by the electronegativity or acid-base properties of molybdenum ions as modified by the additives with oxides, VA group elements, or alkali metals. The characteristic reactivity of double-bond oxygen participating in allylic oxidations as selective oxidation species is attributed by these authors to the special na­ture of oxygen in Mo=O.The importance of the metal-oxygen double bond in selective ox­idation was also recognized by Weiss et al. [33], who formulated 
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Adsorbed Oxygen Species 57their argument based on their knowledge of the general rules governing the mechanisms of organic reactions. It may be said that most authors accept the special role of Mo=O in selective oxidation processes on molybdena and molybdates [34]. However, the pres­ence of Mo=O bond in molybdates does not seem to be necessary in all cases. Brazdil and Graselli [35] investigated ammoxidation of propylene to acrylonitrile on Bi2-χCex(MoO4)3 catalysts and found similar maxima of activity and selectivity occurring in the two single-phase regions, where there is a maximum of solubility of Ce2(MoO4)3 in Bi2(MoO4)3 phase (x ≈ 0.2) and a maximum of solu­bility of Bi2(MoO4)3 in Ce2(MoO4)3 phase (x≈ 1). However, only in the Bi2(MoO4)3 phase was the doubly bonded oxygen Mo=O present.Also in the case of V2O5-based catalysts the role of doubly bonded oxygen in V=O (stretching frequency 1025 cm^l) is not un­equivocal. Tarama et al. [36] postulated that the V=O bond strength is a controlling factor for the catalytic activity of V2O5 and V2O5-MoO3 catalysts in the reaction of benzene oxidation to maleic anhydride. However, it has been shown that in this case stoichiometric oxides are catalytically nonactive and appreciable re­duction (about 100% v5÷ reduced to V4+) is necessary to make them active and selective [37]. This results in the formation of new phases, VβO∣3 and V2O4 in the case of V2O5 catalyst and disap­pearance of the 1025 cm“l band in their IR spectrum [38]. Full discussion of the present state of the controversy concerning the role of doubly bonded oxygen in Vanadia-Containing catalysts for benzene oxidation will be given in Chapter 8. Here it should be mentioned that Andersson when investigating 3-picoline ammoxida­tion [39] on V2O5-TiO2 catalysts suggested that the presence of V4+=0 centers favors this reaction.Generally speaking, the existence of doubly bonded oxygen at the surface of some oxides is well documented by IR investigations [2] and there are suggestions that in particular cases, especially in that of MoO3 and numerous molybdates, it may play an essential role in selective catalytic oxidation. However, some published re­sults seem ambiguous and there is a distinct lack of theoretical in­vestigation concerning this problem.
C. Dioxygen Adsorbed Species1. Neutral Adsorbed O2 SpeciesAt low temperatures oxygen is physisorbed on the surface of solids in the form of neutral triplet molecules. However, this kind of adsorption is not interesting from the point of view of catalytic pro­cesses and will not be discussed here. On the other hand, in some 
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58 Bielanski and Habercases reversible adsorption of oxygen at around room temperature was observed which does not exhibit properties typical of physisorp­tion. This phenomenon was extensively studied in an O2-NiO sys­tem. It was shown by several authors [40-42] that at room tempera­ture the fast initial adsorption of oxygen on high-surface-area NiO is followed by a slow one, the former being irreversible and accom­panied by a distinct increase in the electrical conductivity, and the latter being reversible and not influencing electrical conductivity. It has therefore been concluded that irreversible adsorption is con­nected with the formation of negatively charged oxygen species which were later shown to be O” [13] and reversible adsorption is the adsorption of neutral O2 molecules. Kuchynka and Klier [41], who investigated reversible adsorption within the temperature range —78 to 150oC and called it molecular adsorption, stated that it was a selective process as its extent markedly diminished when oxygen was preadsorbed irreversibly at 100oC. The authors concluded, therefore, that the adsorption forces are not of the type considered in the physical adsorption that is usually little dependent on the character of the adsorbent. This conclusion was supported by the fact that nitrogen was not adsorbed under the same conditions, al­though the interactions employed in physical adsorption should be the same for both nitrogen and oxygen because of the similar polar­izability and dimensions of the two molecules. Considering all these facts Kuchynka and Klier characterized the observed molecular adsorption of oxygen on NiO as a weak chemical interaction of oxy­gen with Ni^÷ ions. The heat of molecular oxygen adsorption was estimated by these authors as 7 kcal mol'l in accordance with direct calorimetric measurements [43]. No theoretical interpretation of this kind of oxygen adsorption on NiO has been given. However, it should be observed that Boca [44] in his molecular orbital study of dioxygen ligand in cyanate, chloride, and ammonia complexes of transition metals indicated the possibility of bonding O2 molecule by the intermediation of its πg antibonding orbital without acquiring a negative charge.As already stated, oxygen reversibly adsorbed is the precursor of O" adsorbed species [13]. This, however, does not exclude the possibility that such transformation is going by the intermediation of C>2 species which would turn rapidly into O".Adsorption of oxygen in the form desorbable at temperatures be­low 100oC was observed by TPD method on some other oxides as well (MnO2 desorption peak at 50oC, Fe2O3 55oC, Co3O4 30oC, NiO 35oC, Al2O3 65oC) [45]. However, no interpretation of such results was given. It can be suggested that we deal here with an analogous phenomenon as in the case of NiO.
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Adsorbed Oxygen Species 592. O2 Adsorbed Anion RadicalThe data in Table 2.2 show that the anion radical is thermody­namically the most stable oxygen-negative species which can exist in the gas phase. In the solid state it is present in superoxides of alkali metals and has been frequently identified as one of the forms in which oxygen may be adsorbed on the surface of oxides and metals. The properties of adsorbed species were comprehensive­ly presented and discussed in a review by Che and Tench [2].Owing to its paramagnetic properties resulting from the presence of one unpaired electron on an antibonding πg orbital:(σgls)2(σuls)2(σg2s)2(σu2s)2(σg2p)2(1ru2p)4(πg2p)3
EPR could be applied as the main method for studying the adsorbed 0^. Based on the detailed analysis of its EPR signals and hyper­fine and Ultrahyperfine structure, a wealth of information concern­ing the properties of this species could be obtained comprising its identification, concentration, type of bonding, and the nature of adsorption centers. However, the method can be applied only to cases in which O^ anion radical is adsorbed on nonparamagnetic sur­face cations. The interactions between unpaired electrons of radicals and the electrons of paramagnetic adsorption centers result in EPR line broadening so intense that the signal cannot be regis­tered.In most cases of formation on the surface of ionic oxides a purely ionic model of adsorption is assumed. Kanzig and Cohen [46] derived a set of formulas that based on the crystal field theory gives the relation between the anizotropic values of g tensor, the spin-orbit coupling constant λ, and the values of Δ and E, the dis­tances between tt* and π^, and also the ir^and energy levels in adsorbed O2 molecule as shown in Fig.⅝.4. Lhider the assump­tion that λ < Δ << E, which is always the case, the equations take the form:

λE
The orientation of x, y, and z is given in Fig. 2.5 as proposed in [2]: the z axis is the axis of the 0—0 bond in the oxygen mole­cule. It is assumed that owing to the stronger interaction of the
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FIGURE 2.4 Energy levels diagram of an anion radical in the crystal field acting at the surface of the ionic crystal.
ттУ orbital with the surface, this orbital has a lower energy and is filled by two electrons while the unpaired electron resides on the π orbital. Kanzing and Cohen’s formulas show that the gxx factor is expected to be equal to the value g⅛ of a free electron ^ξ2.0023) and the order of g tensors is gxx < gyy~^< gzz∙ fact, the experiment shows that in most cases of Og absorption on oxides the gxx is contained within the narrow limits 2.001—2.005 and gyy within 2.008—2.010. The greatest variance is exhibited by "the value of gzz tensor. This latter value depends—similar to the case of the g1 tensor of O“ adsorbed species—on the intensity of crystal field in the vicinity of the adsorbed ion and hence on the electrical
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Adsorbed Oxygen Species 61

FIGURE 2.5 Orientation of x, У, and z axes with respect to the O2 ion and the surface of the crystal [2].
charge of the cation playing the role of adsorption center. This is illustrated in Fig. 2.6 which shows the dependence of the gzz factor on the formal oxidation state of the metal ion [2]. On the basis of the observed values of the gzz tensor conclusions are usually drawn concerning the nature of the adsorption center. For example, in the case of CoO-MgO Dyrek [47] observed the signal with the gzz value 2.025—2.028, which was attributed to О^/Со^4- complex, but also the signal with gzz = 2.070, which indicated that a certain num­ber of O2 radicals were localized on Mg^÷ ions. However, such a criterion must be applied cautiously because even in the case of ad­sorption on cations of the same charge the gzz values may differ ap­preciably. For example, in the series MgO, CaO, and SrO the gzz values were determined at 2.077, 2.093, and 2.102, respectively [48]. When analyzing these results it was concluded that it is the electro­static field (polarizing power) of the cation expressed by the value ,q∕r (q charge of the cation and r the radius) rather than the ab­solute value of q which is determining the orbital splitting Δ and hence the value of the gzz tensor.
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200O 1 2 3 4 5 6Oxidation state ot the metal ionFIGURE 2.6 Variation of gzz of the adsorbed oxygen species with the oxidation state of the metal ion [ 2 ].

The essential feature of the ionic model discussed by Kanzig and Cohen [46] is the equivalency of both oxygen atoms in an radical oriented parallel to the surface. The equivalency of O atoms can be verified by the investigation of adsorption of isotopically labeled oxygen. As already stated in this chapter, the I7O nuclei exhibit a nonzero nuclear magnetic moment equal to 5/2 and accordingly in the case of equivalent oxygen atoms the adsorption of lθθl7θ mole­cules should be accompanied by the splitting of each component of EPR signal characterized by a different g value into (2× 5/2 + 1) = 6 lines of hyperfine structure. The adsorption of the l7θl7O mole­cule results in the splitting of each component into (2× 2 ×5∕2 + l) = 11 lines. The isotopic method which also gives the most unambiguous discrimination between O’ and adsorbed species was introduced for the first time by Tench [49] and applied successfully to the in­vestigation of oxygen adsorbed species. The equivalency of O atoms in O2 has been confirmed in a number of cases; adsorption of oxy­gen on MgO ]50], CaO [51], SrO [51], and CeO2ZSiO2 [52] can be mentioned as examples. The hyperfine tensor A was also used to calculate the spin densities and values close to unity were obtained in all these cases, confirming the ionic nature of the adsorbed spe­cies surface bond.
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Adsorbed Oxygen Species 63There are also known examples of adsorbed exhibiting non­equivalent oxygen atoms. The EPR spectrum is then more complicat­ed and its analysis is not always straightforward [2]. Often the adsorption of lθθl7θ results in the appearance of two sets of equal­ly spaced lines of hyperfine structure centered around the gxx component. Such effects were observed, for example, by Ben-Taarit and Lunsford [53] who studied adsorption of isotopically enriched oxygen on λ-irradiated HY zeolite and silica-supported reduced MoO3. Both sets in each catalyst exhibited similar intensity, the same thermal stability, and the same behavior when microwave power was being changed. The latter fact indicated that there was only one type of oxygen species present at the surface. If two different species were adsorbed, their behavior could not be identical. In this situation the double signal has to be interpreted as the result of nonequivalency of both oxygen atoms. One oxygen atom is near­er to and the other is farther from the surface. Statistically in half of the anions the labeled atom is the inner atom and in half it is the outer one. Different positions of the labeled atom lead to a somewhat different EPR signal of identically bonded species. Simi­lar results were also obtained by Che et al. [54] for the reduced MoO3∕SiO2 and MoO3∕Al2O3 samples. It was shown in this investiga­tion that inner and outer oxygen atoms have different spin densities and it was suggested that is adsorbed at an angle to the sur­face. The inequivalency of the oxygen atoms is considered to be the result of the covalency of the ion sitting at an angle to an es­sentially flat surface, or the result of the surface geometry of a particular association of molybdenum and silica. In this latter case an ionic could be adsorbed parallel on a ziz-zag surface:

and due to a steric hindrance one oxygen atom would be closer to the adsorption site of Moθ+.Important information concerning the nature of the bond be­tween adsorbed species and the surface of an oxide can also be obtained from the observation of Superhyperfine splitting of the EPR signal, i.e., the splitting of the ^-6O2 signal resulting from the interactions with the adsorption center containing a cation with a nonzero nuclear moment. In the case of molybdenum oxide catalyst the preparation enriched in θ^Mo (I = 5/2) was used. Kazansky et al. [12] studied a ^^MoO3∕SiO2 system while Che et al. [55] in-
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64 Bielanski and HaberVestigated the same oxide using a wider range of supports (SiO2, AI2O3, and MgO). Adsorption of oxygen on silica-supported θ^MoO3 resulted in the formation of EPR signals in which each principal val­ue of the g tensor was split into six components, confirming not only adsorption on the Moθ+ ion but also delocalization of the unpaired electron onto this ion. It is interesting to observe that in the case of a θ^MoO3∕MgO system no Superhyperfine splitting was observed, proving that Mo atoms were not the adsorption centers. On the contrary, the gzz factor value of 2.070 indicated that oxygen adsorp­tion on Mg2÷ ions occurred. In the case of ^^MoO3∕Al2O3 two dif­ferent Ultrahyperfine EPR signals were registered when adsorption was carried out at 77 and 300 K. Their interpretation was not straightforward because of the fact that 27д1 exhibits the same nu­clear moment as θ^Mo. However, comparison of the splitting parame­ters axx, θyy> and azz with the analogous values obtained for adsorbed on^4-irradiated γ-Al2O3 made possible the conclusion that at low temperature O 2 is localized on Moθ+ ions. Warming the sys­tem to 300 K leads to an increase in the number of O 2 ions ob­served due to electron transfer from reduced molybdenum sites to give additional adsorbed on Al^+ sites on the support.Another example in which the spin delocalization of anion radical onto the adsorption center was observed is given in [56] and [57] describing oxygen adsorption on reduced V2O5∕SiO2 samples. In this case tensors g were split into eight components, thus show­ing that the species was adsorbed on V^+ (I = 7/2).In cases where oxygen atoms in adsorbed species are appre­ciably unequivalent, the simple ionic model discussed by Kanzig and Cohen [46] is no more adequate and must be replaced by a more elaborate model assuming a certain amount of covalency. Tovrog et al. [58] proposed such a model of oxygen bonding in dioxygen­cobalt (II) complexes. He assumed that one of the two orthogonal πg orbitals of the oxygen molecule containing unpaired electrons overlaps with the dz2 orbital of cobalt(II), also filled with one elec­tron. The second TCg orbital does not participate in the formation of covalent bonds. The electronic configuration of O2∕Co(II) may therefore be represented as (Ψ1)2(Ψ2)^(Ψ3)θ, whereΨ1 = α(dz2) + β(ττg)
Ψ4 = β(d 2) - a(ττ )

and a2 + β2 = 1. The unpaired electron is residing on TCg orbital of oxygen and the covalency of bonding is due to the occupation of 
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Adsorbed Oxygen Species 65molecular orbital Ψ∣ by a pair of electrons. The interpretation of these results shows that there is wide variation in the amount of electron transfer to O2 in a series of adducts depending on the ligand field strength around cobalt. With increasing ligand field the energy of dz2 increases with respect to that of the πg orbital and the complex becomes more ionic. On the other hand, if both energies are nearly equal the bond is covalent and the metal-oxygen bond angle is ~120o. Rough estimates indicate 0.1—0.8 electron transfer as the result of an analysis of the anisotropic cobalt hyper­fine coupling for various Co(II) complexes.Infrared spectroscopy may also supply some information concern­ing the properties of adsorbed O 2 anion radical [59]. However, it was used only rarely in this way. Dioxygen in the gas phase as a centrosymmetric molecule is not active in IR. On the other hand, it has been shown that adsorption of oxygen on oxides may be ac­companied by the appearance of new IR bands which are attributed to the adsorbed dioxygen species. Evidently in such cases the deformation of the dioxygen molecule occurs rendering it IR-active. Davydov et al. [60] when adsorbing oxygen on anataz samples dif­ferently vacuum-reduced at 525oC observed a broad band within the range 700—1000 cm-l, which was interpreted as the consequence of the dissociative adsorption of oxygen. A band at 1630 cm^l was interpreted as the stretching vibration of neutral O2 molecule polarized by the crystal field at the surface. Its frequency corre­sponded to that observed for the O2 molecule in the gas phase in a Raman spectrum. A band at 1180 cm^^ was attributed to the vibra­tions of O2 adsorbed species as its frequency was close to that of C>2 anion in superoxides. In the same spectral region (1160-1180 cm^l) Zecchina et al. [61] observed five overlapping adsorption bands at 77 K after adsorption of oxygen on diluted (5 mol %) CoO-MgO solid solution. They could be slowly desorbed by evacua­tion at the same temperature at different rates in the order 1088 ≈ 1095 > 1100 > 1124 ≈ 1157 cm^l. It was therefore concluded that each component band corresponded to a different species. On the basis of isotope substitution and by comparison with homogeneous analogs, it was concluded that O2 was adsorbed in the superoxide ion O2 form.The results of IR investigation of oxygen adsorption on defected tin dioxide [62] were compared with the results obtained for the same SnO2 preparation using EPR measurements [63]. The adsorp­tion of oxygen was accompanied by the appearance of two intensive absorption bands at 1190 and 1045 cm"l. The former one disap­peared during desorption at temperatures below 200oC while the lat­ter was stable until about 300oC. The study of EPR has shown that two types of C>2 anion radicals were formed which were stabilized on S∩4+ and Sn2÷. The radical stabilized on Sn^4^ was thermally less 
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66 Bielanski and Haberstable and decomposed below 200oC. It was therefore considered to be identical with oxygen species characterized by an IR band at 1190 cm"l. The radical stabilized at Sn^+ was stable up to 300oC, which enabled it to be assigned to the vibration frequency of 1045 cm .Generally speaking, IR investigations can supply valuable infor­mation concerning the forms of adsorbed oxygen. However, inter­pretation of data may often be ambiguous.The formation of adsorbed species was observed on more than 30 oxidic system [2] including supported and unsupported main group and transition metal oxides as well as silica and some alumino­silicates, mainly zeolites. Most of these materials, e.g., MoO3, V2O5, TiO2, AI2O3, MgO, ZnO, in the strictly stoichiometric state are nonconducting and contain cations in the highest possible oxida­tion state. In such a state they do not possess centers capable of donating electrons to the adsorbed O2 molecules. Such donor cen­ters can be created by various treatments. MoO3, TiO2, SnO2, and ZnO can be activated by vacuum heating or by mild reduction. The oxides which are thermally stable, e.g., AI2O3, SiO2, and MgO, were activated by γ, X, or UV irradiation. On the other hand, transition metal oxides containing cations which can be easily ox­idized exhibit a tendency to supply more electrons than are needed for the formation of O 2 ions and adsorb oxygen as O’ or O^" spe­cies [3]. However, the same cations when diluted in a nonconduct­ing diamagnetic matrix become the centers at which oxygen adsorbs as O2 radical. This has been observed in the case of diluted solid solutions of CoO in MgO [47,61]. In this system it was possible to correlate the number of isolated Co^+ ions in tetrahedral symme­try [65] with the number of O^ radicals. The effect of dilution was also observed with MnO-MgO solid solution where, however, the identification of adsorbed oxygen species was less certain because of the overlap of the EPR signal of oxygen and the ultrafine signal of Mn2+ [64,66].The thermal stability of the adsorbed O^ species is of great in­terest from the point of view of the oxidation catalysis. However, there is a distinct lack of systematic studies concerning this prob­lem. Most of the observations of the EPR signals were carried out after adsorption at room temperature or at temperatures as low as 77 K and the authors of the already quoted papers only occasionally give information as to the thermal stability of this species. The range of temperatures at which the EPR signal of adsorbed O 2 dis­appeared was wide. The signal obtained with diluted CoO-MgO solid solution and identified as corresponding to 0^/Co^+ vanished in vacuo at room temperature, but the signal of O^/Mg^+ adsorbed on the same sample was stable until 400—500 K [60]. On MoO3∕MgO the localization of O^ on Mg^+ was observed and the species was stable until 150oC [67]. Also, on MoO3∕Al2O3 and Al2O3∕SiO2, the
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Adsorbed Oxygen Species 67disappeared at 150oC [67]. On the reduced SnO2 the signal of O^/Sn^+ vanished at 200oC while that of O^/Sn^+ vanished at 300oC [60]. These examples may suggest that the stability of O^ adsorbed anion radical decreases with the increasing charge of the stabilizing cation. No information could be found in the literature regarding whether the disappearance of the EPR signal observed in the course of heating was due to the simple desorption or the result of its transformation into other species not visible by EPR, e.g., incor­porated into the lattice as ion. The latter possibility is fre­quently postulated and in fact the species is considered as the first intermediate in the formation of other oxygen species more rich in electrons. However, there is a lack of detailed investigations concerning the transformations of adsorbed oxygen species the rate of which may essentially influence the course of catalytic oxidation processes.There were suggestions in the literature that O∣- and O^- molecular ions can exist as the adsorbed species; however, no con­vincing proof has been given [ 2 ]. It should be observed that the completely filled antibonding πg2p orbitals renders unstable in the gas phase and it can exist in the solid peroxides only because of the stabilizing effect of the crystal field. This effect must be markedly weaker at the surface of oxides. The instability of the hypothetical ion with one additional electron on the σg2p anti­bonding orbital would be even more pronounced.
II. OXYGEN SPECIES AT THE SURFACE OF METALSA. IntroductionMetal catalysts with the exception of platinum and silver are much less important in oxidation catalysis than the oxide catalysts. Platinum is active in the oxidation of H2, CO, NH3, and combustion of hydrocarbons, e.g., in the exhaust gases, while silver is used in the catalytic oxidation of methanol to formaldehyde and epoxida­tion of ethylene. The specific role of these two metals in oxidation catalysis is the reason why in this section our attention will be concentrated on the platinum and silver group metals.From the experimental point of view the study of oxygen species adsorbed on metal surfaces differs from analogous studies on oxide surfaces by the fact that in this case the EPR measurements, the most powerful tool in the investigation of the oxygen-oxide systems, cannot be applied because of high concentration of delocalized elec­trons in metals. The only exceptions are systems with highly dis­persed metals or evaporated films. The identification of presumed paramagnetic adsorbed oxygen species is therefore less Straightfor­
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68 Bielanski and Haberward. On the other hand, the introduction of ultrahigh-vacuum technique and the application of the physical methods of modern ’’surface science” such as low-energy electron diffraction (LEED), X-ray and ultraviolet spectroscopies (XPS and UPS), Auger electron spectroscopy (AES), electron energy loss spectroscopy (EELS), secondary ion mass spectroscopy (SIMS), and others more recently enabled very rapid progress in the field of chemisorption on metal surfaces. Most of these methods were developed and tested using extremely clean surfaces. The difficulties in obtaining well-defined surfaces of metal oxides, due more than anything to the decomposi­tion of external layers of the solid at conditions of ultrahigh vacuum, very much delayed the application of these methods to the investigation of chemisorption on the oxides.It is generally agreed [68] that oxygen may be adsorbed on metal surfaces as1. Weakly adsorbed molecular oxygen2. Chemisorbed atomic oxygen3. Oxygen atoms penetrating into the most external layers of metal crystals, thus forming ’’subsurface" oxygenThe variety of adsorbed oxygen forms and their bond strength at metal surfaces is illustrated by the fact that the adsorption heat of oxygen varies within very wide limits from about 80 kJ mol" 1 and even less on silver up to about 800 kJ mol"l in the case of tung­sten. Adsorption of oxygen on metals occurs in some cases as a practically nonactivated process, but in some other ones activation energy as high as 250—300 kJ mol^l is necessary [69].
B. Oxygen Species on Platinum and Other Platinum Croup MetalsThe kind of oxygen species, their arrangement at the surface as in­dicated by LEED, and the kind of metal-oxygen bond depend on the purity of metal surfaces on temperature but also on the crystal face being studied. At the (111) face of platinum molecular adsorption of oxygen is predominant below 120 K [70] and exhibits a desorp­tion peak at 150 K [71] while on the platinum sheet this latter ef­fect was observed at 200 K ]72]. The adsorption heat on Pt (111) was estimated on the basis of desorption peak area to be about 37 kJ mol-l [70]. Using EELS the frequency of this species was de­termined as 870 cm"l. This value is low in comparison with that of the neutral O2 molecule (1550 cm"l) and in superoxide ion (1145 cm"l) corresponds to the vibration frequency of peroxide ion O^-, thus indicating a single O-O bond in the adsorbed state.This conclusion is also supported by the observed positive change in the work function of +0.8 eV and the UPS spectra which indicate 
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Adsorbed Oxygen Species 69that the orbitals derived from πβ∙(2p) antibonding orbitals of the O2 molecule are filled in the adsorbed dioxygen. It should be observed here that, in the case of silica-supported and presumably finely divided platinum, O 2 species were identified by EPR measurements at room temperature besides which O" species were also present [73]. No ordered LEED structures were observed after oxygen adsorption at 100 K, indicating that disordered adsorption of dioxygen had oc­curred [71].Heating the adsorbed layer on Pt (111) surface to 150—170 K causes some of the adsorbed oxygen to desorb and some to dissoci­ate, which is also signaled by the formation of a (2 × 2) LEED pat­tern [70]. Molecularly adsorbed oxygen plays the role of precursor of adsorbed atomic oxygen and the process C2 (ads) 20(ads) occurs with an activation energy of about 33 kJ mol"l.Atomic oxygen at the surface (111) of Pt is the predominant form of adsorbed oxygen within the temperature range 150—500 K [70]. It is characterized by vibrational frequency 490 cm^l appear­ing parallel to the appearance of (2 × 2) LEED pattern. The sur­face (111) saturates when one O atom is adsorbed per four Pt atoms [74], which corresponds to the uniform covering of the whole surface by (2 × 2) О-atom arrays. On Pt (100) two surface phases were identified [75]. The average coverage 0.44 ± 0.05 of monolay­er gives rise to a (3 × 1) LEED pattern. The second phase is asso­ciated with the oxygen-saturated surface (0.63 ± 0.03 monolayer) and is characterized by a very complex LEED pattern.Heating of platinum in oxygen above 500 K results in the forma­tion of "subsurface” oxide which decomposes at 1250 K [70]. A di­rect proof of the penetration of oxygen into the near-to-surface lay­er of the solid was obtained for Pt (111) by ion scattering [68]. In the case of iron, ruthenium, tungsten, and nickel the formation of subsurface oxygen was postulated in order to explain the ob­served decrease of work function [69]. The subsurface oxygen ex­hibits reduced reactivity with respect to CO and H2.The results of investigations of oxygen adsorption on the other platinum group metals are, generally speaking, analogous to those obtained in the case of platinum. For example, on the iridium (111) surface molecularly adsorbed oxygen stable below 100 K, dissocia- tively adsorbed oxygen, and the subsurface oxygen forming rapidly above 700 K were observed [76]. The oxide layer saturated at the coverage of 2.4 × 10^-4 о atoms cm^2 and ordered to form a (1× 4) LEED pattern. Different LEED patterns of dissociatively chemisorbed oxygen were observed on clean and oxidized Ir (110). A p(2× 2) pattern was formed on the clean surface near the coverage of 2.4 × lθ!4 atoms cm"2 whereas a c(2 × 2) pattern appeared on the oxidized surface near 4.8 × 10^4 atoms cm-2 coverage. Oxygen chemisorption 
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70 Bielanski and Haberon iridium (110) is not activated since the initial sticking probabili­ties on the clean and oxidized surfaces are equal to 0.28 and 0.4 irrespective of surface temperature.
C. Oxygen Species on SilverThe practical application of silver as the catalyst for ethylene and alcohol oxidation in the production of ethylene oxide and formalde­hyde, respectively, also aroused interest in the investigation of oxygen chemisorption on this metal which had been undertaken in the 1930s [77]. The existing data had been obtained under condi­tions of oxygen pressures from 10"θ to 300 Torr using polycrystal­line silver powders, wires, foils, and films [78]. In recent years sophisticated methods of surface physics were applied to the study of oxygen chemisorption on particular faces of Ag monocrystals. These methods resulted in essential progress in our understanding of the behavior of oxygen on the clean surfaces of silver. How­ever, similarly to the case of platinum, the experiments had to be carried out at pressures much lower than 10’5 Torr, i.e., under conditions which differ strongly from those of practical catalytic processes. Nevertheless such advanced studies are extremely valu­able from the physicochemical point of view and, especially in the case of the Ag (110) face, which was the most frequent object of studies, gave a coherent picture of the behavior of oxygen at the surface of silver. This is why they will be discussed first in this chapter.At the (110) face of silver all three forms of adsorbed oxygen were identified at appropriate conditions: molecular, atomic, and subsurface oxygen. Molecularly adsorbed oxygen was observed if adsorption was carried out at 150 K and below [79]. Upon heating a desorption peak of this form was registered at 190 K. The amount of this species strongly increased in the measure as the adsorption temperature was lowered. The existence of molecular oxygen under these conditions is well documented. Barteau and Madix [79] car­ried out a series of isotopic mixing experiments. They introduced lθC>2 and 1∙8C>2 on the surface and controlled the isotopic composition of oxygen desorbing at 190 K. In no case could they find the 16q18q molecules; hence they concluded that the low-temperature state was solely due to the molecularly adsorbed oxygen. Vibra­tional spectra of this species were investigated by Sexton and Mad- ix [80] who, using electron energy loss spectroscopy, found vibra­tional spectra analogous to those observed with the same method in the case of O2 on Pt (111) [71], mentioned in the preceding section. The difference between the cases consists, however, in the shift of the frequencies observed in the Ag-O2 system to the lower values. Two bands of O2 on Ag (110) were observed: 240 cm’l [390 cm"l 
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Adsorbed Oxygen Species 71on Pt (111)] and 640 cm^^ (870 cm“l on Pt]. The former was identified as analogous to the interpretation of data obtained with Pt as a (Ag-O2) vibration and the latter as a ∖>(O-O) vibration. However, it should be observed that in the case of Pt (111) the value of the v (O-O) vibration corresponded well to the frequency of a single O-O bond of dioxygen in [Pt(PPh3)2O2] complex in which both π* antibonding orbitals of dioxygen are filled. It is ap­parent that on Ag (110) the π* orbitals are filled and possibly further donation of electrons into σ* antibonding orbitals occurs.The exposure of the Ag (110) face to O2 at 200 K and above resulted in the adsorption of O atoms only [79]. These recombine and desorb at 590 K upon heating of the sample. They are charac­terized by vibration frequency 490 cm^l as indicated by EELS mea­surement [80]. This band is attributed to a v(Ag-O) vibration. The monoatomic form of adsorbed oxygen was also confirmed by iso­topic exchange experiments [79].Dissociative chemisorption of oxygen on the (110) face of silver is accompanied by ordering of the atoms, resulting in a series of LEED patterns of the type (n × 1) in which n at small exposures assumes the value of 6 and with increasing exposure decreases to 2 [81]. Oxygen is adsorbed on this surface in chains parallel to the [001] direction. The formation of chains implies attractive in­teractions between oxygen atoms in the [001] direction and repul­sion in the [110] direction. A further step in the characterization of the ordered (n × 1) structures was done in [82] where, parallel to the LEED examination, low-energy helium ion scattering (IS) was also applied. The observation of strong azimuthal anisotropy of the IS signal led the authors to conclude that oxygen atoms are ad­sorbed in the bridging position between two Ag atoms of the (110) surface channels, their centers being slightly below the centers of Ag atoms.The third form of oxygen chemisorbed on Ag (110) and also on Ag (100) and Ag (111) faces was observed in [83], where the sam­ples were exposed to 10’3 to 1 Torr of oxygen at temperatures up to 500oC. After oxygen was pumped off and the samples were cooled the surfaces were examined under a condition of Ultrahigh vacuum. The samples exposed to oxygen below 300oC exhibited only one desorption peak at about 280oC in good accordance with the observations in [79] corresponding to the dissociatively chemi­sorbed oxygen. However, if the temperature of exposure was high­er than 300oC, another desorption peak appeared at about 500oC, indicating slow oxygen desorption. This form of oxygen was inter­preted as subsurface oxygen. According to the authors, this kind of oxygen probably does not cause structural variations of the silver surface but modifies certain electronic properties, which are 
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72 Bielanski and Haberthen reflected in the behavior of the surface. In particular, this kind of oxygen if present in sufficient concentration seems to in­hibit the faceting observed on the pure (100) and the dissociative chemisorption. It does not, however, noticeably affect the proper­ties of the (111) face.As already stated, the conditions at which all the above de­scribed investigations with very pure surfaces are carried out are distant from those at which catalytic reactions occur in laboratory and industrial practice, and that is why the earlier studies carried out with more ’’classical” methods using polycrystalline Ag samples and applying higher pressures, reviewed in [77] and [84], still deserve attention. The results of classical studies differ distinctly in some respects from the results obtained with the application of ultrahigh vacuum and especially purified surfaces. It seems that the most essential difference is the fact that under conditions of ultrahigh vacuum the adsorption of oxygen at room temperature is only dissociative and adsorbed molecular oxygen can be detected exclusively at low temperatures (desorption peak about 190 K), while in the classical studies strong arguments were presented that dioxygen species can exist (besides monoatomic ones) even at tem­peratures as high as 473 K. The postulated existence of adsorbed dioxygen played an important role in the development of ideas con­cerning the mechanism of selective oxidation of ethylene [84]. The reasons for the discrepancies between the results of classical and modern studies have not been thoroughly discussed in the literature. However, they seem to be mainly due to the impurities and various defects at the surface of ’’real” catalysts, but the effect of increased oxygen pressure may also exert an influence.Here let us mention a few papers in which classical methods gave very convincing evidence that different forms of oxygen ad­sorbed on poly cry s tailine samples. Joyner and Roberts [78] ad­sorbed oxygen at pressures up to 0.5 Torr on a silver foil at 473 K and identified by XPS three oxygen species characterized by oxy­gen Is binding energies 528.3, 530.3, and 532.5 eV. The 528.3-eV peak appeared immediately after oxygen admission at a pressure of 5.10^3 Torr. After 30 min under the same conditions the intensity of this peak decreased and the 530.3-eV peak appeared, which be­came dominant after another 10 min. The third least intensive peak was detected after 60 min and rising oxygen pressure to 0.5 Torr. The first peak, corresponding to a transient species, was identified as a surface species and the 530.3-eV peak as corresponding to the subsurface oxygen. Both species were assigned as atomic. The assignment of the remaining peak at 532.5 eV was more tentative, but it was suggested that it was arising from a molecular oxygen species probably present as ion. The discrete peak in the UPS 
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Adsorbed Oxygen Species 73spectrum observed at about 9 eV below Fermi level was also evidence in favor of the presence of molecular species being assigned to the orbitals of the O=O bond.Kilty et al. [85] studied the chemisorption of oxygen on thor­oughly reduced silver catalyst supported on α-Al2O3. Kinetic in­vestigation clearly indicated that three different types of oxygen adsorption existed. In all cases chemisorption was activated and activation energies were determined as equal to 10, 33, and 60 kJ mol"l. The identification of the adsorbed species was done based on the following two series of experiments: chemisorption of oxygen on the surface poisoned with chlorine and IR studies of the behav­ior of isotopic mixtures of dioxygen in contact with the catalyst. The poisoning of the surface inhibited the fast initial nonactivated chemisorption of oxygen. It ceased completely when at 373 K the precoverage with chlorine exceeded 3.1θl8 Cl atoms per m^, which was equal to one Cl atom on flour Ag ones. For higher Cl pre­coverage each additional Cl atom reduced by two the number of oxy­gen atoms which could subsequently be adsorbed. These observa­tions can be explained by assuming that the initial fast chemisorp­tion up to the coverage 1.5 × lθl8 Qg molecules per m^ is dissocia­tive. The fact that this kind of sorption is stopped when one Cl atom is adsorbed for each four Ag atoms suggests that for the dissociation of one O2 molecule four neighboring Ag atoms are need­ed:
+ 9-4Agz ∙ v. λ + Oo = 4Agz . λ + 2Oz , λ fe(neιghb.) 2 fe(neιghb.) (ads)This reaction is considered to be only weakly activated (Ea = 10 kJ mol~l). However, at temperatures higher than 373 K highly activat­ed chemisorption occurs on the surface saturated according to the above equation. The authors suggest that it is also dissociative and occurs with the participation of four nonneighboring Ag atoms which must migrate in order to form a common ensemble:+ 2-4A£(nonneighb.) + 02 - 4A^(neighb.) + ^θ(ads)This last process presumably needs high activation energy and is identified with the chemisorption occurring with Ea = 60 kJ mol"l.In the IR investigations a band at 848 cm^l was found at 368 K after adsorption of lθO2. The supposition that it corresponded to a diatomic species was verified by adsorbing the equilibrated mix­ture of l6O2, lθθl8θ, and I8θ2 (molar ratio 1:2:1). The bands at 870, 855, and 848 cm“l were obtained having the intensivity ratio
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74 Bielanski and Haber1:2:1. Finally and most significantly, a nonequilibrated mixture of lθO2 and I8θ2 (ljl) gavθ only two bands of equal intensity at 870 and 848 cm^l, thus proving that the two oxygen species involved in the vibration originated from the same oxygen molecule. The in­troduction of lθO2 and I8θ2 at 433 K resulted in the appearance of all three bands in the IR spectrum, which indicates that under these conditions diatomic species are in equilibrium with dissociated species.
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3

Interactions of Oxygen with 
the Surfaces of Oxides

I. INTRODUCTIONEach catalytic oxidation process must comprise interactions not only between the catalyst and the oxidizable molecules but interactions between the catalyst and oxygen molecules as well. Various aspects of the interactions between oxide catalysts and oxygen common for many catalytic oxidation processes will be discussed in this chapter. The first topics (Section II) to be tackled are the properties of ox­ide surface, the geometric arrangement of the atoms, and the chemi­cal composition of the surface layer. Next to be discussed, in Sec­tion III, are the chemisorption of oxygen on the oxides and the electronic processes accompanying it. Section IV is devoted to the interactions between oxygen and the bulk of the oxide resulting in the formation or disappearance of a certain number of lattice de­fects, the presence of which may influence the catalytic properties of the oxides. Section V deals with the isotopic exchange of oxygen on the oxide catalysts. This kind of study supplies us with im­portant information concerning the mobility of oxygen in the bulk of the solid and in the adsorbed layer. Various correlations be­tween the rate and activation energy of isotopic oxygen exchange and the catalytic properties are discussed in Section V, the main subject of which is the studies of oxygen surface bond strength. This latter factor is considered as one of the factors controlling the course of catalytic oxidation reactions. In some special cases, e.g., simple catalytic reactions at the surface of period IV transition metal oxides, surface-oxygen bond strength seems to be the main factor determining the catalytic activity. Because the most important 
79
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80 Bielanski and Haberoxidation catalysts are the oxides of transition metals, our attention in this chapter will mainly be focused on this class of substances.
II. SURFACE OF OXIDESBasic knowledge concerning the geometric structure of the surface of a solid can be obtained from consideration of its crystal struc­ture. Most frequently the models of the surface are obtained by assuming that the crystal has been cleft along a given crystal plane. In the case of an oxide of sodium chloride structure, e.g., mag­nesium oxide, cleaving along (100) and (110) planes results in the exposition of surfaces containing equal numbers of cations and an­ions and hence electrically neutral (Fig. 3.1a and b). However, in the case of the (111) plane, which consists alternatively of cationic one anionic layers, the electrical neutrality of both parts of the split crystal is only reached if, for example, the oxide anions from an anionic plane are equally distributed between the surfaces being formed. Such surfaces will contain half of the unoccupied anionic sites (Fig. 3.1c). The ions on the planes created by cleaving the crystal are Coordinatively unsaturated. The coordination number of a cation (and also of an anion) in the (100) face of MgO is 5 in­stead of 6 in the bulk. On the (110) it is reduced to 4 and on (111) to 3, but depending on the distribution of anions in their most external half-filled plane it might also be 4 or 5.The Coordinative unsaturation of surface atoms must be taken into account when considering adsorptive and catalytic properties of the surface. Burwell et al. [1], when discussing the model of the α-Cr2O3 surface, indicated that the surface containing anionic va­cancies such as those in the (111) face of MgO and also in (OOl) face of α-Cr2O3 may easily chemisorb water molecules forming OH” ions covering the whole surface:(Oo) + (Vo) + HoO ÷ 2(OH0) (3.1)Os Os 2 g Oswhere (Oq)s is surface oxygen atom in anionic position, (Vq)s is surface anionic vacancy, (OHq)s is surface hydroxyl group filling anionic vacancy. The dehydroxylation of such a surface results in the exposition of cations and formation of catalytically active centers for various catalytic reactions, e.g., hydrogenation or isomerization of hexene.Much more complicated are the models of surfaces of the nonionic oxides containing transition metals in high oxidation states. The model of surfaces of MoO3 recently discussed by Ziolkowski [2] will be taken here as an example. This oxide exhibits a layer struc­ture in which slightly deformed [Moθθ] octahedra are joined in such
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FIGURE 3.1 Geometric arrangement of atoms at different faces of MgO. (a) (IOO) plane; (b) (110)plane; (c) (111) plane. Large open circles 0^", small shaded circles Mg^+. In (c) large circles traced with a thick line denote O^“ anions in the most external plane, only half of which is filled with atoms.

http://chemistry-chemists.com



82 Bielahski and Habera way that in each octahedron three oxygen atoms are common for three different octahedra as it is seen in the section of the layer along the b plane [3] (Fig. 3.2a). In the direction perpendicular to the sheet of paper (direction of axis a) each octahedron shares two oxygen atoms with two neighboring octahedrons, one before the sheet of paper and another on the other side of the sheet. One oxygen atom is coordinated to only one Mo atom (doubly bonded M=O oxygen atom). The resulting structure contains stoichiometric composite layers with two simple layers of octahedra labeled as m and n in Fig. 3.1a. The neighboring layers parallel to the (OlO) plane are kept together by weak intermolecular forces and hence it is reasonable to assume that on cleaving the crystal along this plane the layers will separate, exposing their surface as shown in Fig.3.2b. In this figure the octahedra belonging to the most external sublayer, say sublayer m, are drawn with a thick line and those be­longing to sublayer n with a thinner one. On such a surface there are no exposed Mo atoms and three different positions of oxygen atoms are seen. Position 1 is occupied by the most external O atom exhibiting coordination number 1. Somewhat deeper are situated O atoms in positions 2 and 3, the former being common for two octa­hedra of sublayer m, the latter for two octahedra of sublayer m and one octahedron of sublayer n. Ziolkowski attempted to characterize the oxygen atoms in particular positions by calculating the sum of Pauling’s strength of bonds [4] ∑sj between a given oxygen atom and the adjacent cations. The values ∑sj = 2.04, 1.90, and 1.98 were obtained for , O2, and O3 oxygen atoms, respectively, sug­gesting that the most weakly bonded O atom is in position 2 and the most strongly bonded in position 1 (doubly bonded O atom).Ziolkowski’s approach is an attempt not only to give a geometric model of the surface but also to differentiate oxygen atoms at the surface of an oxide and to anticipate their reactivity in the course of catalytic oxidation reactions. However, when considering all such models based on the known crystallographic structure of an oxide, it should be kept in mind that the model concerns an ideal surface and the properties of real surfaces may be very different. First of all, owing to the diminished coordination of surface atoms a reorganization of the surface may occur. The so-called exposed metal atoms must in fact be retracted so as to be optimally coor­dinated by neighboring oxygen atoms. The surface layer of each crystal is also usually considered to be compressed in some measure owing to the asymmetry of forces at the surface.The direct verification of surface models deduced by the extra­polation of bulk structure is still difficult. The low-energy elec­tron diffraction (LEED) which has been frequently applied for the study of the surface of metals until the present was seldom used for the study of oxide surfaces. Existing information indicates the
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b

FIGURE 3.2 Structure of MoO3. (a) Composite layers of [Moθθ,] octahedra (section perpendicular to the direction of axis a);(b) (OlO) plane. The most external octahedra are shown by thick lines (m sublayer), those belonging to the next sublayer (n) by thin lines. 1, Position of an O atom singly coordinated at the sur­face; 2, doubly coordinated; and 3, triply coordinated.
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84 Bielanski and Haberexistence of various possible states but does not allow formulation of a general conclusion. Using this method French and Somorjai [5] showed that the structure of the (OOOl) face of AI2O3 at the sur­face was distinct from that of the bulk, that the surface layer was oxygen-deficient, and that the aluminum atoms were in a reduced valence state. The composition of the surface layer corresponded to the formula AIO2 (or AlO). The reconstruction of the (OOOl) face of ZnO obtained by cleaving a monocrystal was stated after an­nealing it above 600oC [6]. In particular, a freshly prepared sur­face has shown a (1 × 1) structure which changed into an over­structure (/3 × ∕3∕30o). These experiments show that the recon­struction of the already stabilized surface is possible in some cases. However, surfaces (1010) and (1120) were found to be unrecon­structed. The LEED investigations suggested also the presence of regular step arrays on the (OOOl) cleaved surface appearing after heating at 400oC. They were oriented in three of the six preferen­tial directions and the step height corresponded to two double lay­ers. The other factors influencing the properties of the real surfaces of oxides are the presence of different lattice defects in the sur­face layer and its chemical composition, which in many cases may be different from that of the bulk. The most obvious defect is the surface itself with its Coordinatively nonsaturated atoms. The presence of the so-called dangling bonds at the surface creates electron energy states, usually named intrinsic states, which are considered to be present even in the case of a pure and strictly stoichiometric surface. On the other hand, the structural defects on the surface or adsorbed impurities create the extrinsic surface states.The role of intrinsic defects in catalysis has not yet been elucidated. The physics of such defects is still in development. In contrast, the influence of extrinsic defects on chemisorption and catalysis was the object of many investigations.Crystals with perfect periodical arrangement of all structural elements cannot exist and real crystals show the presence of various imperfections, described as defects of the crystal structure [7]. They are due to the displacement of atoms from the lattice sites, normally occupied by these atoms, into other sites or interstitial positions, the presence of some vacant sites, the displacement of part of the crystal with respect to the other part along a crystal plane, etc. These defects are usually classified according to their dimensions into point defects (vacancies, interstitial or foreign atoms), linear defects (dislocations), flat defects (shear planes and various internal and external grain boundaries), and spatial defects such as pores or foreign inclusions.
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Interactions of Oxygen with the Surfaces of Oxides 85From the thermodynamic point of view ideal, crystal can exist only at absolute zero temperature. At every other temperature thermal oscillations of atoms result in the formation of various kinds of point defects because the thermodynamic potential of the defective crystal becomes smaller than that of the ideal one.The concentration of structural defects in transition metal oxides is dependent on both the pressure of oxygen and temperature. At sufficiently low temperature their creation and vanishing is limited only to the surface layer. At high temperatures the equilibria are established between the defects at the surface, the defects in the bulk, and the gaseous oxygen, which will be discussed in Section IV of this chapter. Here we shall deal only with the effects limited to the surface. In the case of zinc oxide, which can be taken as an example of an n-type semiconducting oxide, slow decomposition localized to the surface layer and resulting in the desorption of oxy­gen begins in vacuo at 375oC [8]. Zinc atoms, the desorption of which is negligible and diffusion into the bulk very slow, remain in the near-surface layer as interstitial excess atoms forming electron donor centers. The processes can be represented by the following equations expressed with Kroger-Vink symbols:ZnO T (Zni)s + i O2 (3.2)
Subscript s denotes atoms in the surface layer. The neutral inter­stitial zinc atoms (Znj)s can supply free electrons e^, thus in­creasing the electrical conductivity of the surface layer:

(Zni)s X (Zn?)s + e (3.3)
In ZnO the formation of defects is enhanced by the treatment of the oxide in vacuo. On the other hand, in the case of p-semicon- ducting oxides the formation of point defects is favored by increas­ing oxygen pressure. A typical example is nickel oxide, which when stoichiometric chemisorbs oxygen with the formation of acceptor centers in the form of neutralized cationic vacancies V]∖∫j:
5o2≠<oo>s÷<vnA(Vkt.)q ≠ (V' .) + h’ Nr2 v Nιys

(3.4)
(3.5)

The neutral (V^j)s center consists of a cationic vacancy which for­mally bears two negative charges and two Ni3÷ ions (positive holes h* ) localized in the nearest vicinity. The dissociation of (V^j)s 
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86 Bielanski and Haberrepresented by (3.5) consists of the formation of a free positive hole which is an electric current carrier. The presence of Np÷ ions in the surface layer of NiO preparations was established in the analytical way by Deren et al. [9], who also stated qualitatively that the black preparation turned to green, the color of stoichiome­tric NiO, after treatment with hydrochloric acid to remove the non- Stoichiometric black external layer of the grains containing an ex­cess of oxygen. Recently, Finster et al. [10], using XPS measure­ments to investigate NiO samples obtained by the calcination of Ni(OH)2 in air at 220—1000oC, observed a noticeable amount of Ni^+ ions in the surface layer the concentration of which increased with the calcination temperature. Simultaneously the concentration of Ni3+ in the bulk of NiO crystallites decreased as determined by chemical analysis and the bulk of green samples calcined at 1000oC were stoichiometric. The method applied in this work also enabled the characterization of the state of oxygen atoms in the samples. The Ols line in the XPS spectrum was composed of two components at 529.3 and 531.3 eV. The lower peak was assigned to the lattice oxygen and the higher one to surface or adsorbed species (surface excess oxygen or OH” groups).In recent years important information concerning the chemical composition of the surface layer of mixed oxides was gathered main­ly due to the photoelectron (XPS and UPS) and Auger electron (AES) spectroscopic investigations. It appears that frequently the surface composition of such oxides is different from that of the bulk. This may be the effect of the tendency of surface energy to reach a minimum, and in such a case enrichment of the surface in one of the components would correspond to an equilibrium state. However, the accumulation of one component at the surface may al­so be a metastable state reached as a result of some kinetic factors.Grzybowska et al. [11] using XPS investigated the changes in surface composition of bismuth molybdates Bi2MoOβ, Bi2Mo2O9, and Bi2Mo3O12 provoked by various treatment of the samples. The ra­tios of intensities of Bi 4f7∕2 a∏d Mo 3d5∕2 Pθaks to the intensity of the Ols peak have been taken as the relative measure of the concentration of bismuth and molybdenum in the surface layer.Figure 3.3 shows that the fresh samples outgassed at 120oC exhibited the highest content of bismuth, which decreased linearly with the decreasing bulk content of this element (line IA). The fact that this straight line also includes the point corresponding to pure Bi2O3 strongly suggests that in this series of samples surface and bulk compositions are the same. Simultaneously the surface content of molybdenum increased linearly as shown by line IIA on which also lies the point which corresponds to pure MoO3. Now the pro­longed heating of the samples in vacuo at 470°C resulted in a dis­tinct increase of the surface concentration of molybdenum as shown
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FIGURE 3.3 Relative intensities of XPS peaks Bi 4f 7/2 (I) and Mo 3d5∕2 (H) with respect to the Ols peak in bismuth molybdates [11]. (A) Initial samples outgassed at 120oC, 3 hr, 10”^ Torr.(B) After heating the samples in vacuo at 470oC, 10 hr. (C) After treatment of the samples with a mixture of C3Hθ, O2, and N2 in molar ratio 23:21:55, 440oC, 5 hr.
by line IIB, the effect being most pronounced in the case of Bi2MoOθ sample. The heating of the samples at 440oC in the mixture of propylene, oxygen, and nitrogen resulted in a somewhat different adjustment of the surface composition to the redox potential of the gas phase.Similar changes in the near-to-surface layer in V2O5-MoO3 solid solutions in the course of the oxidation and reduction of the sample which were observed by Bielanski and Najbar [12-14] will be re­ported in detail in Chapter 8.Another example of surface enrichment in one component in dou­ble oxides was given by Aso et al. [15] who investigated Fe2O3- Sb2O4 catalysts using XPS. Figure 3.4 shows the ratio of Sb 3d3∕2 and Fe 2p5∕2 Pθ^ks as the function of the average composition of the sample. Empty circles indicate the results obtained for mechani­cal mixtures of Sb2O4 and Fe2O3, full circles those for the investi­gated samples obtained by heating for 2 hr of intimate mixtures of Fe(NO3)2 and Sb2O3. It is seen that below Sb/Fe atom ratio 1 the surface compositions of the catalyst samples were practically the same as the bulk compositions. However, at about Sb/Fe = 1 a sud­den increase in the concentration of antimony occurred at the sur­face and increased still further with an increasing total content of Sb. In a later paper Aso et al. [16] studied Fe2O3-Sb2O4 catalyst
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FIGURE 3.4 Correlation between XPS intensity ratio and the bulk composition for (a) catalyst samples and (b) mechanical mixtures of Fe2O3 and Sb2O4 [15].
with lθθ adsorbed using secondary ion mass spectrometry (SIMS). They showed that oxygen is preferentially adsorbed on Sb surface atoms, which is a plausible explanation of the fact that Fe2O3- Sb2O4 catalysts containing an excess of Sb over FeSbO4 composition exhibit an increased selectivity in the catalytic oxidation of propene to acroleine.From the catalytic point of view, not only is the geometric structure of the surface of oxide catalyst and its chemical composi­tion important but also the chemical behavior of the Coordinatively unsaturated surface atoms, especially those which constitute the catalytically active centers. They are frequently studied by ob­serving the behavior of some adsorbed molecules playing the role of molecular probe [17]. Depending on the kind of probe mole­cules, acid and basic and also redox centers can be detected at the surface.Valuable information was obtained, e.g., by IR studies of the adsorption of water molecules on different oxides. H2O molecules when chemisorbed may either be coordinated to the exposed sur­face cations (M]∖∣)s, thus forming an adsorption complex H2O-(Mm)s :li20g + ⅜>s ÷ h2°-(mm)s (3.6)
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Interactions of Oxygen with the Surfaces of Oxides 89or, as already mentioned, undergo dissociation at a surface vacancy:<θO>s + <Vs + H2°g ÷2(°h(A (ЗЛ)Weak bonding of H2O molecules by intermediation of the hydrogen bond is less important for catalysis. The properties of surface OH groups on various oxides were discussed frequently in the literature [1,17] as the hydroxylation of oxide surfaces seems to be a rather common effect. The studies of hydroxylated alumina and also of Cr2O3, TiO2, MgO, ZnO, and SiO2-Al2O3 are the most notable ex­amples .Alumina surfaces of the preparations exposed to water vapor at temperatures above IOOoC are covered by hydroxyl groups. If sub­sequently outgassed at 800oC, five OH stretching bands at 3800, 3780, 3744, 3733, and 3700 cm“l appear in the IR spectrum. Based on this observation, Peri [18] developed a model of the γ-Al2O3 surface. He assumed that the (100) plane is exposed predominantly and that there are OH groups in five different positions in the most external layer of the oxide which initially contained only OH groups. According to Peri, after calcination this layer contains OH groups, θ2~ anions as well as anionic vacancies, the two Iatters created in the reaction reverse to Eq. (3.1). He postulated that the highest stretching frequency 3800 cm-l corresponded to the situation in which the OH group was situated between four O^^ ions; the follow­ing frequencies 3780, 3744 and 3733 were attributed to OH groups exhibiting coordination numbers 3, 2, and 1 with respect to O^" ions in the same plane. Such a situation is shown in Fig. 3.5. The lowest frequency 3700 cm“l corresponded in this model to the OH groups having no O^” in the immediate vicinity of the same plane. Peri suggested that the latter OH group was the most acidic and the tetracoordinated (3800 cm^l) OH the least acidic. However, Dunken and Fink [19] when discussing the results of H2-D2 iso­topic exchange concluded that the highest acidity should be at­tributed to OH groups tetracoordinated in the surface plane and that the sequence of surface coordination proposed by Peri should be reversed. Thus the assignment of the OH bands is still am­biguous. Knotzinger in his review [17] indicates that the assump­tion of the (100) face forming predominantly the surface of γ-Al2O3 is probably the weakest point in Peri’s model and argues that the occurrence of various exposed crystal planes which would offer different local environments for surface OH groups appears likely for polydisperse materials such as the transitional aluminas. He ob­served also that OH stretching bands very similar to those in γ-Al2O3 were also registered in the case of η and δ aluminas. Since
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FIGURE 3.5 Different environments of surface OH groups on γ-Al2O3 postulated in the model proposed by Peri. Circles represent θ2" and OH” ions in the most external layer of the oxide; squares indicate the positions of O%~ ions in the next deeper lattice plane.
equal numbers of OH stretching bands and nicely comparable fre­quencies were obtained, one may conclude that the respective OH groups reside in comparable local environments on the surface of the three modifications of alumina. The stabilization of comparable surface layers irrespective to the bulk structure may be the reason for this.As already mentioned, the hydroxylation of the surface of the oxides in the presence of water vapor is a rather common phenome­non. In extreme cases hydroxyl groups may cover the surface forming a complete monolayer. On heating dehydroxylation occurs with the formation of surface anionic vacancies, thus creating the sites which may be preferential for adsorption of other species and among them for the adsorption of oxygen.It should here be observed that in both reactions (3.6) and (3.1) water molecules are playing a dual role of Lewis base and Bronsted acid. In the former reaction the H2O molecule is an elec­tron pair donor, behaving as the Lewis base reacting with surface cation functioning as Lewis acid. In reaction (3.1) the water mole­cule, behaving as a Broonsted acid, donates a proton to the O^" ion, which is a strong Brbonsted (and also Lewis) base. As was mentioned in Chapter 2, Og“ often plays an important role as nucleo­philic reagent participating in many catalytic oxidation reactions in which oxygen from the lattice of an oxide is inserted into an elec­trophilic molecule of reagent or an electrophilic reaction intermediate. Surface OH ions, being a weaker base than “ ions, presumably do not play an important role in oxidation catalysis. On the other hand, OH groups covalently bonded to nonmetal atoms are in many cases strong Brbnsted acids catalytically active in numerous acid­base reactions. The surface of an oxide therefore represents an
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Interactions of Oxygen with the Surfaces of Oxides 91array of acidic and basic centers of the Bronsted as well as the Lewis type. Bronsted acids are formed by covalently bonded OH groups, Bronsted bases by O2- and OH^ ions. Lewis acids by sur­face cations, and Lewis bases by O2 ^ ions.From the point of view of oxidation catalysis, of great importance is the presence on the surface of the oxides of redox centers, which may accept or donate odd electrons. This problem was already tackled in Chapter 2, where the possible role of O2" surface ions as one-electron-donor centers was discussed. The same function can also be fulfilled by metal atoms in low oxidation state, e.g., by Co2+ ions in CoO or Ni2+ in NiO. On the other hand, metal atoms in high valence state, e.g., in V2O5, are electron acceptors or, inother words, oxidation centers. Redox centers are frequently con­nected with the presence of lattice defects in the surface or in the near-to-the-surface layer of the oxides.
III. CHEMISORPTION OF OXYGEN ONTRANSITION METAL OXIDESChapter 2 discussed the forms of oxygen chemisorbed on transition metal oxides. In this section the process of adsorption itself and the changes in the most external layers of the solid adsorbent ac­companying oxygen chemisorption are discussed.As previously stated, oxygen is always chemisorbed in the form of species bonded to the surface by a bond exhibiting a high de­gree of ionicity. This implies the presence in the solid of centers which can supply electrons to the neutral O2 molecule. Such cen­ters exist in the semiconducting oxides (or the oxides with metallic- type conductivity, which is a much rarer case) and are not present in the oxides which are insulators. The role of donor centers may be played by different lattice defects present in the surface layer and frequently connected with the deviation from the stoichiometry such as the interstitial Zn atoms in ZnO or V^+ and V^+ in slightly reduced V2O5. Such defects appear in n-type semiconducting ox­ides as the result of even slight reduction. The same effect can be obtained by vacuum treatment of the samples at appropriate tem­peratures. Oxygen is also chemisorbed on p-type semiconducting oxides containing cations in a low oxidation state which can be easily oxidized by giving off electrons. As examples, the oxides of cobalt and nickel (CoO and NiO) can be mentioned. In all of these cases the transfer of electrons from the solid to the neutral adsorbed oxy­gen molecule (or atom) forming the surface acceptor level is only possible if the energy of this level Eq is situated on the energy diagram, such as in Fig. 3.6, below the Fermi level of the solid.
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FIGURE 3.6 Energy band scheme of a semiconductor chemisorbing oxygen, (a) Before the transfer of electron, (b) after the transfer of electrons from the solid to the adsorbate. Ep, Fermi level; Eq, energy of the surface acceptor level (chemisorbed oxygen molecule or atom); Φ, electrical work function.
Adsorption of oxygen, e.g., as an species on an n-type semi­conducting oxide, can be represented as
θ∩∕ ∖ ÷ θ ÷ θ∩∕ j ∖2(g) 2(ads)and on a p-type one as
θo∕ ∖ ^* θr>∕ я ∖ + h ’ 2(g) 2(ads)

(3.7)
(3.8)

where e’ denotes free electron and h* free positive hole in the ox­ide. Hence supplying of the electrons to the adsorbate by n-type semiconducting oxides is always connected with a decrease of the concentration of free electrons, the predominant current carriers. On the other hand, in the case of р-semiconducting oxides chemi­sorption of oxygen results in an increase of the concentration of positive holes. The concentration of electrons available for chemi­sorption of oxygen is much smaller in semiconductors than in metals and hence in the oxides the electrons are given off not only from 
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Interactions of Oxygen with the Surfaces of Oxides 93the surface but also from a layer adjacent to the surface called the Randschicht, the thickness of which is estimated to be 10"5 to IO"4 cm. In the Randschicht depleted of electrons positive space charge develops, neutralizing the negative charge of chemisorbed oxygen and thus forming an electrical double layer. In the measure as this charge develops an energetic barrier Vp (Fig. 3.6b) is growing which renders the extraction of electrons from the solid increasingly difficult. This results in an increase of the electrical work func­tion Φ. Assuming the energy of an electron in vacuo as equal to zero, one can write according to the band theory of solids:Φ = -eEp (3.9)ΓHence the observed increase of the work function is equivalent to the decrease of Fermi level as shown in Fig. 3.6b. The position of the Fermi level with respect to the conduction and valence bands does determine the concentrations of current carriers: free elec­trons and holes. These concentrations do not change in the bulk of the semiconductor and the position of the Fermi level with respect to the energy bands there remains unchanged. On the other hand, the decrease of free electron concentration in the Randschicht as well as the increase of free electron holes concentration results at the surface in downwards shifting of Fermi level with respect to the energy bands. Such a situation necessitates a bending of the en­ergy bands in the Randschicht as shown in Fig. 3.6b. It is also seen in this figure that the transfer of electrons to the chemisorbed molecules is accompanied by a decrease of the distance between the Fermi level and the energy level Eq of electrons trapped by ad­sorbate molecules or atoms. The decreasing value of (Ep — Eq) re­sults in a slowing down of the electron transfer rate.It is evident that in cases where the Eq level reaches a value equal to Ep, the rate of electron transfer will become zero and chemisorption of oxygen will stop even before all available donor centers in the oxide are ionized. According to Hauffe and Morrison [20], the Langmuir adsorption isotherm must then be modified and should be expressed in the form:
kprP γ = γ --——B 1O 1 + Kpo z> (3.10)

where Γp denotes the concentration of adsorbed acceptor molecules B, in our case the surface concentration of adsorbed oxygen spe­cies, and ρ = exp[-(∆η + eVp - ∆Eg)kT]. K is the adsorption coefficient and the meanings of ∆η, Vp, and ∆Eg are given in Fig. 3.6.
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94 Bielanski and HaberAll the above-mentioned processes are broadly discussed by Wolkenstein [21] and Hauffe [22] in their electronic theory of chem­isorption and catalysis on semiconducting catalysts. The most fre­quently used methods of investigation of such electronic processes accompanying chemisorption of oxygen are measurement of the elec­trical conductivity of poly cry Stalline samples and measurement of changes in the electrical work function.In the case of poly cry Stalline samples the changes in conductiv­ity are governed by the conductivity of the surface layers. In the case of n-type semiconducting oxides the surface layer is depleted of current carriers—free electrons—and the conductivity decreases. On the other hand, if oxygen is adsorbed on p-type semiconducting oxides, the surface layer becomes enriched in the electron holes, which in this case are the predominant current carriers, and the semiconductivity increases. In both cases of n- and p-type semi­conducting oxides chemisorption of oxygen acceptor molecules is ac­companied by the increase of electrical work function (Fig. 3.6). It should here be observed that the chemisorption of molecules be­having as electron donors, e.g., hydrogen molecules, is accompan­ied by effects opposite those of the chemisorption of oxygen or other acceptor molecules. Donor molecules when chemisorbed are positively charged, in the Randschicht a negative space charge develops, energy bands in the Randschicht bend downward, Fermi level shift upward, and electrical work function diminishes.As was stated, the formation of negatively charged adsorbed oxygen species does result in the formation of an electrical double layer. On the other hand, the incorporation of such species into the oxide lattice results in vanishing of the space charge. In the case of highly dispersed nickel oxide [23] at room temperature, oxygen is adsorbed mainly as the O" species:⅜Oq, . ÷ O^ . + h’ (3.11)2 2(g) (ads) 4 ,The positive holes are nickel ions which have lost one electron each, i.e., Ni3+ ions. At room temperature slowly, but much faster at temperatures as high as 235oC, O" ions are turned into O^" incor­porated into the external layers of the NiO crystallites.O^ = NiO + vjl + h (3.12)ads NiIt is seen from this equation that the incorporation of one O ad­sorbed species into the crystal lattice (O^- in an anionic position) is equivalent to the introduction of one negative charge into the Randschicht which results in the vanishing of the positive space 
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Interactions of Oxygen with the Surfaces of Oxides 95charge. Equation (3.12) also shows that in the Randschicht an ex­cess of anions over cations is present. The external layer of crys­tallites became nonstoichiometric. At high enough temperatures dif­fusion of vacancies into the bulk takes place and their concentration in the whole crystallite becomes uniform. The incorporation of ad­sorbed oxygen into the NiO lattice was studied by Deren and Nowot- ny [24] and Nowotny [25]. They measured the changes in the val­ue of Φ accompanying the chemisorption of small doses of oxygen (10“3 to 10“2 of the monolayer coverage) on nickel oxide standard­ized at 400oC in oxygen and then outgassed for 1 hr at the same temperature (10"θ Torr). Chemisorption of oxygen at 400oC was rapid (Fig. 3.7) and, in the case of initials doses, was practically complete after 5—10 min. Rapid chemisorption was accompanied by a rapid increase of the work function Φ, which indicated the forma­tion of a positive space charge in the Randschicht. However, the work function soon reached maximum and then decreased when prac­tically the whole dose of oxygen had been adsorbed. These ob­served changes in the work function clearly illustrate both chemi­sorption of oxygen and its incorporation into the lattice. The final value after the first incorporation and the second cycle (10"3 and IO"2 of the monolayer coverage, respectively) was practically the same as before chemisorption. However, after the third and follow­ing cycles it was higher than the initial one. This was the result of an increasing concentration of cationic defects VjQi in the sur­face layer that formed acceptor levels, lowering, according to the band theory of solids, the position of the Fermi level.An analogous process accompanying chemisorption of oxygen on n-type semiconducting zinc oxide was observed by Amigues [26], who measured the changes in electrical conductivity. After an ini­tial distinct drop in the conductivity (depletion of electrons from the Randschicht and formation of positive space charge) a minimum was observed followed by an increase in conductivity which was due to the building up of new layers of ZnO lattice. Similar results were also obtained by Fryt [27].All these processes, including the transformations of adsorbed oxygen species, hampering adsorption by the development of the barrier of electrical potential, and the incorporation of oxygen into the oxide lattice accompanied by the inward or outward diffusion of defects, are rather complicated. Owing to their overlapping, the chemisorption of oxygen on transition metal oxides at the tempera­tures of catalytic reactions is often nonreversible or only partly re­versible, and heating in vacuo to still higher temperatures is fre­quently necessary to desorb all chemisorbed oxygen. This is the reason why it is rarely possible to observe a true thermodynamic, reversible equilibrium of chemisorbed oxygen with oxygen in the gas phase. Chemisorption equilibrium of oxygen on transition metal
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96 Bielanski and Haber

FIGURE 3.7 Changes in work function as a function of time for pure NiO at 400oC. I, first cycle; II, second cycle; III, third cy­cle; IV, under constant oxygen pressure of 1 mm Hg [25].
oxides is frequently inferred from the shape of the adsorption iso­bar such as that in Fig. 3.8 [28]. The descending portion of the curve above 300oC is reversible and corresponds to the adsorption equilibrium states while the low-temperature ascending branch is ir­reversible and corresponds to the nonequilibrium metastable states. Thermodynamic equilibria between oxygen in the gas phase, chemi­sorbed oxygen, and the bulk of the oxide were studied by many authors at much higher temperatures, e.g., in poly cry Stalline NiO at 800--1200oC [29]. However, although the reversibility condition is fulfilled, the experimental discrimination between oxygen ad­sorbed and that incorporated into the lattice is not possible.The lack of experimental data to enable the calculation of free enthalpy changes ( ∆Ga) accompanying chemisorption of oxygen un­der conditions of catalytic reaction is the reason why in practice on­ly the adsorption heat is taken as a measure of the tendency to get chemisorbed at the surface of transition metal oxides. This is also justified by the fact that in the equation ∆Ga = ∆Ha — T Δ Sa the absolute value of the entropy term in adsorption processes is" usually much smaller than that of the enthalpy term.
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FIGURE 3.8 Isobar of oxygen adsorption on nickel oxide; p = 6.10"2 Torr [28].
Several factors determine the value of chemisorption heat ∆Ha of oxygen adsorbed on transition metal oxides. When oxygen is adsorbed as an species, ∆Ha can be calculated as the sum of en­thalpies of the following sequence of elementary steps:
Solid ÷ solid* + eOoz x + e → Onz λ2(g) 2(g)Oo z λ + solid* → [Oo — solid*] 2(g) 2The enthalpy of the first process is equal to the work function of the solid, that of the second process equal to the negative value of electron affinity Eq^ °f the O2 molecule. The enthalpy of the last process is that of the bond between O^ species and the surface atom or atoms constituting the adsorption center ∆Hg:∆H—a Φ — Ep. ÷2 δ¾ (3.13)

If oxygen is adsorbed dissociatively in the form of O" species, an elementary step corresponding to the dissociation of the O2 molecule must be included:
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98 Bielanski and HaberSolid ÷ solid+ + e
2u2(g) °(g)o(≡>+ θ^ ÷ 0⅛>O( ÷ solid+ → [O — solid+]

Denoting the dissociation energy of O2 as Dq2 we can writθrH , = Φ + ⅜D^ - Er. + ∆Hn (3.14)—ads 2 -O2 —O -B
In both Eqs. (3.13) and (3.14) the terms characterizing the proper­ties of the oxygen molecule and atom (Eq2, Eq, and Dq2) are con­stant. The value of ∆Hp is largely determined by the nature of the atom or atoms constituting the adsorption center and depends mainly on local interactions. On the other hand, the value of Φ characterizes collective electronic properties of the solid and there is no direct correlation between both factors ∆Hjg and Φ. The ef­fect of the electronic factor in chemisorption (and catalysis) can best be studied using a series of samples of an oxide doped with differ­ent amounts of the dopant changing the position of the Fermi level— examples of such studies will be presented in Chapter 5—or study­ing the kinetics of chemisorption. In all these cases the nature of the bond in the adsorption complex does not change and in Eqs. (3.13) and (3.14) the changes in Φ determine the changes in ∆Hajs.When comparing different oxides one should principally take in­to account changes in both Φ and ∆Hp>. However, this is not an easy task. The data concerning the electrical work function of par­ticular transition metal oxides, both simple and mixed, and much more frequently used as catalysts, are not complete and, owing to the dependence of the measurements on experimental conditions and the state and nature of reference electrodes, the correlations based on the existing values do not seem to be very trustworthy. Also ∆Hb is not liable for the direct determination. In this situation many attempts were undertaken to characterize and compare the be­havior of different oxides by determining in some experimental way the enthalpy of oxygen chemisorption ∆Hacjs, also called oxygen bonding strength. These investigations will be described in detail in Section VI of this chapter.Since the early 1960s there has been an increasing tendency to represent in the literature chemisorption on transition metal oxides, and in particular chemisorption of oxygen, as an essentially local 
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Interactions of Oxygen with the Surfaces of Oxides 99phenomenon, i.e., the result of interactions between the ad-mole­cule and the adsorption center with the exclusion of the participa­tion of delocalized free current carriers, electrons, and holes, as postulated by the electronic theory of chemisorption on semiconduc­tors. In such a model electrons are supplied to the adsorbed mole­cules not from the energy bands but from the cations constituting adsorption centers, and their ionization energy is used as a value characterizing local properties instead of as an electrical work func­tion characterizing collective properties of the solid. This approach was originated by Dowden and Wells [30], who suggested that chemi­sorption on surface cations in transition metal oxides can be inter­preted in terms of coordination chemistry, in particular in terms of crystal field theory assuming that adsorption is equivalent to the addition of a new ligand to a Coordinatively unsaturated surface atom. As stated in Section II, the coordination of a surface cation on the (IOO) face of a crystal exhibiting an NaCl (e.g., NiO) struc­ture is 5, on the (110) face is 4, and on the (111) face is 3.These situations are presented once more in Fig. 3.9 [28], where the middle column represents the (100), (110), and (111) surfaces as they appear at the instant of cleavage. The relaxation of such surfaces results in the small shifts of Ni^÷ ions tending to occupy positions in which they are uniformly surrounded by the oxygen ions. In the case of the (100) face Ni^÷ enters a square pyramid depicted in the left column; in the case of the (110) and (111) face it enters a tetrahedron and a triangle, respectively. In the (100) face one additional atom can be coordinated to the surface cation, thus increasing the coordination number to 6; in (110) one or two atoms, increasing the cation coordination number to 5 or 6, respec­tively; and in the (111) face, one, two or three atoms increasing the coordination number to 4, 5, or 6, respectively. The situation after completing the coordination number to 6 is depicted in the right column in Fig. 3.9. In each case the change in coordination number is accompanied by the change in the crystal field stabiliza­tion energy (CFSE) as is shown in Table 3.1. The values of CFSE are expressed in Dq units and correspond to the weak field of the ligands, which is the case in transition metal oxides. Taking into account the values of 10 Dq determined for particular oxides of transition metals, Dowden and Wells calculated the absolute values of the changes in CFSE, which are given in Table 3.2. Negative values of ∆Ec correspond to the increasing stability. It is seen that the contribution of the changes in CFSE to the chemisorption heat in particular cases are as high as about 40 kcal mol^l but they are zero for dθ, d^, and d^θ cations.Chemisorption of oxygen restoring, say, coordination number 6 on the surface of crystals exhibiting NaCl structure results in dif­ferent changes of CFSE on different faces. In the case of CoO the
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TABLE 3.1 Crystal Field Stabilization Energies Ec of Various Configurations of d-Electron Cations Ex­pressed in Dq Units (Weak Field Approximation) -
Number of d electrons Examples CoordinationTrigonal Tetrahedral Square -pyramidal Octahedral0 Ca2+,Sc3+ 0 0 0 01 Ti3+ - 3.86 -2.67 - 4.57 - 4.02 Ti2+, V3+ - 7.72 -5.34 - 9.14 - 8.93 V2+,Cr3+ - 10.92 -3.58 -10.0 -12.04 Mn3+ - 5.46 -1.78 - 9.14 - 6.05 Mn2+,Fe3+ 0 0 0 06 Fe2+,Co3+ - 3.86 -2.67 - 4.57 - 4.07 Co2+, Ni3+ - 7.72 -5.34 - 9.14 - 8.08 Ni2+ -10.92 -3.56 -10.0 -12.09 Cu2+ - 5.46 -1.78 - 9.14 - 6.010 Cu+,Zn2+ 0 0 0 0Source: Data from Ref. 30.
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2 Changes in Crystal Field Stabilization Energy ∆Ec Corresponding to Changes of Coord: tion Metal Cations in Oxides (Weak Field, kcal mol^^5~

Data from Ref. 30

f
IS Ion(2) Trigonal→ tetahedral(3)

Tetraedral÷ square- pyramidal (4)
Square- Pyramidak octahedral (5) Tetraedral→ octahedral (6) Trig< octal (<Ca2+ 0 0 0 0 (Ti3+ + 6 - 9.5 + 2.9 - 6.7 - 0.v2+ +11 -18 + 5.5 -13 - 1.Cr3+ +34 -30 - 9.2 -39 - 2.Mn3+ +20 -39 +17 -22 - 2.Mn2+,Fe3+ 0 0 0 0 (Fe2+ + 3.6 - 5.7 + 1.7 - 4 - 0.Co2+ + 6.7 -11 + 3.2 - 7.4 - 0.Ni2+ +17 -15 -4.6 -19 - 2.Cu2+ +14 -27 +12 -16 - 2Zn2+ 0 0 0 0 (
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102 Bielanski and Haber

FIGURE 3.9 Changes in nickel ion coordination during the chemi­sorption of oxygen on nickel oxide, a, (100) plane; b, (110) plane; c, (111) plane. Diagrams in the middle column refer to a bare sur­face at the instant of cleavage. Left column, bare surface, re­laxed position; right column, after adsorption of oxygen. ∙, nickel ion, о, lattice oxygen ions, or, adsorbed oxygen ions [ 28 ].
greatest gain in the stabilization energy has been calculated for the (110) face (column 6 in Table 3.2) and it diminished successively for (100) and (111) faces (column 5 and 7, respectively). Haber and Stone [28] pointed out that in the same order should decrease the coverage with adsorbed oxygen and the heat of adsorption. These conclusions have not been yet checked by direct experiment. However, they are in good accordance with the results obtained by Volpe and Reddy [31], who investigated the catalytic decomposition of N2O on monocrystalline plates of CoO. The rate-determining step of this reaction is desorption of oxygen. Its energy of activa­tion must therefore be large if oxygen is strongly held at the sur­face and decrease if the bonding becomes weaker. In fact, Volpe and Reddy found the highest activation energy on the (110) face, i.e., at the face at which the contribution of CFSE to the chemi­sorption heat of oxygen is largest.
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Interactions of Oxygen with the Surfaces of Oxides 103The model of chemisorption based on crystal field theory is fairly simplified and it can be expected that the best results will be obtained when comparing the behavior of oxides with the same crystallographic structure and similar physical properties. Here on­ly two further applications of this approach to the interpretation of chemisorption of oxygen on transition metal oxides will be mentioned. One of them concerns photodesorption of oxygen from nickel oxide and the other one chemisorption of oxygen on some oxy salts.Photodesorption of oxygen from nickel oxide was investigated by Haber and Stone [28] who stated that the photoactivity is almost en­tirely confined to wavelengths of 650 and 900 nm comprising the ^A2g ÷ ⅛g and ^A2g ÷ ⅛g transitions (Fig. 3.10), and was not active in oxygen desorption. The authors assumed that desorption occurs mainly from the (110) face, which is supposed, as already mentioned, to be the most densely covered with chemisorbed oxygen owing to the highest crystal field stabilization effect. It was also postulated that two oxygen atoms are desorbed simultaneously from one adsorption center, thus changing the coordination from octahedral to tetrahedral. In such a model the photoactivation of the nickel ion to the ⅛g or ⅛ig state renders the octahedral adsorption complex unstable with respect to the tetrahedral one, as is shown in the Orgel diagram in Fig. 3.10. As a consequence the simultaneous desorption of two oxygen atoms should occur.The study of chemisorption of oxygen on oxy salts of transition metals was undertaken in order to check the effect of the ionization potential of cations [32] and the effect of the crystal field on the chemisorption of oxygen [33]. In the former case chemisorption of oxygen was studied on a series of Fe, Ni, Co, Mn, and Bi molyb­dates. The highest coverage exhibited manganese and cobalt molyb­dates, the lowest one iron molybdate. Bismuth molybdate virtually did not adsorb oxygen. It should now be remembered that the in­vestigated molybdates are heterodesmic compounds in which oxygen atoms are linked to molybdenum by the essentially covalent bond while the transition metal cations form predominantly ionic bonds with oxygen atoms. The cations are coordinated by the oxygen atoms (of MoO4~ anions) bearing in all cases practically the same negative charge, and hence the crystal field acting on the cations can be taken as identical in all the molybdates. The authors argue that in this situation the coverage with chemisorbed oxygen must depend on the ease with which transition metal ions forming ad­sorption centers can supply electrons, i.e., on their ionization po­tentials. In fact, the following data indicate that the correlation between coverage and ionization potential B really exists.
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Dq cm^1FIGURE 3.10 Orgel diagram for the Ni^+ ion in tetrahedral and octahedral fields. Dashed lines indicate the D^(tetra) anc^ 2,q(octa) values as determined for Ni2+ ion coordinated tetrahedrally and octahedrally, respectively, by oxygen atoms [28].
Cation Co2÷ Mn2÷ Ni2+ Bi3+ Fe3÷B (eV) 33.5 33.7 36.2 45 56(% of monolayer) 1.26 1.28 0.36 0.05 0.04
The coverage was measured at 635 K and 0.15 Torr.In the above experiments all samples contained the same oxy anion but the cations were changing, which enabled the investigators to follow the effect of cation ionization energy. On the other hand, Dziewiecki et al. [33] synthesized a series of oxy salts in which oxy anions were changing but the cation Co2+ was always the same, aim­ing to study the effect of crystal field strength on the cation. It has been shown that the smallest amount of oxygen was adsorbed on cobalt phosphate and it increased in the following sequence:
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Interactions of Oxygen with the Surfaces of Oxides 105
Coq(PO4)9 < CoMoO4 < CoTiOQ < CoFe9O4 < CoqO4 O 4 Z ~r O Z z⅛ O τ:Co3O4 adsorbed unusually large amounts of oxygen in comparison with the analogous compound CoFe2O4. This was explained by the fact that Co3O4 dissolves large quantities of oxygen, forming a non- Stoichiometric β phase.In all investigated cobalt oxy salts Co^+ ions are adsorption centers but their properties as shown by the experimental results are modified by the nature of oxy anions present. Qualitatively it can be inferred that the negative charge on oxygen atoms belong­ing to oxy anions ХОД but simultaneously coordinated to Co^+ de­pend on the ionicity of the X-O. This should be smallest in the o_case of predominantly covalent bond in PO4 and the largest in Fθ2θ4~ or Cθ2θ4^, where the X-O bond is predominantly ionic. A large negative charge on oxygen atoms does increase the action of the crystal field on Co^+ ion, thus diminishing its ionization energy. Dziewiecki et al. [33] took a further step and estimated quantita­tively the ionicity of the X—O bond based on the concept of relative electronegativity A developed by Goerlich [34]. The results of calcu­lations given in Table 3.3 show clearly that the changes in ionicity are appreciable and that a distinct correlation exists between ionicity and the amount of chemisorbed oxygen, thus confirming the above qualitative discussion.

ιv. Oxygen-OXIDE equilibria and the defect 
STATE OF TRANSITION METAL OXIDESIn the preceding section the formation and vanishing of lattice de­fects at the surface and in the near-to-surface layer of transition metal oxides was discussed as the result of interactions of the ox­ide surface with oxygen in the gas phase. At temperatures that are low with respect to the melting temperature of a given oxide diffusion of defects into the bulk is slow and the changes in the concentration of defects are limited to the surface layer only. At high temperatures the defects are mobile and the equilibrium be­tween the bulk of the oxide and gaseous oxygen may be reached.In the state of equilibrium the concentration of defects depends on the partial oxygen pressure. As shown by Eqs. (3.2) and (3.4), the interactions with gas phase result in the formation of interstitial atoms or vacancies which are so-called point defects. If the con­centration of point defects is low, they do not interact and the crystal can be considered as an ideal solution of defects in the crystal lattice [35]. Under these conditions the equilibria of defects can be easily described by the methods of statistical thermodynam­ics. However, at higher concentrations of defects their mutual in-
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106 Bielanski and HaberTABLE 3.3 Bond Ionicities in Anionic Groups and the Adsorption of Oxygen
Ion X Relative electro­negativity of X A Ionicity of X-O bondI (%) Oxygen coverage at 0.05 Torr, 583 K (%)p5+ 67.9 27.5 0.45Mo6+ 66.6 28.9 0.76Ti4+ 52.1 44.3 1.64Fe3+ 45.7 51.2 5.99Co3+ 46.8 50.1 AbsorptionSource: Ref. 33.teractions cannot be neglected. As a consequence of the interaction of complexes, clusters or superstructures of defects are often formed which are called extended defects.The presence of defects strongly influences the electrical, opti­cal, adsorptive, and catalytic properties of the oxides. It also con­trols transport phenomena in solids. Here we shall discuss only the most important features of the defect state in the oxides and simple oxygen-oxide equilibria which determine the deviations from stoichiom­etry. However, it should be noticed that point defects can also be present in stoichiometric oxides. In a stoichiometric oxide MO two kinds of such defects are of special interest: the Schottky and the Frenkel defects. Schottky defects can be described as the result of migration of a cation-anion pair to the surface, leaving behind in the bulk a pair of cation and anion vacancies and Vq

MO ≠ VM + vo (3.15)Both vacancies bear formal charges: the cationic one 2— and the anionic one 2+.Applying mass action law, we can write:
⅜=[vm∏voJ (ЗЛ6)The Frenkel defect in ionic crystal is the result of migration of a cation into an interstitial position (M∣) leaving behind a cationic va­cancy. The anti-Frenkel defect, comprising an anion in the inter­stitial position and an anionic vacancy, appears only exceptionally
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Interactions of Oxygen with the Surfaces of Oxides 107in the oxides (e.g., UO2) owing to the relatively large size of the oxygen anion. The formation of a Frenkel defect is represented by the equation:
MM 1

∏ vM (3.17)
where the Mjyj cation is in cationic position. Also in this case, mass action law can be applied to the equilibrium of defects:

(3.18)
The formation of both kinds of defects is an endoenergetic process and hence equilibrium constants Ks and Kp, as well as the total con­centrations of Schottky and Frenkel defects, increase with increas­ing temperature. It should here be observed that by appropriate cooling the equilibrated samples one can easily ’’freeze” the defect state corresponding to a high temperature.As already stated, the deviations from stoichiometry in the ox­ides are the effect of incorporation of oxygen into the lattice, re­sulting in the deficiency of the metallic component, or the giving off of oxygen from the lattice, resulting in the appearance of excess metal. The equilibrium of defects in nonstoichiometric NiO can be represented by an equation analogous to Eq. (3.4) which, however, was limited to the surface layer only:lθ2 ≠vNi + °O (3.19)
Here the symbols Vpq and Oq—electrically neutral nickel ion vacancy and oxide ion on the anionic site—refer to the bulk of the crystal. According to the Krdger-Vink notation system, the symbol V^j cor­responds to the cationic vacancy the formal negative charge of which (2-) is neutralized by two Ni^+ ions in the nearest neighbor­hood. From the point of view of the band theory of solids, Ni^+ ions represent positive holes h* localized at the cationic vacancy. Electrically neutral cationic vacancy is an acceptor center, i.e., can accept one or two electrons from adjacent Ni^+ ions, thus forming a free positive hole h’:

Vκτ. ≠ V’. + hNi Ni (3.20)
V’ ≠ V" + h, Ni Ni (3.21)
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108 Bielanski and HaberAssuming that the concentration of defects is low enough for the laws of ideal solutions to still be valid, we write:
-1 ^Po22 (3.22)

[V⅛[h∙]-2~ tvNr∣= ⅞[h∙]—3 [V,.]l Nij
(3.23)
(3.24)

Because the NiO crystal is electrically neutral, its electroneutrality condition is
[VNi] + 2[VNi] = th*] + 2[Vo] (3.25)However, the concentration of Vq (due to the presence of Schottky defects) is always low in comparison with that of h’ and one can write:[V1^.] + 2[V^.] = [h*] (3.26)

From Eqs. (3.22)-(3.24) and (3.26), one obtains:-1⅛O22 {[h’] + 2⅛1 = th*]3 (3.27)
The latter equation enables us to calculate the concentration of posi­tive holes in two limiting cases, i.e., when 2kβ « [h* ] and when 2k3 » [h*]. The first case corresponds to the situation in which the single ionization of cationic vacancies predominates and the dou­ble one can be neglected. Then:[h∙] = ¾ pjζ4 (3.28)
In the second limiting case it is the double ionization of cationic vacancies which predominates and:[h∙] = ⅛k2k3 eJ∕6 (3.29)
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Interactions of Oxygen with the Surfaces of Oxides 109In the intermediate cases the exponent at the partial pressure ofoxygen assumes the values between 1/4 and 1/6. Both Eqs. (3.28) and (3.29) can be verified by the measurement of electrical con­ductivity σ which is proportional to the concentration of free posi­tive holes and hence σ _ 1/4- β⅛2 = Pr°Porti°nality constant). Infact, the measurements of conductivity carried out by various au­thors at temperatures above 900oC within the pressure range 10"3to 1 atm the values of the exponent equal 1/4 to 1/6 were obtained.In a similar way, the formation of defects in ZnO can be dis­cussed. However, here the formation of defects is favored by thelow pressure of oxygen:

hence
(3.31)
(3.32) 
as
(3.33) 

case
(3.34)
(3.35)

ZnO ≠ Zni + I O2 (3.30)
Here Zn∣ denotes the interstitial electrically neutral atom of zir This can easily give off one or, less easily, two electrons and is an electron donor center:

Zn. ≠ Zn. + e ι ιZn. ≠ Zn. + e ι ιThe electroneutrality condition of the lattice is expressed here[e"] = [Zn.] + 2[Zn.']
Applying mass action law in an analogous way to the previous of NiO, one arrives in the limiting case of single ionization of donors to the quation in the form:

∣.-l = ∕¾ p-o^i

and in the case of double ionization:[e'] = ⅛ P'12z6
k4, k5 and kθ are equilibrium constants of reactions (3.30), (3.31) and (3.32) respectively. Equations (3.34) and (3.35) indicate that in the equilibrated system the concentration of free electrons [e^] does increase in the measure as oxygen pressure decreases. Parallel the concentration of interstitial zinc atoms and the deviations from 
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110 Bielanski and Haberstoichiometry are growing. Similarly as in the case of NiO5 in ZnO the applicability of Eqs. (3.34) and (3.35) can also be checked by the measurements of changes in electrical conductivity at different oxygen pressures.The changes in the electrical conductivity of nonstoichiometric transition metal oxides are the effect of the formation of acceptor or donor centers in the crystal lattice. Another effect is the change in the work function which increases with the formation of acceptor centers and decreases with that of donor centers. All these phe­nomena may also be described as being due to changes in the posi­tion of the Fermi level which is shifted downward by the increasing concentration of acceptor centers and upward by that of donor centers. However, the deviations from stoichiometry are usually small and the shift in the position of the Fermi level in this case is not significant. Greater changes of Fermi level, more important from a catalytic point of view, can be achieved by doping semicon­ducting oxides with other altervalent oxides according to the con­trolled valency principle of de Boer and Verwey [36].Similarly as in the case of inducing nonstoichiometry, doping involves also the participation of oxygen from the gas phase. For example, doping of NiO with Li2O usually occurs according to the equation:Li2O + ∣O2 ≠ 2Libf. + 2Oθ (3.36)
The acceptor center LijQi consists of a lithium cation in the cationic position (LijQi), formal charge of which (—1) is neutralized by an Ni^÷ ion in its immediate vicinity, i.e., by a positive hole local­ized at this foreign atom. The neutral acceptor center LijQi be­comes ionized according to

LiNi ⅛i + h (3.37)If the ionization is complete, instead of the two last equations one can write:Li9O + ⅜O9 ≠ 2Li' + 2On + 2h' (3.38)
Z ZZ IN 1 UOn the other hand, doping nickel oxide with Fe2O3 is accompan­ied by the giving off of elemental oxygen and the formation of donor centers FejQp

Fe2°3 * 2FeNi + 2θO + 2θ2 (3.39)
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111Interactions of Oxygen with the Surfaces of OxidesThese ionize with the formation of free electrons e":
FeNi ≠ FeNi + e (3.40)

Owing to the recombination of the excess free electrons with positive holes which are predominant current carriers in NiO, this last process can also be represented as
Feκτ. + h ≠ Feκτ.Ni Ni (3.41)

If ionization of donor centers is complete, instead of Eqs. (3.39) and (3.41) one can write:Fe„O„ + 2h* ≠ 2FeJr. + 2O∩ + ∣ O9 (3.42)
Zu IN JL V√ Z ZIn zinc oxide doping with Li2O results in diminishing of the concentration of free electrons the predominant electrical current carriers and doping with tervalent oxide to its increase. The equa­tions analogous to equations (3.38) and (3.42) are in this case [37]

bl2θ + 2θ2 + 2e * 2L1Zn + 2θ0 and
Ga2°3 2GaZn + 2θ0 + 2e + 2°2

(3.43)
(3.44)

The results of work function measurements on a series of Li2O- doped nickel oxide will be presented in Chapter 6 in connection with catalytic oxidation of CO on such samples.It should be stressed that the simple interpretation of defect equilibria in oxides given above concerns only the oxides in which the concentration of defects is low enough and the laws of ideal solutions are still valid. In nickel oxide, for example, the concentra­tion of defects even at temperatures as high as 1300oC does not ex­ceed the limit of 0.1 mol %. However, there is a large group of ox­ides containing much higher numbers of defects. Wiistite FeO be­longs to the most notable examples of such behavior. This phase is thermodynamically stable only above 570oC and can exist as a nonstoichiometrie compound within wide limits of concentration. In the range 800—1200oC the composition of ferrous oxide was found to vary between FeθQe947 and Feθθegθθ indicating a deficit of iron 
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112 Bielanski and Haberbetween 5.3 and 9.4 mol % [38]. In oxides with large deviations from stoichiometry the interactions between the point defects result in the formation of various complexes and clusters of defects which exhibit short- or long-range order [ 35 ]. The superstructures of defects may appear in some oxides and often in such cases homolo­gous series of intermediate phases exist. Some examples of extend­ed defects will be mentioned here. However, there is no need here for systematic presentation.From the point of view of oxidation catalysis, of particular im­portance are crystallographic shear defects which appear in the groups IV—VII transition metal oxides containing these metals in high oxidation states. The presence of such defects is considered to be connected to a high mobility of lattice oxygen and to be one of the essential factors controlling catalytic properties of these ox­ides. Formally the formation of a shear defect can be represented as the result of specific ordering of anionic defects which are sub­sequently eliminated by a local reconstruction of the lattice. This is shown schematically in Fig. 3.11 representing a cross-section of ReO3 structure in which [Reθθ] Octahedra are linked by the in­termediation of θ2" ions in such a way that each of them is common for two neighboring octahedra. On the left side of Fig. 3.15 the supposed positions of ordered anionic vacancies are shown by empty circles. The shift in the direction of the arrow of one of the two parts of the lattice separated by the rows of vacancies would re­sult in the formation of a defect zone, an extended defect, called the crystallographic shear plane as shown on the right side of Fig. 3.11. In this zone the coordination number 6 of cations remains unchanged. The change is suffered only by the coordination of anions. It can easily be seen in Fig. 3.11 that in the defect zone oxygen atoms are present which belong to three neighboring octa­hedra. In the shear plane the cation-anion number ratio therefore increases and in order to preserve locally electroneutrality condition cations of lower valency must occupy octahedra with tricoordinated oxygen atoms. Reduction of appropriate number of cations to a lower oxidation state must have occurred at the moment when the lattice lost some oxygen atoms (formation of oxygen vacancies). Now these reduced atoms are ordered in the shear plane.At a sufficiently high concentration of crystallographic shear planes, called also Wadsley defects, the planes interact among them­selves and get ordered at equal distances, forming a homologous series of the oxides (Magneli phases). In the case of molybdenum oxides the composition of the members of the series is given by the formula MonC>3n-i (n = 4, 5, 8, 9, 17, 18) [39]. A series of vanadium oxides of the composition Vnθ2∏-i with n = 2—8 was described [40,41]. ~^ -
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Interactions of Oxygen with the Surfaces of Oxides 113

FIGURE 3.11 Scheme of crystallographic shear defects formation: (a) hypothetical ordering of anionic vacancies before defect forma­tion, (b) defect resulting from the shift in the direction of the ar­row.
The real mechanism of the formation of crystallographic shear defects is not fully understood. Wadsley and Anderson [42,35] as­sumed that it is due to the ordering of anionic vacancies. Bonnet and Ouillon [43] suggested recently that in the case of nonstoichi- ometric WO3 the initial point defects—interstitial metal atoms and anionic vacancies—tend to aggregate in the form of W4O1∣ clusters. The grouping of these clusters would lead to the formation of shear planes. Independently of the detailed mechanism the formation of Magneli phases must be connected with the release of oxygen either by the evacuation at elevated temperatures or under the influence of reducing gases. At the conditions of many catalytic oxidation reactions the inward diffusion of vacancies from the surface into the bulk of crystallites equivalent to the outward diffusion of oxy­gen is considered to be quite rapid and the surface reduced by the reagents can be regenerated to some extent, even without the presence of gaseous oxygen. This can be illustrated by the results of butene oxidative dehydrogenation to butadiene on Bi2MoOθ
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114 Bielahski and Habercatalyst obtained by Haber and Grzybowska [44]. At first pulses of the mixture of hydrocarbon with oxygen were injected into a flow microreactor and conversion determined as the function of the number of pulses (Fig. 3.12A). After eight such pulses a series of pulses containing only pure butene was injected. The yield of butadiene remained unchanged (Fig. 3.12E); however, as the gas contained no oxygen, the lattice oxygen of the molybdate must have been used for the reaction. The yield of butadiene remained un­changed even after extracting from the lattice an amount of oxygen corresponding to 7% reduction of the solid. Hence it can be con­cluded that the lattice of bismuth molybdate can readily supply oxygen for the reaction with hydrocarbon at a rate much higher than that of the surface reaction itself.
V. ISOTOPIC EXCHANGE OF OXYGEN ON SOLID CATALYSTSThe isotopic exchange of oxygen:18O2 + 16O2 ≠ 216O18O (3.45)
belongs to the simplest reactions involving molecular oxygen. It oc­curs in the gas phase as a homogeneous reaction at high tempera­tures only because of a considerable and necessary weakening of the 0—0 bond. However, in the presence of solid catalysts it can be observed within the temperature range 200—400oC, at which many catalytic heterogeneous reactions occur. In some cases catalytic isotopic oxygen exchange could be observed at room temperature and even at the temperature of liquid nitrogen.
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Interactions of Oxygen with the Surfaces of Oxides 115Studies of catalytic oxygen exchange contributed greatly to the elucidation of the interactions between molecular oxygen and the catalyst surface. They enabled characterization of the mobility of oxygen atoms at the oxide surface and frequently that of lattice oxygen atoms as well. In a number of cases they also supply valu­able information concerning some simple reactions occurring with the participation of molecular oxygen. The main contributions to the knowledge of catalytic exchange of oxygen on the surface of oxides were given by Winter [45], Boreskov [46], and by the Czech group of Jiru, Novakova, and Klier [47]. Much less attention has been given to the isotopic exchange of oxygen on metal catalysts, evi­dently due to the fact that metals are used only rarely as oxidation catalysts.Isotopic exchange of oxygen on the oxide catalysts occurs either with or without the participation of the oxide's oxygen. In the former case we deal with hetero- and in the latter with homomo- Iecular exchange. The heteromolecular exchange may occur in such a way that one oxygen molecule from the gas phase does exchange only one oxygen atom with the surface of the catalyst:18O + 16O ≠ 18O16O + 18O (3.46)

18Oo + 16O ≠ (18O18O16O) ≠ 16O18O + 18O + 18O (3.49)2 s s ss

2 s s or in such a way that the oxygen molecule from the gas phase ex­changes both its atoms with the surface:18O + 216O ≠ 218O + 16O2 (3.47)
z s zzSubscript s denotes here a surface atom (or vacancy) of the solid. On the other hand, no lattice oxygen atoms appear in the equation representing homomolecular exchange:18O2 + 16O2 ≠ 218O16O (3.48)

The possible mechanism of such processes was discussed by Winter [48] who assumed that reaction (3.46) occurs in one stage only by the interaction of an O2 molecule with an oxygen surface atom. The transition complex in such a case would be composed of at least three atoms:
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116 Bielanski and HaberFor simplicity’s sake no possible electrical charges of adsorbed oxy­gen are given in this equation. The same process can also occur in several stages including the dissociation of the O2 molecule onthe surface of the oxide:18°2 ‘ 218O .ads (3.50a)18ortads + 16O ≠ 16O18O + (Vs S (3.50b)18O d ads + (Vrι) ≠ 18O v O7S s (3.50c)

18Os + 16Os ≠ 16O2 + (V0V0)s (3.53b)

or by the adsorption of on a surface anionic vacancy (Vq)s:18Oo + (V„) = 18O + 18O, , . (3.51a)2 v Oys s (ads) v 7The adsorbed ∙^^Oads at°m would react with a surface lθθs atom, thus regenerating surface vacancy in the same way as in (3.64b):18O , + 16O = 16O18O + (V ) (3.51b)ads s v O7s v 7As was shown by Boreskov [46], the three mechanisms (3.49), (3.50), and (3.51) cannot be discriminated by the kinetic measure­ments. However, it should be observed that, in the case of a slightly reduced V2O5∕SiO2 catalyst, Kazansky et al. [49] showed using EPR measurement that a negatively charged complex is the intermediate species for homomolecular isotopic exchange of oxygen occurring between —140 and 20oC.Heteromolecular exchange with the participation of two oxide oxygen atoms for one exchanged O2 molecule from the gas phase may occur in one stage through the formation of a transition complex composed of four atoms:18O + 2l6O ≠ (18O18O16O16O) ≠ 16O9 + 218O (3.52)
ZS SZSor by the incorporation of an oxygen molecule at the site of two neighboring surface oxygen vacancies and the simultaneous desorp­tion of O2 molecule from another site at the surface:

10 1 яθ2 + <v0v0>s ≠ 2 θs <3∙53a>
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Interactions of Oxygen with the Surfaces of Oxides 117where (VqVq)s denotes a pair of neighboring surface anionic va­cancies .Homomolecular oxygen exchange can be observed only on the condition of no isotopic equilibrium in the gas phase. Its mechan­ism may comprise formation of an active complex composed of four oxygen atoms from the gas phase. One can also conceive a process in which dissociative adsorption of oxygen molecules takes place and subsequently molecular oxygen is again produced from adsorbed O atoms:18O = 218O , 2 ads
2(18O , + 16O , ) = 216O18O v ads ads7

(3.54a)
(3.54b)
(3.54c)

lθθ =2 z ads
The latter mechanism can play a noticeable role only if the rate of heteromolecular exchange is significantly lower than that of homo- molecular exchange.Statistical considerations show that the isotopic exchange of oxy­gen should obey first-order law with respect to the mole fraction of a given isotopic species independently of exchange mechanism [50]. In accordance with this the results of measurements of the catalytic homomolecular exchange can be expressed by the equation:K = I In (1 - F) (3.55)
where F = Co — /Co — C00 and Cn, Cjn and C00 represent the initial concentration of lθθ (at %) in~the^gas phase, the concentra­tion after time t, and the concentration at the isotopic equilibrium state, respectively. If the exchange was not limited to the gas phase but occurred also with the participation of surface or lattice oxygen of the catalyst instead of Eq. (3.55), the following equa­tion was used by Jiru and Novakova [51]:ns ln(l - F)S(l + λ)t (3.56)
in which S is the surface area of the oxide, λ = ns∕∩g, ns is the number of exchangeable oxygen atoms in the solid "(surface and bulk), and ng is the number of oxygen atoms in the gas phase.The overall rate constant R, often referred to as the rate of exchange, depends both on the total pressure of oxygen ∩q^ and on the temperature
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118 Bielanski and Haber
/ eo Λ m I^ = АЕоДехр- — (3.57)

Using this equation the reaction order m with respect to oxygen and the apparent activation energy Ea can be calculated from the experi­mental data. -The discrimination between the rate constant of homomolecular oxygen exchange Ro and the rate constants of heteromolecular ex­change occurring wTth the participation of one oxide oxygen atom Rj , or with the participation of two oxide oxygen atoms R2, can be done on the basis of detailed kinetic considerations. This has been done by Klier et al. [52] and by Boreskov [46]. Although the two approaches are not quite the same, algebraic results may readily be shown to be identical [48].The results of the investigations of isotopic oxygen exchange at the surface of oxide catalysts show that the rate and the mechanism of this process largely depend on the pretreatment of the catalyst surface. The results obtained for the samples previously heated in vacuo, the surface of which are partially reduced and contain different defects, can be satisfactorily reproducible only on the con­dition that a given experimental procedure be strictly reproduced in each run. Oxygen isotopic exchange is in this case much faster than in the case of samples which were equilibrated with oxygen be­fore experiments. Such equilibration is usually carried out by heat­ing the sample in the atmosphere of oxygen of natural isotopic com­position at a pressure and temperature corresponding to those which are subsequently applied in the catalytic exchange experiment. Re­producibility of the results so obtained is quite satisfactory, e.g., results obtained by Winter [45] and Boreskov [46] for MgO, NiO, ZnO, CuO, Cr2O3, Fe2O3, and TiO2 do not exhibit any striking discrepancies in the values of the apparent activation energy. On the other hand, the data published by Winter [53] and Minachev [54] concerning isotopic oxygen exchange on rare-earth Sesquioxides show significant discrepancies which were attributed to different ways of Synthetizing the samples. The samples prepared by Winter by the decomposition of oxalates were heated before experiments for 16 hr at 900oC in air while those obtained by Minachev were prepared from nitrates via hydroxides heated for 6 hr at 600oC and outgassed for 6 hr at 500oC.The most extensive compilation of results obtained by different authors is given in [ 47 ]. A selection of the data collected in this paper is given in Table 3.4, containing the following information: temperature range in which the experiments were carried out, activation energy Ea, and reaction order m with respect to oxygen pressure, the latter both calculated from Eq. (3.57). Column 4 
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Interactions of Oxygen with the Surfaces of Oxides 119gives the number of layers in which the exchange took place in the oxide. Column 5 informs about the type of exchange Ro, Rj_, or R2 provided that the authors themselves mentioned it. "As the data in Table 3.4 show, depending on the nature of the oxide only a fraction of surface oxygen takes part or the oxygen atoms from on­ly several subsurface layers. From this point of view quite peculiar behavior is exhibited by V2O5, MoO3, and WO3 in which practically all the lattice oxygen can participate in the isotopic exchange [55]. The notable mobility of oxygen proven by these experiments is a plausible explanation of the fact that all three oxides easily under­go reduction accompanied by the formation of crystallographic shear defects and, in consequence, the formation of lower oxides of the Magneli series (as VnO2r1+1 or Monθ3n-∣). The common feature of these oxides in the pure” state or Tn the form of mixed oxides is their remarkable catalytic properties in the selective oxidation of hydrocarbons.
TABLE 3.4 Oxygen Isotopic Exchange on Oxide Catalysts

Oxide(1)

n
Reaction temp.oC(2)

Energy of activation kJ∙moΓl(3)
number of oxygen layers in solid in which exchange takes place(4) Mechanism(5)CuO 230-330a 92 2.5-3 R2300 6Rθ - 7Rι - R2275-350 109 0-0.8AgO 90-130 142 IORi *c r2MgO 370-450a 159 0.8-3 r1350-440f 159 1.4-2.4 (R0)Ri400-500 168ZnO 350-410a 151 1.5-3 r1360-420f 168 1-3 (R0)Rl425-475 166,2CdO 250-350 84 2-2.5 R1La2O3 350-450f 96 7-10 (Ro)Ri220-300a 46 0.8-2.5
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120 Bielanski and HaberTABLE 3.4 (Continued)

Oxide (I)

n
Reaction temp.oC(2)

Energy of activation kJ∙mol"l (3)
number of oxygen layers in solid inwhich exchange takes place(4) Mechanism(5)Al2O3 α500-600a 188 2-3 Rlγ.480-580 163 2-3 R1γ400-500 134In2O3 550-650a 239 6-9 Rl > IOR2TiO2 500-580a 147 2-4 R1(rutile) 630-730 134 6-9 R1ZrO2 550-650f 63 2-3 R1350-450a 126 1 Riv2o5 480-540 84 all Ri520-600 335 all R2400-550 188 all450-550 193 allCr2O3 270-370a 142 1-1.5 Ri(R2)270-400f 134 1-2 Rl > θR2M003 600-660 117 all R1630-690 251 all R2630-750 172 all650 all R0 = r1 = R2WO3 700-750 63 all R1720-790 209 all r2700-800 214 allα-Fe203 290-400 80 2-4 R = Rl = 4R2260-340a 113 1.5-2 Rl = 2R2NiO 330-400a 188 1-2 r1 “ 4r2200-370f 147 0-1,5 RlPd 200-350 126Pt 200-250 69.020-427 151aSample heated in oxygen prior to the exchange reaction, ⅛ample heated in vacuum prior to the exchange reaction. Source: Ref. 47.
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Interactions of Oxygen with the Surfaces of Oxides 121The rate of heteromolecular oxygen exchange in the equilibrated samples of such oxides as Co3O4, NiO, CuO, and MnO2 rapidly de­creases with the exchange degree. The changes are distinct even within the monolayer thus indicating nonuniformity of surface oxy­gen atoms relative to the isotopic exchange with the gas phase. On the other hand, Fe2O3, Cr2O3, ZnO, and V2O5 exhibited ap­preciable uniformity of surface oxygen [56].Various correlations between the rate of isotopic oxygen ex­change on equilibrated oxides or activation energy of this process Ea and different physicochemical parameters were proposed. In the case of a series of equilibrated oxides of transition metals belonging to the fourth group of the periodic system, Boreskov [46] stated a correlation between the enthalpy of the formation of oxide calculated per mole of oxygen and the activation energy of oxygen exchange. In the same series of oxides parallel changes of Ea and the activity of a number of catalytic oxidation reactions was also stated [57]. These observations, which will be described in more detail in the next section, led Boreskov to the conclusion that there exists a link between the mechanism of heteromolecular isotopic exchange and that of the investigated catalytic oxidation reactions. At first one could suppose that in all cases there is the same rate-limiting step, e.g., chemisorption of oxygen. However, distinct differences in activation energies render such an assumption inplausible. Facing this fact, Boreskov arrived at the conclusion that although the rate­limiting steps are different, the formation of active complex must in each case involve breaking the bond between oxygen atoms par­ticipating in the given reaction and the surface of the catalyst. The energy of the oxygen-catalyst bond, ’’oxygen bonding strength,” must therefore, according to Boreskov’s theorem, be one, but not the sole, factor determining the activation energy. If the same reaction is studied on different oxides, the other factors are approximately constant and the observed changes in the catalytic activity are mainly due to the oxygen bonding strength. This rule also comprises isotopic oxygen exchange and hence the exchange activity of an oxide is considered by Boreskov to be a value charac­terizing oxygen-surface bond strength.
VI. OXYGEN-SURFACE BOND STRENGTHThe problem of catalytically active oxygen on the surface of oxide catalysts was tackled in the previous sections mainly from the per­spective of different forms of oxygen available at the surface. How­ever, it should be observed that the practical discrimination be­tween oxygen species participating in a catalytic reaction is by no means a simple task and can be solved only with rather elaborate experimental methods. In addition, the studies on adsorbed oxygen 
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122 Bielanski and Haberspecies are most frequently carried out at conditions rather dis­tant from the usual conditions of catalytic reactions. These difficul­ties can in some measure be overcome by the study of the ener­getics of oxygen bonding at the surface. This approach brought success in the interpretation of the catalytic properties of the ox­ides of group IV transition metal oxides. These oxides exhibit in a number of catalytic oxidation reactions a characteristic, almost uni­versal reactivity pattern with three maxima at the Co, Cu, and Mn oxides [58]:Ti < V < Cr < Mn > Fe <Co> Ni < Cu > ZnAs the example, specific activities of these oxides in the catalytic oxi­dations of hydrogen and carbon monoxides as well as in oxygen iso­topic exchange are shown in Fig. 3.13. The data were taken from [46,59,60]. Similar activity patterns were obtained for the total oxidation of CH3OH, C3H6, C6H6 [61], NH3 [62], C6H5-CH3 [63], etc. The fact that the same activity pattern is observed for the catalytic oxidation of different oxidizable substances led to the con­clusion that this pattern reflects in some way the reactivity of oxy­gen at the surface of metal oxides, frequently also described as the ’’mobility” of surface oxygen [58].The postulated role of this value becomes clear if we consider the general scheme of heterogeneous catalytic oxidation [58]: 
A(g) + K-ox → AO , + K-red adsAO , ÷ AO ads gК-red + ⅜ Oo → K-ox 2 2g

(3.58a)
(3.58b)
(3.58c)

where К-ox and К-red represent oxidized and reduced states of the catalyst and A and AO substrate and the product of the catalytic reaction, respectively. The first step in this scheme is the reaction of substrate with chemisorbed or lattice oxygen, the second one is the desorption of the product from the surface, and the third is the reoxidation of the catalyst with oxygen from the gas phase. At low temperatures (approximately —80 to IOOoC for the oxides) ad­sorption and desorption processes are slow and in fact determine the overall rate of oxidation. If CO is oxidized at room tempera­ture on MnO, CoO, and NiO, the most difficult step is desorption of CO2, while on some preparations of MnO2 the rate-determining
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Interactions of Oxygen with the Surfaces of Oxides 123

TiO2 Cr2O3 Fe2O3 NiO ZnO
V2O5 MnO2 Co3O4 CuOFIGURE 3.13 Specific activities r (molecules cm-2 sec"l) of the ox­ides of group IV transition metals. 1, Catalytic oxidation of carbon monoxide at 227oC, pco = 2 Torr, pθ2 = 1 Torr [59]. 2, Catalytic oxidation of hydrogen at 300oC, p∩2 = 11.8 Torr, pq2 = 750 Torr [60]. 3, Isotopic exchange of oxygen at 300oC, pq2 = 40 Torr [46].

step is chemisorption of oxygen on the reduced surface of the ox­ide [64]. On the other hand, at temperatures above 150—200oC adsorption and desorption processes are definitely faster and stage (3.58a) becomes the rate-determining step. Now the formation of active complex must involve the breaking of the oxygen-surface bond, as was already mentioned in the preceding section, and hence the activation energy must depend on the oxygen bonding strength. If we assume that in all oxidation reactions exhibiting the same activity pattern (high-temperature region, excess of oxy­gen (in gas phase) step (3.58a) is the rate-limiting step, the similarity of activity patterns will be understood and explained by different oxygen bonding strengths at different oxide surfaces.In order to verify this hypothesis it is necessary to determine oxygen bonding strength and to compare it with catalytic activities.
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124 Bielanski and HaberThis has been attempted in various ways which were recently re­viewed by Golodets [60]. The most direct method consists of calorimetric measurements of the heat of adsorption qs of oxygen on the oxide surface. However, the value of qs strongly depends on both the coverage and the pretreatment of the oxide. Sazonov and colleagues [65] determined chemisorption heat of oxygen on the ox­ides of period IV transition metals as a function of the amount of oxygen removed from the surface. In these experiments the stoichiometric surface of the oxide was at first treated with a small amount of CO and then thoroughly evacuated. From the amount of desorbed CO2 the degree of surface deoxygenation was calculated and expressed as θ, the percentage of oxygen monolayer removed. In most of the investigated oxides (Co3O4, V2O5, NiO, CuO, MnO2) qs increased with the deoxygenation of the surface. It re­mained practically constant in the case of Fe2O3 and in that of ZnO exhibited a small increase after about 0.25% of monolayer of oxygen was removed and then remained constant. It could be shown [60] on the example of nickel oxide that qs values obtained at 327oC for the surfaces of a given θ were also dependent on the time which elapsed between prereduction and chemisorption. With the pro­longation of this time the qs value decreased. This was interpreted as the result of partial regeneration of the surface due to the dif­fusion of oxygen from the deeper layers of the crystallites. This effect was stronger with increasing deoxygenation but vanished for θ approaching 0. The values of qs obtained for θ = 0 repro­duced well and could be taken as the measure of oxygen bond strength.In Boreskov’s laboratory studies were also undertaken in which the bonding energy of oxygen was estimated on the basis of mea­surements of oxygen equilibrium pressure over the oxides within an appropriate range of temperature. The measurement were car­ried out in a bivariant region where the elimination of oxygen still did not involve the generation of a new phase. The experiments in this area suffer some complications the most important of which is connected with the impossibility of fixing up the initial state of oxides with a certain stoichiometric composition. The treatment aiming at the elimination of impurities usually results in a signifi­cant change in the concentration of oxygen in the surface layer of oxide. However, when the proper standarization of samples was applied (vacuum treatment for 4 hr at 500oC and then keeping in oxygen at the same temperature (for 1 hr at Pq^ = 10 Torr), the reproducible results were obtained and the values corresponding to stoichiometric surface calculated from the Clapeyron-Clausius equa­tion were in good accordance with the calorimetric values deter­mined when θ = 0. The data taken from [66] are given by the low­er curve in Fig. 3.14.
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1001

Q j-------- ,-------- r----------------- j-------- , f- , , I
TiO2 V2O5 Cr2O3 MnO2 Fe2O3 Co3O4 NiO CuO ZnOFIGURE 3.14 Activation energies Ecj of oxygen desorption as deter­mined by Halpern and Germain and "oxygen bonding strength E as determined by Boreskov and colleagues by the measurement of oxy­gen equilibrium pressure [67].

Boreskov’s results correlate well with the results of ’’flash” thermodesorption obtained by Germain et al. [67,68]. In this case the samples were standardized by heating them in vacuo (500—700oC) and then in oxygen. After cooling and evacuating the sample was heated rapidly (in the course of 20—40 sec) to 800—900oC by using a strong beam of light. The evolution of oxygen was followed mass Spectrometrically. Depending on the nature of the oxide, one to three desorption peaks were registered and labeled as 0, 1 and 3. An example of a desorption spectrum is shown in Fig. 3.15. The pressure of several peaks indicated heterogeneity of labile oxygen. This method was therefore more sensitive than the method consist­ing of measurement of oxygen equilibrium pressure. With tempera­tures of the peaks and the heating rate known, the activation en­ergies of oxygen desorption Ej for particular oxides could be cal­culated. The results are give"n in Fig. 3.14. The line joining the points corresponding to the activation energy of peak 1 for the oxides of Ti, V, Cr, Mn, Fe, and Zn and the points corresponding
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Time, sFIGURE 3.15 Flash desorption spectrum of oxygen from Co3O4.Full line, mass spectrometer current; dashed line, heating curve [67].

to peak O for the oxides of Co, Ni, and Cu is parallel to the line showing Boreskov's qs values (lower curve in Fig. 3.14) [66]. It can therefore be concluded that the first species detected by Bore­skov’s method are oxygen in state 1 for the former group of oxides and oxygen in state 0 for the latter one. The parallelism between qs and Ed values indicates that in this case the Polanyi-Evans cor­relation between the heat of reaction and its activation energy can be applied. This correlation obtained for homogeneous reactions was applied to heterogeneous catalytic reactions for the first time by Temkin and Balandin [69]:E^ = a ± dqs (3.59)
The plus corresponds to the situation in which oxygen-surface bond is broken in the course of formation of the active complex and the minus to that when the oxygen-surface bond is formed. The val­ues a = 3.61 kcal moΓ^ and b = 1.32 were obtained in [67].To the methods used for the characterization of oxygen bonding strength also belongs isotopic exchange of oxygen, described in detail in the preceding section. As was stated, only the results ob­tained for heteromolecular exchange on the samples which were pre­viously equilibrated with oxygen can be taken for the Characteriza­
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Interactions of Oxygen with the Surfaces of Oxides 127tion of oxygen bond strength. Owing to the fact that in some cases surface oxygen is not uniform and its activity does change with the exchange degree, the best reproducibility is obtained when only the initial rate of exchange is taken into account [66]. The correlation between the activation energy of isotopic oxygen exchange and the oxygen bonding strength determined at standard conditions is experi­mentally confirmed. The parallelism between the specific activities of oxygen exchange and catalytic oxidation of CO and H2 is shown in Fig. 3.13. When comparing both correlations it can be inferred that the catalytic activity increases with decreasing oxygen-surface bond strength, which makes easier the formation of active complex oc­curring with the breaking of this bond. Another example of such a correlation was reported in [66] where the specific activities of a series of Mn, Ca, Ni, Zn, Co, Mg, and Cu cobaltites (spinels) in the catalytic oxidation of H2 and CH4 as well as in oxygen exchange were investigated.However, it should be stressed that the correlations obtained in the case of simple nonselective oxidation catalytic reactions occur­ring on the oxides of period IV transition metals do not possess a general character, nor are they observed in the same form with the oxides of periods V and VI transition metals or mixed oxides con­taining Mo, W, Sn, Sb, V, etc., frequently used in the selective oxidation of hydrocarbons. Gelbstein et al. [70] confirmed Bore­skov’s correlations in the case of nonselective oxidation of olefins on the oxides of period IV transition metals but stated that it is not valid in the case of MoO3, Sb2O5, Bi2O3, and V2O5. All these oxides exhibit high oxygen bonding strength (activation energies of oxygen isotopic exchange between 35 and 75 kcal mol^l) and low activity in the complete oxidation of olefins independent of oxygen bond strength. The most probable cause of low catalytic activity of these oxides in reactions of complete oxidation lies in the high- energy of Surface-Oxygen bond. At the same time typical of these oxides is high selectivity of catalytic action with respect to olefin oxidation reactions.The situation is much more complicated in selective oxidation than in complete oxidation. The oxygen bonding energy should be weak enough to enable the formation of the product of partial oxida­tion but at the same time strong enough to render its further ox­idation possibly difficult. Sachtler [71] indicated that such a situ­ation can be expected if the surface oxygen bonding strength does strongly increase with the deoxidation of the surface expressed as its reduction degree x∙ In the stationary state of the catalytic reaction the optimal oxygen bonding strength can be established. The high value of dqs/dx should, according to Sachtler’s hypothe­sis, indicate high selectivity. In fact, when comparing the behav­ior of MnO2 nonselective in the oxidation of benzaldehyde with that 
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128 Bielanski and Haberof V2O5 fairly selective and highly selective V2O5-SnO2 (selectivi- ties 0, 70—80, and 90—100%, respectively), he found that the en­thalpy gradient increased in the sequence 8, 80, 200.It is clear that in the selective oxidation the energy of oxygen bonding to the surface must not necessarily be the only factor con­trolling the kinetics and selectivity of the reaction. In selective oxidation of hydrocarbons dissociative adsorption of a substrate molecule, i.e., hydrogen splitting off in a C-H bond and formation of a species subsequently reacting with surface oxygen, is another step which may control the overall catalytic process [71].
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4

Mechanism of the Catalytic Oxidation:
General Considerations

I. GENERATION OF REACTIVE SPECIESMolecular oxygen contains in its ground state two unpaired electrons, which are localized on the degenerate antibonding ιτg2p orbitals; the ground state is thus a triplet ^∑~g (see Section I of Chapter 1). Because of the rule of spin conservation, reactions between this triplet oxygen and organic molecules which are in the singlet state experience high activation energies. This symmetry barrier may be overcome either by activating oxygen to the singlet state or by activating the organic molecule to make it susceptible to the reaction with molecular or atomic ions in the doublet or singlet state. Of particular importance is the nucleophilic attack by the oxide ion O2 “.Crystallites of transition metal oxides may exhibit two types of crystal faces [1]:Those whereby all constituent atoms are chemically fully saturated but have either exposed transition metal cations with empty d orbitals, which may play the role of LUMO of the oxide; or free electron pairs of the oxide ions, which may act as the oxide HOMO.Those which are composed of Coordinatively unsaturated cations and anions, whereby excess charges are accumulated generating con­siderable variations of the potential along the surface.The first type may be considered as hydrophobic. Exposed transi­tion metal ions with empty dxz and dyz orbitals, which are LUMOs, may play the role of electron acceptor sites. Oxygen ions bridging 
131
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132 Bielanski and Haberthe M-Oχ polyhedra have free electron pairs at HOMOs, which may act as electron donors [ 2 ]. When a hydrocarbon molecule approaches such a surface, the C—H bonds may react with the empty d orbitals of the transition metal ions, the protons being shifted to the bridg­ing oxide ions and the alkyl radicals attached to the transition metal ions. Hydrocarbon molecules thus become activated and rendered prone to the nucleophilic attack of other bridging oxide ions.Different interactions prevail at crystal planes of the second type, which may be considered as hydrophilic [3,4]. These planes show a strong tendency to dissociatively adsorb water. The OH groups generated as the result of hydroxylation may show more or less acidic character and interact with the hydrocarbons to form carbonium ions. On heating at higher temperatures dehydration of the surface takes place, leaving Coordinatively unsaturated cations and anions, on which considerable excess charge is accumulated. Such sites may induce a heterolytic bond scission in the adsorbed reactant molecules. Simultaneously the reducing atmosphere of the hydrocarbon reaction medium usually causes some reduction of the catalyst surface so that lower valent metal cations are generated. Such ions may function as sites activating oxygen molecules to their electrophilic active forms.The type of product formed as the result of an electrophilic attack of oxygen on the hydrocarbon molecule depends on the struc­ture of the oxygen adsorption complex. That is, quantum chemical calculations of, for example, the reactions of oxygen with benzene and toluene revealed [5,6] that the type of product formed depends on the direction of approach and mutual orientation of the reacting molecules and on the mode of oxygen activation. An oxygen mole­cule may be bound to the surface of an oxide in many different forms, derived from the metal-dioxygen complexes described in Chapter 1. On the basis of ESR studies, different forms of oxy­gen molecules adsorbed at the surface of the CoO-MgO solid solu­tion (Fig. 4.1) could be distinguished [7]: species linked to the surface Co^+ cations side-on and end-on, forming different angles to the surface, from a vertical orientation to a horizontal one. It is noteworthy that at the steps and kinks a two-site adsorption may take place. Also surface OH groups may interact with adsorbed oxy­gen molecules.
II. ELECTROPHILIC AND NUCLEOPHILICOXIDATIONAs discussed in Chapter 2, dioxygen adsorbed at oxide surfaces is present mainly in form of superoxide ions. The existence of per­oxide ions has not been proved directly; however, it cannot be ex­cluded a priori. At higher temperatures both adsorbed superoxide
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Mechanism of Catalytic Oxidation: General Considerations 133

FIGURE 4.1 Different adsorption complexes of dioxygen at the surface of CoO-MgO solid solution. (Adapted from [7].)
and peroxide dioxygen species are unstable and presumably decom­pose with the formation of the ion radical species O". All three activated oxygen forms—the neutral singlet O2 and the ionic O^ and O" species—are strongly electrophilic reactants which attack the organic molecule in the region of its highest electron density, i.e., the π bonds. At variance with their behavior in the liquid phase, the peroxy and epoxy complexes formed as the result of an electrophilic attack of O2 or O” species on the π bonds of hydrocarbon molecule at the surface of an oxide are intermediates which lead to the degra­dation of the carbon skeleton under heterogeneous catalytic reaction conditions. In the case of, say, oxidation of olefins, saturated aldehydes are formed in the first stage (upper left of Fig. 4.2). These are usually much more reactive than unsaturated aldehydes or anhydrides and at higher temperatures undergo a rapid total oxi­dation .The presence of O2 or O’ species at the surface of an oxide may be detected by different techniques (see Chapter 2). One of the methods which permits the quantitative determination of the number of electrons transferred between the solid and the adsorbed layer is the measurement of the changes of work function in the course of adsorption. Thus, when changes of work function due to exposure to oxygen are followed upon temperature variation and the amount of oxygen adsorbed is simultaneously measured, the number of electrons localized per oxygen atom adsorbed may be determined and hence the type of oxygen species residing at the surface may be found. Results of such experiments [8] carried out with different oxides are summarized in Table 4.1 and compared with the catalytic properties of these oxides. They indicate that whenever electro-
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Source: Ref. 8.

TABLE 4.1 Oxygen Species at Surfaces of Various Oxides
Catalyst Temperature range (K) Oxygen species Catalytic behaviorCO3O4 293-423 02 Total oxidation573-673 o’ Total oxidationV2O5 and 293-393 02 Total oxidationv2o5^τio2 533-653 o’653 θ2- Selective oxidation of aromaticsBi2Mo3°12 538-673 θ2- Selective oxidation of olefins
philic oxygen species O2 or O" is present at the surface, total oxida­tion is observed in the course of the catalytic oxidation of hydrocarbons.The second route of heterogeneous oxidation is the reaction with lattice oxide ion O^ “. At variance with all other oxygen species, these ions have no oxidizing properties but as already mentioned in Chapter 2, are nucleophilic reactants which can be inserted into the activated hydrocarbon molecule by a nucleophilic addition, resulting in the formation of an oxygenated product. This reaction path starts with the activation of organic molecules, which thus become prone to undergo an attack by nucleophiles, and consists of a series of consecutive steps of hydrogen abstraction and nucleophilic oxygen addition, with each of these steps requiring different active centers to be present at the catalyst surface. It is the cations of the cata­lyst which act as oxidizing agents in some of the consecutive steps of the reaction sequence, forming the activated hydrocarbon species. In subsequent steps these undergo a nucleophilic attack by lattice oxygen ions and the oxygenated product is desorbed, leaving oxygen vacancies at the surface of the catalyst. Such vacancies are then filled with oxygen from the gas phase, simultaneously reoxidizing the reduced cations. It should be noted that incorporation of oxy­gen from the gas phase into the oxide surface does not necessarily take place at the same site from which surface oxygen is inserted into the hydrocarbon molecule and is transported through the lattice. This mechanism may be represented by the cycles represented in Fig. 4.3.In the case of complex hydrocarbon molecules, the nucleophilic addition of oxygen may take place at different sites of the molecule. Specifically, it will take place at that site which is made most electro­positive by appropriate bonding of the molecule at the active center
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electrophilic uλtuln nucleophilic
adsorbed lattice

Activation of oxygen to electrophilic 
forms O2", O"

Activation of hydrocarbon 
and insertion of nucleophilic oxygen02^FIGURE 4.2 Mechanism of the catalytic oxidation of hydrocarbons.

FIGURE 4.3 Oxidation-reduction cycles in selective catalytic oxidation. 
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136 Bielanski and Haberof the catalyst. As an example, Fig. 4.4 shows schematically the different pathways of the oxidation of butene-1. The butene-1 molecule activated to a methylallyl species can react in three direc­tions : it can lose the second hydrogen atom and form butadiene, or undergo a nucleophilic attack by the oxide ion, either on the car­bon-1 atom to form crotonaldehyde, or on the carbon-2 atom result­ing in the formation of methyl vinyl ketone.When adsorption of the hydrocarbon molecule results in the formation of a radical, interaction between adsorbed molecules is favored and dimerization or polymerization occurs; when the ad­sorbed species are negatively charged, isomerization may be favored (cf. Fig. 4.2).Reactions of catalytic oxidation may thus be divided into two categories [9]: (1) electrophilic oxidation, proceeding through theactivation of oxygen, and (2) nucleophilic oxidation, in which acti­vation of the hydrocarbon molecule is the first step, followed by consecutive steps of nucleophilic oxygen insertion and hydrogen abstraction. They may be conveniently systematized [10] according to the number of elementary structural transformations introduced into the reacting molecule (Table 4.2). The mildest electrophilic oxidation is the addition of oxygen to the double bond resulting in the formation of epoxides, or the oxy hydration of the double bond to form respective saturated ketones (e.g., propene —> acetone). A more pronounced structural change is the fission of the double C — C bond, saturated aldehydes being formed from olefins (CH3— CH=CH2 —> CH3 — CHO + CH2O), or the fission of the aromatic

CHrCH-CH-CHO CHrCH-CO-CH3FIGURE 4.4 Scheme of reactions of butene-1.
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TABLE 4.2 Heterogeneous Oxidation of HydrocarbonsElectrophilic oxidation reaction type Catalyst Nucleophilic oxidation reaction type Catalyst1. With double bond fission1.1. oxidation of olefins to oxides1.2. oxy hydration of olefins to saturated ketones2. With C — C bond fission2.1. oxidation of olefins to saturated aldehydes2.2. oxidation of aromatics to anhydrides and acids with ring rupture3. Total oxidation to CO2 and H2O

Ag20SnO2 /MoO3
V2O5V2O5 ∕M0O3
Co3O4CUCO2O4Cucr2o4

1. Without introduction of the heteroatom 1.1. oxidative dehydrogenation to alkanes and alkenes to dienes1.2. oxidative dehydrodimerizationand dehydrocyclization of alkenes2. With introduction of heteroatom2.1. with introduction of heter- atom into hydrocarbon chain2.1.1. introduction of oxygena) oxidation of olefins to unsaturated aldehydes and ketonesb) oxidation of alkyl aro­matics to aldehydes2.1.2. introduction of nitrogen a) ammoxidation of olefinsto nitriles2.2. introduction of heteroatom into acyl groupa) oxidation of aldehydes to acidsb) oxidation of alkyl aro­matics to anhydrides

Bi2O3-MoO3-P2O5MOO3-A12O3

Bi2o3-MOO3
Bi2o3-MOO3
Uo3-Sb2o4
Ni0-M003V2O5-MOO3
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Mechanism of Catalytic Oxidation: General Considerations 139ring resulting in the appearance of anhydrides. The final stage is total oxidation to CO2 + H2O. Along the nucleophilic route the first, smallest structural change is the abstraction of hydrogen in the pro­cess of oxidative dehydrogenation of alkanes and alkanes to dienes, or the dehydrodimerization and dehydrocyclization. Deeper structural changes are involved in reactions in which a heteroatom is introduced into the hydrocarbon molecule by a nucleophilic addition. This may be oxygen, sulfur, nitrogen, etc. Introduction of the first, e.g., oxygen, results in the formation of aldehydes; the introduction of the second one in the formation of acids or anhydrides. In all these processes the carbon skeleton remains unchanged.As shown earlier, it is the oxygen species O2, , and O^ gene­rated on adsorption at the surface of an oxide catalyst which are responsible for electrophilic oxidation; both reactants of this reac­tion are located at the gas phase side of the gas-solid interface. Such catalytic reactions are called extrafacial, or reactions without transfer (WT) (Fig. 4.5a). On the other hand, the nucleophilic oxidation is a reaction between the adsorbed reactant and the oxide ion of the catalyst lattice, which is transferred across the gas­solid interface. Therefore this type of catalytic reaction is called interfacial (Fig. 4.5b, I and II).Two kinds of interfacial reactions may be distinguished. One kind is reactions which are considered to proceed in two steps: (1) reaction between the reactant and the oxide to give oxygenated products and partially reduced catalyst, and (2) reoxidation of the reduced catalyst with gaseous oxygen to restore the catalyst to its initial state. Because in this kind of reaction the reduction part and oxidation part are considered to be separate steps, it is called the redox mechanism. A mechanism of this type was postulated by Mars and van Krevelen [11] to explain the kinetics of the oxidation of aromatics on V2O5 catalysts; therefore it is also known as the Mars-van Krevelen mechanism.To the second kind of interfacial reactions belong those in which both reduction and oxidation steps are performed in one transforma­tion. They are thus called concerted or push-pull reactions. An example would be the oxidation of CO on ZnO catalyst [12]. It was shown that tearing away of the surface oxide ions of the catalyst by the desorbing product and the reoxidation of the reduced catalyst proceed simultaneously on the same site in a concerted operation, as illustrated in Fig. 4.5b, II.
III. ROLE OF OXYGEN BOND ENERGY AT CATALYST SURFACELet us consider in general terms a reaction of the oxidation of a reactant RH2 by gas phase oxygen on an oxide catalyst, given by
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140 Bielanski and Haberthe equation:
RH2 + O2 -----> RO + H2O (4.1)
It was stated in Chapter 3 that any catalytic oxidation process occurring at the surface of an oxide can be represented by a scheme comprising the reaction between the oxidizable reactant and the ac­tive oxygen of the surface, resulting in the formation of an oxi­dized product desorbing from the surface and the reaction, in which the reduced surface of the catalyst becomes reoxidized by gas phase oxygen (redox mechanism). In the case of a hydrogen-containing reactant RH2, e.g., a hydrocarbon, the two stages may be repre­sented by following:(a) Reaction of the reactant with oxygen bound at the surface of the catalyst KO:RH2 + 2KO ---- > RO + H2O + 2K ∆G∣ (4.la)

(b) Replenishment of the catalyst surface with gas phase oxygento restore the catalyst to its initial state:κ + l°2 -----* K0 ∆G θ—b (4.lb)
The rate of the overall reaction (4.1) attains the highest valuewhen rate constants of both stages (a) and (b) are equal:к = к,—a —b (4.2)

Taking into account the Bronsted-Polanyi equation,
i tλ αк = gK (4.3)and assuming that the constants g and α in Eq. (4.3) do not differ much for the two steps of the reaction, we find that catalytic oxida­tion has the highest rate when equilibrium constants K8 and ⅛ are equal: - -K=K, —a —b (4.4)

Using the equation correlating the equilibrium constant with the change of the Gibbs free energy of the reaction:
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∆Gθ = -RT In Kwe obtain(∆Gθ) + = (∆Gθ) . v —a7 opt v —boptthe subscript opt indicating that it is the condition for the optimal reaction rate. As, however, for reaction (4.1),∆Gθ = ∆Gθ + ∆Gθ — —a —b (4.5)

we finally arrive at the conclusion that
ΛPθ(∆Gθ) . = ^- (4.6)v —b'opt 2from which it follows that

(Qk) ÷ ≈ ⅜" + δ (4.7)v⅜opt 2where Qls are heats of the respective reactions, and ∕∆S ∖δ = T -y- - ∆Saj (4.8)
For many catalytic reactions the values of δ are small and the con­dition for the optimal catalyst may be expressed in a simple form:⅝⅛t = -F >4∙9>

Equation (4.9) indicates that for a reaction (4.1) proceeding in two separate steps (4.la) and (4.lb), when Qn < Qp, it is the inter­action of the reactant with oxygen at the surface of the catalyst which is rate determining, the replenishment of the surface with oxy­gen being very rapid. On increasing the heat of interaction Qn of the reactant with surface oxygen from a small value this step is accelerated and so is the overall reaction (4.1) until Qn becomes equal to Qp. From this moment step b begins to be rate-determining and on further increasing Qa the overall rate now decreases because of the decreasing heat Qp of the replenishment of catalyst surface with oxygen. A volcanozshaped curve is thus obtained, which is the manifestation of a very general relationship, constituting the basis of many theoretical considerations.
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142 Bielanski and HaberIt should be emphasized at this point that Eqs. (4.la) and (4.lb) are of general validity and describe both nucleophilic and electro­philic oxidations depending on the meaning attached to the symbols KO and K. When KO and K represent the oxidized and reduced state of the catalyst, respectively, the symbol O in KO being the lattice 0%~ ion located at the surface of the catalyst, Eqs. (4.la) and (4.lb) describe the redox mechanism. In this case ∆G^ repre­sents the Gibbs free energy of the reaction between the reactant RH2 and the metal oxide used as catalyst, and ∆G^ is the Gibbs free energy of the reoxidation of the oxide reduced in "step (a). Depend­ing on the defect structure of the oxide ∆G^ may have different meaning. Namely, when the catalyst is a transition metal oxide which can accommodate a relatively high concentration of defects, generated on its reduction, ∆G^ is simply the Gibbs free energy related to the defect equilibria. If, however, the transition metal forms several oxide phases in which it assumes different oxidation states, these phases having narrow homogeneity composition ranges, ∆G^ may be approximated by the Gibbs free energy of the oxidation of~a lower valent oxide into a higher valent one.When the symbol O in KO of Eqs. (4. la) and (4. lb) is assumed to represent oxygen adsorbed at the surface of the catalyst K, step (a) is then equivalent to the oxidation of reactant RH2 by the ad­sorbed oxygen, and step (b) readsorption of oxygen at the surface of the catalyst K. Under such an assumption the set of Eqs. (4.1) describes the electrophilic oxidation, ∆G^ being the Gibbs free energy of the reaction between reactant -RH2 and oxygen adsorbed at the surface of the catalyst, and ∆G^ the Gibbs free energy of oxygen adsorption. -In the last 20 years many attempts have been undertaken to prove the validity of this approach. In studies of the catalytic activity-heat of adsorption correlation different parameters were taken as the measure of the heats of adsorption, the experimental values being accessible only for a very limited number of oxides. Most often the discussions were based on the observation that a linear dependence exists between the heat of adsorption of oxygen and the heat of formation of the respective oxide (Fig. 4.6); the latter value may thus be used instead of the heat of adsorption in seeking a correlation with catalytic activity. As an example, Fig. 4.7 shows the dependence of the rate of total oxidation of propene on the heat of formation of the higher valent oxide from a lower one, found by Roiter and Golodetz [13]. It may be seen that a volcano­shaped curve was indeed obtained, the position of maximum corres­ponding to half of the heat of burning propene, recalculated per oxygen atom.
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0 50 100 , 150
Heatof Formation of the Highest Valence 0×ide∕0 atomFIGURE 4.6 Heat of adsorption of oxygen as function of the heat of formation of oxides. (After [47].)

Different approach was used by Boreskov and his school [14].It is based on the assumption that on heating an oxide, only the surface at first becomes equilibrated with the gas phase, the equi­librium with the bulk being established only at higher temperatures:
__ χ __ χ __ χ 9-C>2 (gas) <×___? Og (ads)<ΞΞZ 20 (ads) <×ΞΣr O (lattice)low temperatures high temperaturesThus, as already described in Chapter 3, by measuring the temperature dependence of oxygen pressure over different oxides in the appropriate temperature range the heat of adsorption could be calculated from the Clapeyron equation and correlated with the cata­lytic activity in various oxidation reactions. Figure 4.8 summarizes the results of the studies, in which heat of adsorption of oxygen on oxides of metals of the first transition period was correlated with the activation energy of the total oxidation of hydrogen (curve I) and methane (curve II) as well as activation energy of the homomole- cular isotopic exchange of oxygen (curve III). Similar correlations were also obtained in the case of total oxidation of many other
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144 Bielanski and Haber

ΔH,kcαlFIGURE 4.7 Logarithm of the rate constant of total oxidation of propene as a function of the heat of formation of the higher valent oxide from the lower valent one. (After [13].)
reactants such as acetylene, ethylene, benzene, cyclopropene, etc. These examples demonstrate clearly that a correlation indeed exists between the rate of total oxidation of different molecules and the heat of oxygen adsorption or such parameters as the heat of forma­tion of an oxide, which are related to the former.On the other hand, Germain and Laugier [15] measured the rate of selective oxidation of toluene to benzaldehyde using as catalysts a large number of different transition metal oxides, but obtained no correlation with the heat of formation of these oxides (Fig. 4.9). When the series of oxides of Cu, Co, Mn, Fe, Cr, V, U, Ti, Th, and Ta is chosen, the rate of toluene oxidation decreases with the increasing heat of the formation of the oxide, but when oxides of Bi, Mo, W, Sn, Zn, V, Cr, U are selected, an opposite relation is obtained. On analyzing the data represented in Fig. 4.9 it may be also noticed that oxides, characterized by similar values of the heat of formation, show catalytic activity in toluene oxidation, differing by many orders of magnitude. This may be easily understood, because in the case of selective oxidation of hydrocarbons it is the rate of adsorption of hydrocarbon molecules which is rate determin­ing, and this rate depends not on the energy of bonding of oxygen but on such parameters as the nature and electronic structure of active centers responsible for the activation of reactant molecules.

http://chemistry-chemists.com



Mechanism of Catalytic Oxidation: General Considerations 145

FIGURE 4.8 Activation energy of the total oxidation of hydrogen (curve I), methane (curve II), and homomolecular isotopic oxygen exchange (curve III) as function of the heat of adsorption of oxygen at the surface of transition metal oxides. (After [14].)
IV. KINETICS OF GAS PHASE CATALYTIC OXIDATIONIt has been pointed out that both electrophilic oxidation, in which adsorbed oxygen species take part, and nucleophilic oxidation with the participation of lattice oxide ions, proceeding by a redox mecha­nism, may be described within the same kinetic formalism based on elementary steps of the oxidation of reactant to form water and the oxygenated product, and of replenishment of oxygen at the catalyst surface from the gas phase as given by Eqs. (4.la) and (4.lb). If both steps are assumed to be first order with respect to the reactant and oxygen, respectively, the rate expressions for the individual steps can be written asr = к Coθ-a -a-R⅞ = ⅛⅛2 <1 - θ>

(4.10a)
(4.10b)
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146 Bielanski and Haber

FIGURE 4.9 Rate V (mmol m”2 hr"l) of the oxidation of toluene at 400oC as function of the heat of formation Qf of oxides, recalculated in kcal per oxygen atom. (After [15].) “
where θ is the fraction of oxygen sites at the surface of the catalyst available for oxidation of the reactant, i.e., fraction of sites, where active oxygen species reside, and Cr is the concentration of the reactant. In the steady state,

-b (4.11)
where n is the number of oxygen molecules used per mole of reactant oxidized.Equations (4.10a), (4.10b), and (4.11) yield the fraction ofactive sites available for the reaction:

kιΛ-b-o2
θ ° ⅛¾21 ¾⅛ (4.12)

and hence the overall rate of the oxidation of a reactant to a single product is given by
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r r kτk CoI>—b—a—R-Ogk, Pλλ ÷ nk C-d—b—O2 —a—R (4.13)

This approach can be extended to a more complex reaction network involving parallel and consecutive reaction steps. Three limiting cases may be distinguished as shown in Fig. 4.10:(I) From the given substrates the same intermediate complex is always formed, but depending on the catalyst different products are formed.(II) Depending on the catalyst different intermediate complexes are formed, which then transform into different products.
A - B +X A-B-XX-A-BAX - BX

AB X ------ - A-B-X
∕κ,

A-B + xA— A X--------- X-A-B∖ K2 K2∖× A-B X Illl --  AX + BX
κ3 κ3 κ3 κ3

A-B-X X-A-B-X AX+BX
A B XXA-B+X —-B X—-A X -------  A-BIi Ii ι∣
κ1 κ1 κ2 κ2 κ3 κ3FIGURE 4.10 Role of intermediate complex in determining the selec­tivity of catalytic reaction.
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148 Bielanski and Haber(III) In a series of consecutive steps several intermediate complexes are formed, which either decompose to give one of the prod­ucts or transform consecutively into the next one in the series.Let us take as an example the oxidation of propene. Ample experimental evidence indicates that the conversion selectivity data can be described by the reaction sequence which is the combination of cases II and III of Fig. 4.10:

On Bi2O3--MoO3 catalysts the reaction pathway II is negligible and the pathway I ends at the formation of acrolein. The rate constant k∣ is simultaneously much smaller than the rate constant of catalyst reoxidation kj3. In terms of redox sequence given by Eqs. (4.la) and (4.lb) it is step (4.la) which is rate determining. Thus the overall rate of propene oxidation given by Eq. (4.13) reduces to a simple equation:r = k∣[C3H6]l∙θ[Pθ2lθ (4.14)
Conversely, in the case of Cu2O catalysts the interaction of propene with oxygen of the catalyst (step 4.la) is rapid in comparison with step (4.lb) and the rate equation assumes the form:
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Mechanism of Catalytic Oxidation: General Considerations 149⅛C3H6]θ[Pθ2]l∙θ ~ = 1 + b[C3H4O] (4.15)
In this case the reaction is hindered by the adsorption of products.
V. THE REDOX MECHANISMAs shown in Section II of this chapter, all reactions of catalytic oxidation can be categorized as electrophilic or nucleophilic ones. It is the nucleophilic addition of oxide ions 0%" which results in the formation of oxygenated product molecules without destruction of the carbon skeleton in reactions which are called selective oxidation. They include such important industrial processes as oxidation of olefins to oxygenated allylic compounds (e.g., oxidation of propene to acrolein or acrylic acid, or oxidation of butene to maleic anhydride) and oxidation of functional groups in aromatic molecules (e.g., oxida­tion of toluene to benzaldehyde). However, thermodynamic data concerning the formation of different oxygen species, discussed in Chapter 2, indicate that formation of an oxide ion 0^“ requires the expenditure of very large amount of energy, this ion being stabilized only by the Madelung potential of the crystal lattice. It may thus be concluded that it is the lattice oxide ions, located at the surface of the oxide, which must be involved in nucleophilic oxidation.The experimental evidence of this mechanism comes mainly from two types of experiments: comparison of the catalytic activity of the oxide catalyst in the oxidation of a given reactant in the pres­ence and in the absence of gas phase oxygen, and determination of the distribution of isotopic oxygen in the products of the oxidation of a given reactant in the presence of labeled gas phase oxygen or oxide catalyst.Figure 3.12 in Chapter 3 illustrates the reactivity of lattice oxygen of a Bi2MoOθ catalyst in the reactions with butene [16]. As was said, the experiments were carried out in the following way: at first, pulses of the mixture of butene-1 with oxygen were injected into the flow microreactor containing the molybdate catalyst, and the conversion to different products was determined as a function of the number of pulses. Oxidative dehydrogenation took place yielding about 80% butadiene (section A). After eight such pulses a series of pulses was injected containing pure butene (section B). The yield of butadiene remained pratically unchanged. However, as the gas now contained no oxygen, the lattice oxygen of the molybdate must have been used for the reaction. The yield of butadiene re­mained unchanged even after extracting from the lattice the amount of oxygen corresponding to a 7% reduction of the solid. Thus, it 
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150 Bielanski and Habermay be concluded that the lattice of the molybdate can readily supply oxygen for the reaction with the hydrocarbon at a rate much higher than that of the surface reaction itself.It should be remembered that even in the absence of oxygen in the gas phase electrophilic oxygen species may appear at the surface as intermediates in the transfer of oxygen from the lattice into the gas phase in the process of dissociation of the solid, or in the course if its reduction, by, for example, a hydrocarbon molecule (Fig. 4.11). Thus, not only the gas phase but also the lattice of the oxide may serve as the source of electrophilic oxygen. Indeed, total oxidation of hydrocarbons is often observed on contacting them with transition metal oxides even in the absence of oxygen in the gas phase, de­creasing the expected high selectivity of reactions of selective oxida­tion.Boreskov et al. [17,18], for the simple reaction of the oxidation of hydrogen, measured parallely the rate of the catalytic reaction at the surface of a number of simple transition metal oxides (Fe2O3, Co3O4, MnO2, ZnO, Cr2O3, NiO and CuO), the rate of reduction of these oxides with hydrogen, and the rate of their reoxidation in oxygen as function of the fraction of the oxygen surface layer re­moved. The cross-points of the reduction and oxidation curves correspond to the steady-state conditions prevailing at the surface of the oxide during the catalytic oxidation of hydrogen. As shown in Chapter 5, the values of the rate at these points agree very well with the rates of catalytic reaction measured directly. Similarly, very good agreement was obtained in the case of the oxidation of carbon monoxide, which led the authors to conclude that it is the oxide ions which are responsible for the oxidation of H2 and CO, with a redox mechanism operating in both cases. On the other hand, in the case of oxidation of CO on TiO2 the rate of catalytic reaction
Reducing atmosphere of RH

Electrophilic oxygen species 
from dissociation of oxide

11 Oxidizing atmosphere of O2
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j∣ species

02^

02^
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Mn* 02- mwh□ Mn‘ 02^ Mnt 02^ Mn* O2-FIGURE 4.11 Formation of electrophilic oxygen at the oxide surface. 
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Mechanism of Catalytic Oxidation: General Considerations 151is one order of magnitude higher than the rate of reduction or the rate of reoxidation, corresponding to the steady state. Similarly, on V2O5 the rate of catalytic oxidation of hydrogen was found to be five times higher than the steady-state rates of reduction or oxida­tion.At this point it should be noted that in the case of simple mole­cules such as H2 or CO the distinction between electrophilic and nucleophilic oxidation loses its meaning because both reactions result in the formation of the same—the only possible—product. However, from the point of view of the source of oxygen used for the oxida­tion, i.e., for analysis of the parameters determining the activity of the catalyst, it is informative to differentiate between extrafacial and interfacial reactions. Indeed, Boreskov et al. [17] found that in the case of V2O5 catalysts the rate of CO oxidation is at tempera­tures below 450oC almost one order of magnitude higher than the steady-state rates of reduction and reoxidation. On raising the temperature the rate of catalytic reaction decreases and by 590oC becomes equal to the rates of reduction and oxidation. This result clearly indicates that at lower temperatures catalytic oxidation pro­ceeds mainly through the extrafacial pathway. When the temperature rises, surface coverage with oxygen decreases and so does the extrafacial reaction, whereas lattice oxygen ions become more and more mobile and the interfacial mechanism takes over as the main reaction pathway. In the case of the oxidation of hydrocarbons this switch from electrophilic to nucleophilic surface oxygen species en­tails a dramatic change in the selectivity of reaction. As an example, the oxidation of о-xylene to phthalic anhydride on V2O5 catalysts may be quoted. When a mixture of о-xylene and oxygen is passed over V2O5 catalyst at temperatures below 350oC, only total oxidation is observed because of the predominance of electrophilic oxygen species at the catalyst surface. At about 370oC the complete change of selectivity occurs, phthalic anhydride becoming the major product above this temperature. In these conditions the reaction proceeds by the nucleophilic, redox mechanism.The second way of determining the contribution of lattice oxide ions to the reaction of oxidation at an oxide catalyst consists of carrying out the reaction in gas phase oxygen enriched in ^8O isotope. As an example, Fig. 4.12 shows the results obtained by Keulks et al. [20] in a classical experiment in which propene was oxidized over Bi2O3-MoO3 catalyst in oxygen containing ^8θ2∙ Acrolein appearing in the first moment of the reaction contained only lθθ isotope, indi­cating that exclusively the oxygen from the lattice of the catalyst participated in its formation. In the course of the reaction the ^8O content of acrolein builds up because the catalyst lattice contains more and more of this isotope which was incorporated in the process of catalyst reoxidation. From the dependence of the ^8O distribution in the products on time of the reaction the number of the layers of
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>

40

5 10 15 20
Time, minutesFIGURE 4.12 Distribution of ^8O in the products of the oxidation of propene in gas phase ^8θ2 as function of reaction time. (After [20].)

oxide ions of the catalyst crystal lattice involved in this process may be calculated. In the case of the Bi2(MoO4)3-based multicomponent catalyst, the mobility of oxide ions in the lattice is so high that ^-8O ions incorporated into the lattice during reoxidation become uniformly distributed in the whole lattice before they have the chance to be extracted from the lattice due to insertion into the reactant molecule in the reduction step. Table 4.3 summarized the results obtained by Moro-oka et al. [21] for a number of different mixed oxide cata­lysts. It may be seen that in all MoO3-based catalysts the mobility of oxide ions is high and many layers of the lattice are involved in the redox mechanism of the oxidation of propene, whereas in the Sb2O4-based catalysts only the uppermost surface layers participate in the exchange of oxygen.Further information on the role of electrophilic and nucleophilic oxygen species in oxidation reactions yields the comparison of the rate of Iiomomolecular isotopic oxygen exchange with rates of cata­lytic oxidation (see Chapter 3, Section V). Homomolecular isotopic exchange requires the activation of oxygen molecules at the surface of the catalyst; its rate may be thus taken as the measure of the ability of the catalyst surface to generate electrophilic oxygen species. In Fig. 4.13 the selectivity of ammoxidation of propene to acrylo­nitrile (curve I) ad CO2 (curve II) on Fe2θβ-Sb2O5 catalysts as determined by Boreskov et al. [22] is compared with the activity of 
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Mechanism of Catalytic Oxidation: General Considerations 153these catalysts in isotopic oxygen exchange as measured by Muzy­kantov et al. [23]. We may see that selective in partial oxidation are those catalysts which are not active in isotopic oxygen exchange, whereas the appearance of higher activity in the exchange is accom­panied by the increase in total oxidation [24]. This observation is substantiated by the results given in Table 4.4 which summarized the selected data on the activity in isotopic oxygen exchange of four double oxide systems known to be selective in partial oxidation as well as their components, some of which are very active in total oxidation. It may be seen that very selective Bi-Mo catalysts show no activity in oxygen exchange, i.e., no adsorbed oxygen species
TABLE 4.3 Number of Lattice Oxide Ion Layers Involved in Oxidation of Propylene to Acrolein [21]
Catalyst Temp (oC)

Number of oxide ion layer involved Other catalystsaFe2O3-Sb2O4Fe/Sb = 1:4 450 6-7 M—Sb—O (М/Sb = 1:4)M = Ni, Co, Mn, Zn1:2 450 5350 31:1 450 44:1 350 0-2Sb2O4-MoO3 (1:1) 450 20-40bCoTeMoOg 450 55-75b MnTeMoOgTeO2-MoO3 (1:1)Bi2(MoO4)3 430 75cBi2MoOg 430 286cCu2O/Celite 260 0-1Co17/18Bil/18MoO4+x 450 Whole Bi2 M—Bi—Mo—O(MoO4)3 phase M = Co, Mn, Mg, Ni
pbll/12Bil/12MoO4+x 450 Whole oxide M—Bi—Mo—OM = Pb, Ba, SraOther catalysts which gave similar results in the ^^0 experiment. bValues obtained by rough approximation.cValues taken from the data by Keulks et al. [20].
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FIGURE 4.13 Selectivity of the ammoxidation of propylene to acrylo­nitrile (curve I) and CO2 (curve II) at 425oC as a function of the composition of Fe2O3-Sb2O5 catalysts. (After [22].) Curve III shows the rate of Iiomomolecular oxygen isotopic exchange on these catalysts. (After [ 23 ].)
TABLE 4.4 Activity of Oxides in Oxygen Isotopic ExchangeCatalyst T (oC) 9Rate (g O2∕m ∙h)MoO 3 580-601 9 X 10^4Bi/Mo = 2:1 250-500 No exchangeBi/Mo = 1:1 474-500 No exchangeCo/Mo = 1:1.7 599-634 1.8 × IO'4Co/Mo = 2:1 401-462 2.9 χ 10^2Co3O4 125-250 12.7Fe/Mo = 1:1.7 511-551 7 χ IO-3Fe/Mo = 1:1 508-552 1 × IO'3Fe2O3 350-450 4 χ 10^1Fe/Sb = 1:2 530-598 1 χ IO'5Fe/Sb = 1:1 548 1.7 χ 10^7Sb2O5 538-600 1.7 χ IO'6
154
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Mechanism of Catalytic Oxidation: General Considerations 155are present at their surface. Indeed, direct adsorption measurements indicate that no chemisorption of oxygen takes place at the surface of these catalysts [25]. Similarly, a selective Co-Mo catalyst of composition 1:1.7 shows a very slow exchange, the much less selec­tive Co-Mo = 2:1 catalyst shows a higher rate of exchange, and on Co3O4, which is a good catalyst for total oxidation, the rate of exchange has the value three orders of magnitude higher. The same is true for Fe-Mo and Fe-Sb systems. These results confirm the conclusion that in the conditions of the heterogeneous catalytic oxida­tion of such hydrocarbons as olefins the electrophilic oxygen attack results in the formation of total oxidation products.
VI. DEPENDENCE OF SELECTIVITY ON REACTION PARAMETERSIt seems appropriate at this point to draw attention to the fact that technologically most valuable chemicals obtained by oxidation are hydrocarbons containing different functional groups such as — CHO, — COOH, —C-C-, —CN, and so forth. They are intermediates on Vthe way to total oxidation to the thermodynamically stable products CO2 and H2O. Therefore the selectivity of their formation strongly depends on the conditions of the reaction. All oxidation processes are strongly exothermic and the temperature of the catalyst bed usually rises downstream of the inlet until high conversion into products has been attained, when the reaction slows down and so does the heat evolution, the temperature now decreasing on approach to the outlet. A characteristic temperature profile with a well- pronounced maximum is obtained, the region of high temperature being known as the hot spot (Fig. 4.14).If the temperature in the hot spot rises above a certain critical value, the total oxidation may start. Because of the high exother- micity of this reaction, rapid heat evolution occurs and combustion takes place. However, total combustion in the presence of a selec­tive catalyst becomes rapid only at high temperatures; a more or less wide temperature range exists, which corresponds to maximum rates of partial oxidation relative to total oxidation (Fig. 4.15a). If the removal of heat from the reactor is efficient enough to keep the temperature within this range, the stationary performance is main­tained. If not, the temperature rises suddenly and the reaction ’’runs away."As discussed above, electrophilic oxygen responsible for the total oxidation may be generated at the surface of an oxide either as the result of its dissociation at high temperature or in the course of the adsorption of oxygen at lower temperatures. If in the case of a given oxide electrophilic oxygen is generated by both mechanisms,
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156 Bielanski and Haber

FIGURE 4.14 Axial temperature profile in a fixed-bed oxidation reactor.
the temperature range wherein selective oxidation takes place is surrounded on both sides by temperature ranges in which total oxi­dation occurs (Fig. 4.15b). On raising the temperature total oxida­tion is at first observed, then switching on of selective oxidation occurs, but if the temperature is raised too high, or removal of heat is not efficient enough, or the catalyst is characterized only by a narrow temperature range corresponding to selective oxidation, then the reaction may run away.The preceding discussion clearly shows that selectivity of an oxidation reaction not only depends on the properties of the catalyst but is also strongly influenced by the conditions under which the reaction is carried out: temperature, contact time, diffusional parameters, efficiency of heat transport, flow rate, etc. As an illustration, Fig. 4.16 shows the results of experiments [26] in which oxidation of propene was carried out over a series of catalysts com­posed of Bi2O3∙-MoO3--P2O5 supported on samples of alumina, which previously were annealed at different temperatures and therefore were characterized by different surface areas. It may be seen that on increasing the surface area of the catalyst the selectivity of the oxidation to acrolein strongly decreases and that of the total oxida­tion to CO2 rapidly increases.There exists also a possibility of secondary homogeneous reac­tions of the products of partial oxidation or reactions initiated by these products. Pure hydrocarbons may not undergo reactions, so that the latter may not be detectable in blank experiments. The importance of these reactions for the selectivity of the catalyst oxi­dation was demonstrated in an elegant experiment carried out by Germain and Cathala [53]. The principle of this experiment and its 
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Mechanism of Catalytic Oxidation: General Considerations 157results are summarized in Fig. 4.17. A gas mixture or propene, ammonia, and air was passed under the exact same conditions through a reactor filled in different ways by the same amounts of a bismuth molybdate catalyst and SiO2 support. In a blank run through an empty reactor not a trace of reaction was observed. When the catalyst was placed near the outlet so that the products formed as the result of the catalytic oxidation at the surface of the catalyst were leaving the reactor immediately after the reaction, the selectivity to acrylonitrile was 74%. When, however, the catalyst was placed near the inlet to the reactor the observed selectivity dropped to only 60%, the yield of acrylonitrile being practically the

temperature difference
between reactor and surroundingFIGURE 4.15 Energy balance in an oxidation reactor.
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158 Bielanski and Habersame but the total conversion having increased because of the in­creased yield of CO and Cθ2∙ It can be concluded that the conver­sion of propene to acrolein at the catalyst surface remained the same, but an additional amount of propene reacted in the empty volume of the reactor behind the catalyst bed. However, the blank experiment showed that pure propene does not undergo any reac­tion in the empty reactor. Apparently, the homogeneous chain re­action of propene must have been initiated by the presence of prod­ucts of catalytic oxidation. Indeed studies of homogeneous oxida­tion of hydrocarbons showed that aldehydes act as very efficient indicators of radical chain reactions of olefins. After filling the empty volume of the reactor with SiO2, the homogeneous chain re­action was strongly hindered and conversion dropped back to the value observed in run 2. When the catalyst was mixed with the support and the mixture used to fill the reactor, conversion strongly decreased because now the conditions of the heat removal were improved and a more uniform temperature profile was achieved,

FIGURE 4.16 Oxidation of propene to acrolein on Bi2O3--MoO3--P2O5 catalyst supported on A⅛O3 of different surface areas. (After [26].)
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Mechanism of Catalytic Oxidation: General Considerations 159
Ammoxidation of propene

1g Bi2O3-2Mo03 ÷ 14g SiO2
CJ-L : NFL : Air = 1 : 1,5 : 10JD J

Illll

Conversion of propene

total - 44.1 52,5 46.5 21.0
to acrylonitrile - 32.9 32.9 32.6 15,1

to acetonitrile - 3,0 2,3 1.6 1.6

to CO ÷ CO2 - 2.6 7.0 1.9 1.6

to ethylene - 1.2 3.0 1.0 1.0

to acetaldehyd - - 3,5 - 2.0

to acrolein - 1.8 1.7 1.5 1.8

FIGURE 4.17 Dependence of the product composition of the ammoxida­tion of propene on the mode of filling the reactor with 1 g of cata­lyst (K) and 14 g of support (S). Reaction temperature 460oC; flow rate of gas: 7.5 liters/hr. I, empty reactor; II, (K + S) in the lower part of the reactor; III, (K + S) in the upper part of the reactor; IV, (K + S) in the upper part of the reactor with the re­maining volume of the reactor filled with additional amount of the support: V, this additional amount of the support mixed with (K + S) and the reactor filled uniformly. (After [53].) 
which prevented the increase of temperature of the catalyst bed due to the evolution of the reaction heat.
VII. ROLE OF ACID-BASE PROPERTIESMany reactants participating in the reactions of catalytic oxidation are characterized by pronounced acidic or basic properties and there­
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160 Bielanski and Haberfore may interact with acid-base centers present at the surface of an oxide catalyst. This may affect the process of oxidation in two ways: (1) As the result of an acid-base reaction between the reac­tant and the catalyst; an active species may be generated which then more easily undergoes the redox process, the acid-base reaction being one of the elementary steps of the oxidation. (2) Due to acid­base interaction with the catalyst strong chemisorption of reactants may take place, and their residence time at the catalyst surface may be changed, the conditions of their interaction with oxygen are thus strongly modified.Let us discuss some examples of these two effects. In the pro­cess of the oxidation of olefins the first step is the activation of the olefin molecule, consisting of the abstraction of the α-hydrogen. This activation may proceed as either a homolytic or a heterolytic bond rupture. Although the homolytic rupture of the C—H bond in a homogeneous reaction is energetically more favorable than the heterolytic one, the latter may be rendered much easier by inter­action with the surface of an oxide exhibiting acid-base properties. In the presence of lattice oxide ions of basic character the first step of the oxidation of, say, propene could be envisaged as
9- _ _CH9=CH-CHq + O (s) ----- > [CH9-CH-CH9] + OH (s)Lo LLwhich may be considered as an acid-base reaction of proton transfer. The adsorbed allyl anion before further reaction must now undergo an electron transfer to the metal cation of the catalyst lattice, ren­dering the allyl species positive:[CH2-CH-CH2]' + 2M+- —> [ CH9-CH-CH9 ] + + 2M+(S-1)

This is a redox step. It is obvious that the two stages may proceed as one concerted reaction of mixed acid-base redox character.The second step in the selective oxidation consists of the nucleo­philic addition of the lattice oxygen ion to the allyl species:
------ + o_ _[CH2-CH-CH2] + Oz (s) ---- > CH2=CH-CH2 - O (s)

In terms of the Guttmann definition it is an acid-base process with- transfer. Decomposition of the surface complex with desorption of acrolein may also be considered to proceed in two stages, of which one is of acid-base character:
-9- 9- -CH2=CH-CH2-O (s) + Oz (s) ---- > CH2=CH-CH-Oz ÷ OH (s)
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a [3θOl∕JlOll

FIGURE 4.18 Correlation between surface acidity and selectivity in the oxidation of o-xylene on V2O5 catalyst, (a) curve I, selectivity of isopropanol decomposition to propene; (b) curve II, selectivity of the oxidation of о-xylene to total combustion; curve III, to phthalic anhydride; as function of the morphological factor f. (Adapted from [29 ].)
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162 Bielanski and Haberand the second of redox character:CH2=CH-CH-O2- (s) + 2M+- ---- ⅛ CH2=CH-CHO +
Oxidation of an olefin molecule into aldehyde may be thus considered as proceeding through a series of consecutive steps, of which some are acid-base reactions and others redox reactions. A correlation may thus be expected between catalytic activity and acidity under the condition that catalytic systems are compared which are charac­terized by similar redox properties. The role of acid-base proper­ties of oxide catalysts in the oxidation of different reactants has been extensively studied and discussed by Ai [27,28].The influence of acid-base properties on catalytic oxidation through modification of the adsorption of the reactant is encountered particularly often in the case of oxidation of aromatic hydrocarbons, which are characterized by considerable basicity and interact with Lewis acid centers at the surface of the catalyst. This is illustrated in Fig. 4.18 in which the selectivity in oxidation of o-xylene to phthalic anhydride is compared with the acidity for a series of V2O5 catalysts of different crystal habit, described by the morphological factor f. The acidity was determined by measuring the conversion
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FIGURE 4.19 Activity in the total oxidation of toluene as function of the basicity of catalysts. (After [28].)
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Mechanism of Catalytic Oxidation: General Considerations 163of isopropanol to propene, considered to proceed only on acid centers [ 29 ]. It may be seen that acidity is deleterious for the selective oxidation of о-xylene because interaction of aromatic electrons with acid centers results in prolongation of the residence time of o-xylene molecules at the surface, which increases the probability of an elec­trophilic attack of adsorbed oxygen and combustion of the molecules. An opposite correlation is obtained in the case of the total oxidation of phenol (Fig. 4.19), which shows acidic properties and whose com­bustion is therefore accelerated on increasing the basicity of the surface [27].
VIII. INFLUENCE OF SURFACE GEOMETRYThe importance of the geometric structure of the surface to its cata­lytic behavior has been discussed since the beginning of catalysis studies. The simplest case of the influence of the lattice parameter on the activation energy of the reaction may be demonstrated by an example of dissociative chemisorption of a reactant A on the catalyst B (e.g., oxygen on platinum):

It can easily be shown that at a certain distance B-B a minimum of the activation energy of this process appears, namely, at small dis­tances the repulsion between the adsorbed species A makes the adsorption process difficult, whereas at long distance the two ad­sorption centers cannot simultaneously exert their influence on the molecule and the A—A bond must become completely split before dissociative adsorption takes place.The requirement that geometry of the arrangement of atoms form­ing the active center at the surface of the catalyst should match the geometry of atoms in the reacting molecule for the catalyst to be active in transformation of this molecule was introduced by Balandin [30] as the basis of his theory of multiplets. Let us discuss as an example the transformation of alcohols which can proceed along two different paths: dehydrogenation to give aldehydes or ketones, and dehydration resulting in the formation of olefins. According to Balandin, both reactions require that appropriate doublet active centers be present at the catalyst surface to weaken the two bonds 
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164 Bielanski and Haberin the reacting molecule (white dots) and other doublet active centers to facilitate the formation of the two new bonds (black dots):

multiplet complex

However, in the case of dehydrogenation the alcohol molecule must be linked to the catalyst surface in the form of the multiplet complex shown in Fig. 4.20a, whereas for dehydration to occur the multiplet complex must assume the form shown in Fig. 4.20b. Comparison of the interatomic distances in the reacting molecule corresponding to these two multiplet complexes leads to the conclusion that when appropriate active centers exist at the catalyst surface, smaller dis­tances between atoms in these center should favor dehydrogenation, whereas longer distances should favor dehydration. Indeed, on studying [31] the reactions of n-butanol on MgO as catalyst it has been found that the selectivity to dehydrogenation as compared to dehydration decreases when the lattice parameter of MgO increases (Fig. 4.21). In the 1960s Schuit et al. [32] and then Matsura [33] drew attention to the implications of the arrangement of ions at different crystal faces of bismuth molybdate for their catalytic activity in the oxidation of butene. Recently, the influence of the geometric

FIGURE 4.20 Multiplet complexes formed in the course of dehydro­genation (a) and dehydration (b). The respective interatomic dis­tances in an alcohol molecule are given by the bonds.
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FIGURE 4.21 Selectivity coefficient (ratio of the percentage of dehydrogenation to the sum of the percentages of dehydrogenation and dehydration) of n-butanol as a function of the lattice parameter a of magnesium oxide used as catalyst. 1, 400oC; 2, 440oC;3, 460oC.
arrangement of ions at different crystal planes of several oxide cata­lysts on the reactivity of adsorbed reactants of a number of catalytic reactions was discussed by Ziolkowski [34] on the basis of the bond strength—bond length model.In the last 10 years a number of observations have been accumu­lated indicating that the habit of oxide crystallites may have a pro­nounced influence on the selectivity of oxidation reactions. Many studies were devoted to the elucidation of the behavior of different crystal faces of MoO3. Tatibouet and Germain [35] measured the catalytic activity of crystallites of orthorhombic MoO3 of different habit in the vapor phase reaction of methanol-oxygen mixtures. Two reaction paths are possible: dehydrogenation to formaldehyde and its acetal, or dehydration to dimethyl ether:

(CH3)2O
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166 Bielanski and HaberBy comparing the Selectivities observed, when crystallites of different shape were used, with the percentage of the exposed MoO3 faces the authors came to the conclusion that (OlO) faces (cleavage or basal plane of MoO3 (cf. Fig. 0.00)) carry active centers for dehydrogenation while (100) faces also contain Lewis acid centers responsible for dehydration. Thus, different crystal faces show distinct catalytic specificity in the oxidation of methanol. However, comprehensive investigations of the reactions of methanol over mono­crystals of MoO3 carried out by Sleight et al. [36] demonstrated that it is the dissociative chemisorption of methanol leading to the forma­tion of surface alkoxy groups which is a necessary first step in the oxidation sequence. This chemisorption takes place at Lewis acid sites which are located on the side faces of MoO3 crystal. Upon heating chemisorbed methoxy groups are transformed nearly quanti­tatively into formaldehyde and desorbed. There is a concurrent loss of oxygen from the catalyst. A typical desorption spectrum is shown in Fig. 4.22. The conclusion that the basal (010) crystal face of MoO3 is inactive in this reaction has been confirmed by direct evi­dence obtained with ultraviolet photoelectron spectroscopy.Considerable attention was also devoted to the selectivity of different crystal faces of MoO3 in the oxidation of propene and butene. Volta et al. [37], using oriented graphite supported MoO3 catalysts, reported differences in activity and selectivity for crystal-

FIGURE 4.22 Results of the TPD-MS experiment carried out after exposure of a MoO3 crystal to 2000 liters of methanol at 25oC.(After [36].)
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Mechanism of Catalytic Oxidation: General Considerations 167Iites with various faces exposed and concluded that it is the (100) face which is mainly responsible for the selective oxidation of pro­pene to acrolein and isobutene to methacrolein. This face also showed considerable activity in the total oxidation of isobutene, whereas propene was oxidized to CO2 only at the (010) face. Haber et al. [38] compared the behavior of propene and allyl compounds over MoO3 crystallites of different habit, which permitted separation of the two elementary steps of the selective oxidation: activation of the propene molecule and insertion of oxygen. A linear dependence of the yield of acrolein from allyl compounds on the surface area of the (010) face was observed (Fig. 4.23). This indicates that inser­tion of oxygen takes place at the (010) face, whereas it is the dissociative chemisorption of propene resulting in its activation which

FIGURE 4.23 The yield of acrolein in the oxidation of propene on MoO3 crystallites of different habits as a function of the area of the (010) crystal face exposed. (After [38].)
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168 Bielanski and Habertakes place at the side face (100), which may explain the observation of Volta et al. , who studied only the overall reaction.A pronounced influence of geometry on the pathway of the cata­lytic reaction is visible in the case of the oxidation of о-xylene on V2O5 studied by Gasior and Machej [39]. Figure 4.24 shows the selectivity for phthalic anhydride and the selectivity for products of total oxidation as a function of the textural factor of V2O5 crystal­lites, which is expressed as the ratio of intensities of (OOl) to (110) reflections. Comparison with the arrangement of VOθ octahedra on these crystal faces shown in Fig. 8.13 indicates that high selectivity for phthalic anhydride is observed in the case of samples composed of crystallites exposing mainly the (OOl) faces with the V=O groups sticking out of the surface. However, when the crystallites expose

FIGURE 4.24 Selectivities in oxidation of о-xylene on V2O5 as a function of the textural factor. (After [39].)
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Mechanism of Catalytic Oxidation: General Considerations 169mainly the (110) faces, at which the shear planes may be nucleated and whole perpendicular layers of oxygen may be extracted, total oxidation becomes the predominant reaction pathway. A general con­clusion may thus be formulated that in compounds of those transition elements, in which the phenomenon of the displacement stabilization results in the strong anisotropy of properties, differences in surface and catalytic properties of different crystal faces may be encountered.
IX. DYNAMICS OF THE CATALYST SURFACEThe last decade has equipped surface chemistry with a variety of new techniques which supply detailed information on both atomic and electronic structures of solid surfaces and their interactions with adsorbed species. Results accumulated in this field in recent years show that the reactants of the catalytic reaction are in dynamic interaction with the solid catalyst and the continuous exchange of matter and energy between the reactants and the catalyst may result in many phenomena, such as the shift of defect equilibria both at the surface and in the bulk of the solid, ordering of defects at the surface and surface reconstruction, formation of new bidimensional phases at the catalyst surface, etc., all of them having a profound influence on the catalytic properties. They may be due either to the shift of chemical equilibria or to the kinetic effects. Specifically, in the case of oxide catalysts the system may respond to the change in composition of the reacting catalytic mixture in three different ways:The defect equilibria at the surface of the oxide or in the whole bulk may be shifted and the change of the concentration of the given type of defects involved in the catalytic transformation may cause a change of catalytic properties. Usually a gradual shift of selectivity with the changing composition of the gas phase is then observed.When concentration of defects at the surface of the oxide surpasses a certain critical value, ordering of defects or formation of new bidimensional surface phases may occur, often resulting in a dramatic change of catalytic properties. It should be borne in mind that due to the contribution from the surface free energy the phase transformation may take place at the surface at thermo­dynamic parameters values differing considerably from those cor­responding to bulk phase transformations. Thus, new bidimen­sional surface phases may appear under conditions in which bulk phases could never be formed.In the case of redox mechanism operating in the catalytic reaction, the ratio of rates of the catalyst reduction and its reoxidation may be different for various oxide phases. A hysteresis of the 
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170 Bielanski and Haberdependence of catalytic properties on the composition of the gas phase may appear, catalytic activity and selectivity being strongly influenced by the pretreatment of the catalyst. In such a case a highly active and selective catalyst may be obtained by appro­priate activation, whereas the same system subjected to other activation procedures may turn out to be completely inactive.The change of catalyst composition under the influence of chang­ing partial pressures of the reactants was observed many years ago in the case of the oxidation of SO2 on V2O5 catalyst by Weychert [40], who tried to correlate the activity of the catalyst with its chemical composition. Such an effect was clearly demonstrated by Bielahski and Inglot [41] in the reaction of the oxidation of benzene to maleic anhydride on V2O5-MoO3 catalyst. The increase of the ratio of benzene to oxygen in the gas phase is followed by an appro­priate rise of the degree of reduction of the catalyst, expressed in terms of the concentration of V^+ ions which in turn results in the increase of selectivity of the reaction to maleic anhydride (Fig. 4.25). Catalytic activity of a Fe2O3-Sb2O4 catalyst in the oxidative dehydro­genation of butene as a function of the degree of surface reduction resulting from the change of the gas phase composition as found by Boreskov et al. [42] is shown in Fig. 4.26. An increase in the con­tent of butene is followed by more and more considerable surface reduction, resulting in a proportional increase of the rate of the catalytic reaction.

FIGURE 4.25 Selectivity of V2O5—MoO3 catalysts in the oxidation of benzene as function of the concentration of V4+ ions. (After [41].)
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Mechanism of Catalytic Oxidation: General Considerations 171The above examples illustrate the influence of the change of gas phase composition when the oxide catalyst is a nonstoichiometric com­pound with a wide homogeneity range which can respond to this change by the shift of defect equilibria. Different phenomena take place when the homogeneity range is narrow and a change of stoi­chiometry can only be accommodated by formation of a new phase. As an example, Fig. 4.27 shows the results of an experiment in which a mixture of propene and oxygen of the composition 1:1 was at first pulsed over the Cu2Mo3^Iθ∣0 catalyst. Total oxidation was only observed with the conversion of about 25% [43]. Then pulses of oxygen started to be introduced between the pulses of the react­ing mixture. This resulted in the dramatic shift of the reaction pathway to selective oxidation, with acrolein appearing in the prod­ucts with selectivity which after a certain number of pulses attained a constant high value. When pulses of oxygen were stopped, selectivity to acrolein rapidly dropped back to the very low level. Such cycles could have been repeated many times. Parallel to cata­lytic experiments the changes in surface composition were followed

FIGURE 4.26 Changes of the activity of a Fe2O3-Sb2O5 catalyst in the dehydrogenation of butene and its selectivity to butadiene with the change of the degree of reduction of the catalyst surface, due to the change of the composition of the reacting mixture. 1, activity and 2, selectivity, observed on reduction of the oxidized catalyst with the C4H8 + He mixture; 3, activity and 4, selectivity observed under steady-state conditions. (After [42].)
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172 Bielanski and Haberby photoelectron spectroscopy. The presence of a single peak at the binding energy of 932 eV in the spectrum of the initial sample (curve I in Fig. 4.28) indicates that only Cu+ ions in the environ­ment of the Cu2Mo3O∣0 lattice are present at the surface. After the additional oxygen pulses, i.e., in the state when high selectivity to acrolein is attained, the photoelectron spectrum (curve II in Fig. 4.28) indicates the presence of Cu^+ ions in the coordination similar to that in CuMoO4. Comparison of spectra 3 and 4, registered after subsequent reducing and oxidizing cycles, indicates that the recon­struction is reversible. It may thus be concluded that the drastic change of selectivity is related to the surface transformation consist­ing of the appearance of surface clusters of CuMoO4, responsible for the insertion of oxygen and formation of acrolein. Simultaneously, the adsorption of oxygen and its activation to eletrophilic species, leading to total oxidation, is depressed. A general conclusion was formulated by Haber [44] that the catalyst surface is in dynamic interaction with the gas phase. Depending on the properties of the

Numer of pulsesFIGURE 4.27 Conversion and selectivity to acrolein in the oxidation of propene over Cu2Mo3O10 catalysts as a function of the number of C3H6 + O2 and O2 pulses at 350oC. (After [43].)
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Mechanism of Catalytic Oxidation: General Considerations 173reacting mixture, different surface phases may be formed at the surface of the catalyst, directing the reaction along different reac­tion pathways. When the steady-state conditions of the reaction are changed, the structure and composition of the catalyst surface may also change, modifying the activity and selectivity of the catalyst itself. This means that in the equation describing the rate of the catalytic reaction:r = kf(θ.) (4.16)
it is not only the concentration term f( θj) which depends on the pressures of the reactants, but also the rate constant k:

FIGURE 4.28 Photoelectron spectra of Cu (2p) electrons from Cu2Mo3O10 catalysts: 1, initial sample; 2, after exposing to O2 pulses; 3, after outgassing at 350oC; 4, after reoxidation.
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174 Bielanski and Haberк = k(T, £ )
These conclusions open new possibilities of carrying the catalytic reactions under conditions in which the catalyst shows high selec­tivity to the given product, although the state of its surface, respon­sible for this selectivity, may be unstable and its maintenance may require periodic changes of the composition of the gas phase.Kinetic analysis of a system built of a transition metal oxide interacting with the gas phase composed of oxygen and a reactant with reducing properties was given by Wagner [45] some time ago, but was recently verified experimentally by Rieckert et al. [ 46 ]. Let us consider an oxidation reaction proceeding by a redox mech­anism. Wagner assumed that rates of the elementary steps—reduc­tion of the oxide by the reactant and its reoxidation by oxygen— are functions of the oxygen thermodynamic potential aθx in the solid, being defined as Pq2 a⅛ equilibrium between gaseous oxygen and the nonstoichiometric solid under consideration. Thus, in the presence of a gas phase reactant with reducing properties such as hydrogen, CO, or hydrocarbons, (aQχ)s < Pq2 . The rates of the two elementary steps are then given by equations:R(g) + 2Oθ ----- > RO2(g) + 2Vθ r_ = r_(PR, aθχ, T) (4.17)°2(g) ÷ 2Vθ -→ 2Oo r+ = r+(Pθ2, aθχ, T) (4.18)

FIGURE 4.29 Rates of oxygen uptake (r+) and removal (r_) at a solid surface as a function of oxygen potential aox in the solid (schematic), for constant composition (Pq2 , ⅛) θf the Sas phase. (After [46].)
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Mechanism of Catalytic Oxidation: General Considerations 175The oxygen potential (aoχ)s at the steady-state results from the condition r+ = r_, as illustrated in Fig. 4.29, and is determined by the kinetics. Different solid phases will show different parameters of Eqs. (4.17) and (4.18), and the value of (aoχ)s at a given non­equilibrium composition of the gas phase will depend on the phase composition of the solid. If (aoχ)s *s plotted as function of Pq2, all other partial pressures being constant, one line will be obtained for each solid phase. For two phases α and β two possibilities exist for the relative location of these lines as illustrated schematically in Fig. 4.30, where a represents the value of (aoχ)s corresponding to the coexistence of the two phases α and β . In the situation

FIGURE 4.30 (a0χ)s at steady state in two solid phases a and β as a function of Pq2, constant T and constant partial pressures of other components in the gas phase. Phase α is stable at (aox)s < a , phase β is stable at (a0χ)s > a*∙ The two solid phases α and β and O2(g) coexist in an equilibrium system at Pq2 = a*. (After [46].)
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176 Bielanski and Habershown in Fig. 4.30a, phase α will be oxidized to β only when Pq2 ≥ (£02^2? whereas phase β will be reduced to phase α only when Pq2 < (£02^1* & hysteresis of the phase composition versus oxygen pressure cycle is to be expected when oxygen pressure will be changed in this range. Let us suppose that we are increasing oxy­gen pressure from the value (£02)1 over the system composed of phase α. When it reaches the value of (£02)2^ oxidation to phase β takes place. However, when the pressure is lowered, phase β will exist until the pressure drops below the value of (£02)1» when reduc­tion of β to α will occur. Thus, in the pressure range (£02)2” (£02)1 θither phase α or phase β will exist depending on whether we approach this pressure range from the side of lower or higher pressures, respectively. The state of the system depends on its pretreatment. In the case represented by Fig. 4.30b, the two phases α and β will coexist in the pressure range ∆Pq2 and the phase com­position of the system will be independent of its history. The experimental results obtained by Rieckert et al. [46] on studying the oxidation of propene to acrolein over copper oxide catalyst are shown in Fig. 4.31, in which the ratio K of Selectivities to acrolein and carbon oxides is plotted as a function of the variation of oxygen partial pressure, the arrows indicating the direction of this variation. When Pq2 is decreased from point e, in which the catalyst is com­posed of CuO, mainly total oxidation takes place and the value of K

%FIGURE 4.31 The ratio K of the rate of partial oxidation of propene to acrolein to the rate of oxidation of propene to carbon oxides, as a function of the changes of oxygen pressure £02* The arrows indi­cate the direction of the change of £02* (After [46].)
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Mechanism of Catalytic Oxidation: General Considerations 177is low. When point a is reached, suddenly the selectivity to acrolein increases considerably. Chemical analysis showed that CuO was re­duced to Cu2O. This phase exists on further decrease of oxygen pres­sure and its subsequent increase to point d, well above the pressure corresponding to point a, selectivity to acrolein being now at maximum. Only on raising further the oxygen pressure does oxidation of Cu2O to CuO start and does selectivity to acrolein drop until the system attains the initial state at e. Such cycles could then be repeated. The results show that the steady state of a solid catalyst can be in­determinate, the latter showing a distinct memory of its history.
X. THE CONCEPT OF REMOTE CONTROLAmple experimental evidence was accumulated in recent years which indicates that when mechanical mixtures of two different oxides are used as catalysts in selective oxidation, a strong synergistic effect appears and the catalytic activity, but particularly the selectivity of such mixtures are much higher than those expected from the simple addition of the properties of separate oxides [49,50]. Such coopera­tion between oxides was observed when mixtures of MoO3 and Sb2O4, SnO2 and Sb2O4, MoO3 and BiPO4, Fe2(MoO4)3 and Sb2O4 were used as catalysts in oxidation of isobutene to methacrolein. However, detailed structural investigation with such techniques as XRD, AEM, CTEM, SEM, ESR, Mossbauer spectroscopy and XPS did not reveal any interaction between the oxides in the mixture, nor could any migration be detected of one oxide over the surface of the other oxide.To explain the observed phenomenon of the influence of the presence of one solid oxide on the catalytic properties of another solid oxide, Delmon and his school [51] advanced a hypothesis that such influence is exerted by means of the spillover of oxygen. In the case of the mechanical mixture of SnC^ — Sb2O4 it is SnO2 which is responsible for the catalytic activity in oxidation of hydrocarbons. As the oxidation reactions are proceeding by the redox mechanism (cf. Section V) and surface lattice oxygen atoms become inserted into hydrocarbon molecules, a steady-state of the reduction of SnO2 surface is established, the rate of overall process being determined by the rate of the supply of oxygen to the surface of SnO2, which controls its degree of reduction. The supply of oxygen is enhanced by the presence of Sb2O4, at the surface of which oxygen molecules from the gas phase are easily dissociated and oxygen atoms then migrate through spill-over effect to the surface of SnO2, maintaining its degree of reduction at the level corresponding to the highest concentration of active sites, i.e., highest rate of reaction (Fig. 4.32). In this way, Sb2O4 exerts a remote control on the catalytic
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178 Bielanski and Haber

FIGURE 4.32 Remote control of catalytic properties of SnO2 by spill­over of oxygen from Sb2O4, which reoxidizes surface oxygen vacancies of SnO2 generated in the course of the oxidation of isobutene.
properties of SnO2. Thus, the synergy of catalytic properties observed in the mixtures of oxide phases may be due to cooperation between a compound playing the role of an oxygen donor and a com­pound which is an oxygen acceptor. Results of the experiments with Sb2O4 enriched in are consistent with the hypothesis that remote control may indeed be performed through the oxygen spill­over mechanism [52].
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5

Catalytic Oxidation of 
Hydrogen

I. INTRODUCTIONThe catalytic oxidations of small inorganic molecules such as H2 and CO occurring without formation of any side products are considered to belong to the simplest catalytic reactions and were applied by numerous authors as the catalytic test reactions carried out in order to characterize various catalysts, metallic as well as the nonmetallic. However, the simplicity of such reactions is only apparent and estab­lishing of their unambiguous reaction paths encountered frequently serious difficulties.The catalytic oxidation of hydrogen was discovered by Dbbereiner in 1822 who showed that at ambient temperatures platinum sponge can induce spontaneous combustion of hydrogen in oxygen. This observation was followed by the discovery of Dulong and Thenard that some other metals — gold, silver, and even glass—exhibited similar behavior if temperature was sufficiently raised [ 1 ]. These processes were among the examples on which Berzelius formulated his ideas of catalysis in 1835 — 1836.Studies of catalytic oxidation of hydrogen carried out with con­temporary methods of surface science have contributed appreciably in the present time to the general understanding of the mechanism of catalytic reactions, especially those which occur on the surface of platinum group metals. Besides purely scientific reasons, the in­terest in the catalytic burning of hydrogen is nowadays stimulated by the prospect of its future application in hydrogen-based ener­getics including the development of hydrogen fuel cells [2]. Another 
181
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182 Bielanski and Haberreason for practical interest in this reaction is the application of hydrogen as the fuel for rocket propulsion.The equilibrium constant of the highly exothermic ( AH^gg =—241.83 kJ moΓl) reaction:
H2(g) + 202(g) = li2°(g) (5.1)

assumes the value 1.175 × 10? at 1300 K [3], which indicates that below this temperature practically no dissociation of water vapor into the elements has to be taken into account. The homogeneous reac­tion at room temperature does not take place because of the strong chemical bonds in O2 and H2 which must be broken. It runs with an observable rate at 450 K in stoichiometric mixture of gases through a chain mechanism. Above 770 K branching of the reaction chains greatly accelerates the reaction and an explosion occurs. The catalytic investigations of H2 oxidation are hence limited to temperatures below 770 K. It has been studied mainly on transition metals, from which platinum and platinum metals are most active, and on transition metal oxides. The other types of catalysts, such as metal carbides, sulfides, and zeolites containing transition metal cations are less important and will not be discussed here.
II. OXIDATION OF HYDROGEN ON METAL CATALYSTSThe catalytic activity in hydrogen oxidation resulting in the forma­tion of water as the only product is exhibited by transition metals. The fact that they are also the catalysts of H2--D2 isotopic exchange indicates their ability to chemisorb hydrogen dissociatively. The sequence of specific activities at 180oC determined at a high excess of hydrogen was given in [ 4 ]:Pt > Pd > Ni > Rh > Co > Fe > Au > Ag > Cu >Mn > V > Cr > Ti > ZnOn the other hand, the main group metals are poor catalysts for both hydrogen oxidation and hydrogen-deuterium isotopic exchange.The most important and best-studied catalyst for the oxidation of hydrogen is platinum as well as other platinum group metals and that is why the present section will deal mainly with catalysis on these metals. Considerable progress in the understanding of the behavior of such catalysts was obtained in recent years by the study of definite crystal faces (on monocrystals) and the application of modern UHV techniques such as XPS, UPS, LEED, EELS, etc.
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Catalytic Oxidation of Hydrogen 183A number of investigations partially based on classical methods have also been carried out on polycrystalline samples: wires and sheets as well as on supported Pt catalysts.
A. Adsorption of Substrates and Products ofHydrogen Oxidation on Platinum MetalsThe elucidation of the mechanism of catalytic hydrogen oxidation also requires separate studies on the adsorption of reactants and products: oxygen, hydrogen, and water vapor. Chemisorption of oxygen on platinum metals was discussed in Section 2.II.B. Here it should only be remembered that at the lowest temperature oxygen is adsorbed on platinum in a molecular form which below 200 K either desorbs or dissociates. Atomic oxygen is the predominant form within the tem­perature range 150—500 K and heating of platinum at temperatures higher than 500 K results in the incorporation of oxygen atoms into the most external layers of Pt crystallites as the so-called subsurface oxygen.As already stated, the chemisorption of hydrogen on platinum was investigated in recent years using definite crystal faces and paralleled by the LEED determinations of the surface structure. It should here be observed that the stable surface of a metal is not necessarily identical to the corresponding crystal plane in the bulk. Owing to coordination asymmetry the surface atoms are frequently reorganized thus reaching lower surface energy [5]. Lyon and Somorjai [6] studied the structure of (111), and (110) crystal faces of platinum over a wide range of temperature, from 300 up to 1769oC (mp). The (111) and (100) substrates were stable at all temperatures. However, the (110) plane exhibited faceting above 600oC. Several surface structures were found to exist on the stable Pt substrates, which can be divided into two types: ordered and disordered. The ordered structures appear during the annealing of the crystal after ion bombardment. They exhibit long-range order and their thermal stabilities overlap on a given substrate. They are believed to be ordered arrays of vacancies in the substrate plane. The ordered structures thus obtained on Pt (100) were (5 × 1) and (2 × 1) ob­served within the temperature range 350-500oC and 300—500oC, respectively. On Pt (111) the structures (2 × 2) and (3 × 3) were observed after annealing at 800—1000oC.The disordered surface structures appear at high temperatures above the stability range of most of the ordered structures. They are characterized by a ringlike LEED pattern which develops gradu­ally as a function of increased heating time or temperature. These structures exhibit surprisingly high stability and can only be re­moved by ion bombardment.Thermal desorption spectroscopy enabled the discrimination of at least three different states of hydrogen adsorbed on platinum.
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184 Bielanski and HaberNieuwenhus [7] stated in field emission microscope studies the existence of a β state of hydrogen desorbing above 300 K, an α state desorbing around 230 K, and a very weakly bound γ state with maximum adsorption heat of 6 kcal mol’1 desorbing at still lower temperatures. This, is in accordance with the results of Sephans et al. [8] who observed desorption peaks of hydrogen at 120, ~200, and 330 K. In the (111) region of Pt tip in the field emission micro­scope the dominating hydrogen state was α and only small amount of β was present. On the other hand, on (100) and (210) regions all three states could be detected. The results of [7] and [8] cannot be unequivocally correlated with those obtained by Lu and Rye [9], who investigated chemisorption of hydrogen on various faces of Pt monocrystal. After adsorption at 190 K they observed a single desorption peak at 330 K from the Pt (111) face but five peaks on Pt (100) which were grouped around 250 and 430 K. Two poorly resolved peaks were observed on Pt (211) and Pt (110), at ~300 and ~430, and at ~260 K and ~350 K, respectively. The important result is that in all cases the desorption kinetics were proportional to (1 — θ)2, which proves that hydrogen desorbing above 200 K is adsorbed dissociatively. Evidently this can also be referred to the states α and β described in [7] and [8] while the low-temperature γ state, considering its low adsorption heat and low desorption tem­perature, must be assumed to be molecular adsorption.Further information concerning the nature of chemisorbed hydro­gen atoms was presented by Sayers [10], who studied hydrogen chemisorbed on Pt (111) surface using electron energy loss spectro­scopy, which indicated three vibrations at 550, 860, and 1230 cm’1. The peaks at 550 and 1230 cm’1 were assigned to vibrations of hydrogen adsorbed on a two-coordinated site, the former being asso­ciated with vibration parallel and the latter to vibration perpendicular to the surface. The nearest neighbor distance in this site was Rh pt = 1∙θ3 A. These observations are in good accordance with the results of elastic neutron scattering: peaks at 500 and 1296 cm’1. The weak EELS feature at 860 cm"1 and neutron-scattering peaks at 856 and 936 cm’1 were assigned to the hydrogen motion perpendicular and parallel to the surface at a three-coordinated site with bond length Rh pt = 1∙θ05 A. Such sites were also assumed in [11].The adsorption of water on clean Pt (111) [12-13] and Pt (100) [14] surfaces was investigated at temperatures below 200 K using high-resolution electron loss spectroscopy (HREELS) and in both cases the main vibrations characteristic of molecular water were registered corresponding to the H—O—H scissor vibrations at 1630 cm"1 and to the OH stretching vibrations. Only one vibration at 3420 cm’1 in the latter region was observed on Pt (111) surface but three vibrations on Pt (100). Two of them at 2750 and 3380 cm’1 (the strongest one) were assigned to the OH stretching vibrations 
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Catalytic Oxidation of Hydrogen 185in H2O molecules bonded to Pt or to O atoms, respectively. The third vibration at 3670 cm"^∙ was attributed to the free OH group. The vibrations below 1000 cm"^∙ were in the case of Pt (111) assigned to the Pt—O stretching (550 cm^l) and vibration (~700 cm"l)∙ In the studies of the Pt (100) face a somewhat different interpretation was given to the vibrations observed in the same spectral region (frequency 460 cm" 1 is the vibration of the Pt-O bond in which oxygen is coordinated by its lone electron pair to the metal atom and the frequencies 560 and 920 cm"l are described by the authors as H2O ’’rotations”). The frequencies of the vibrations do not change with the coverage in the low-coverage region; however, their shifts observed at higher coverages indicate the formation of ice.The heat of adsorption of water on the Pt (111) surface was estimated based on the results of thermal desorption spectroscopy [12]. Water adsorbed at 100 K desorbs with approximately zero­order kinetics and a monolayer has a maximum desorption rate at 180 K. Heavier coverages exhibit additional desorption from multilayer water (ice), which peaks at about 165 K. Since the adsorption of water on platinum is a nonactivated process, the activation energy of 180 K peak desorption (65 kJ moΓ^) can be equated to the adsorp­tion heat. The fact that this value is higher than the sublimation heat of ice indicates that we are dealing here with weak chemisorp­tion rather than with simple physisorption.Very much similar were the results of investigation of water desorption from the Ru (111) face where two states desorbing at ~230 and 200 K were registered [15].The rapid desorption of water from the surface of platinum group metals observed at about 200 K indicates that above this temperature desorption of water cannot be expected to be the rate-limiting step in the catalytic oxidation of hydrogen.The formation of surface OH groups as the intermediate species in the oxidation of hydrogen on Pt was postulated by some authors [13,16,17].
B. Reactivity of Oxygen and Hydrogen Chemisorbed on Platinum MetalsVery illuminating results were obtained by the study of the catalytic H2~O2 reaction under conditions whereby one of the reactants was chemisorbed and the other was present in the gas phase. The application of modern surface techniques permitted the obtaining of very strict and unambiguous results. Much of this work was done with oxygen chemisorbed and hydrogen in the gas phase at tempera­tures above 200 K where the absorption of water is very fast.The common feature of the results obtained by all of the above authors was that the rate of chemisorbed oxygen consumption in­creased at first (an induction period was observed by some of the 
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186 Bielanski and Haberauthors), passed over a maximum, and subsequently decreased.The appearance of such a maximum indicates that adsorption of both components is necessary, suggesting a Langmuir-Hinshelwood mecha­nism. Norton [17,18] proposed the following kinetic equation:-θ0 _ -1-2^2(2)^0*1 θ01
-dΓ = k-1 + k2θ0 (5.2)

based on the assumption that the reaction comprises two steps, a rapid establishing of hydrogen adsorption equilibrium:
—1⅛) + t⅝tef 2Ha--1 (5.3)

and the slow reaction between adsorbed species supplying rapidly desorbing water molecules:
-22Ha + θa --÷ li20 (g) <5∙4>It has been also assumed that in the steady state θ∩ « θθ. Further assumption that k.∣ » k,2θθ> i∙θ∙> that the adsorbed hydrogen is much more quickly removed from the surface by desorption than by chemical reaction led the author to the equation:-θ0

τ = ^1Wθ(/1 - θ<P <5∙5>—1—2 where K = —г------1It should be noted that in order to obtain a good fit of experi­mental results to the first-order kinetics with respect to chemisorbed oxygen, Norton assumed that a single site on the surface was re­quired for dissociative chemisorption of hydrogen. This assumption seems to be rather artificial in view of the results of Sayers [10] who postulated on the basis of his EELS investigations two- and three-coordinated positions of hydrogen atoms chemisorbed on the Pt (111) face. An alternative interpretation of the first-order kinetics with respect to hydrogen was given by Yates et al. [19], who carried out an analogous study of Oa-H2(g) reaction on the Rh (111) face. They found that oxygen was adsorbing, at first produc­ing a mixture of ordered and disordered domains. Extensive order­
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Catalytic Oxidation of Hydrogen 187ing occurred only in the very last stages of monolayer formation. The reaction of the ordered O layer with hydrogen from the gas phase took place rapidly above 275 K in the range of 10^^ to 10^θ Torr and exhibited kinetics which were first order in H2 pressure similarly to that observed by Norton on Pt. However, in the inter­pretation of their results they suggest that there exists an efficient trapping mechanism for hydrogen adsorbed on the ordered O-Iayer. The desorption of dissociatively bonded hydrogen would be very slow. The mechanism of Oa-H2 reaction proposed by Yates com­prises the subsequent formation of OH species as the intermediates in the formation of water molecules:Hoz λ + 2[Rh] .+ ---- > 2H (5.6)2(g) l jsιte a vH + O ΣZ÷ OH + [Rh] .+ (5.7)a a 4 a l jsιteOH + H ----- > HoO + 2[Rh] .+ (5.8)a a 2 g jsιte v 7The rate of the reaction would be determined by step (5.8). Norton when discussing this latter scheme [18] indicated that although the idea of surface traps may adequately explain first-order reaction with respect to hydrogen, it does not explain the dependence of the reaction rate on the Θq(1 — Θq) value and in conclusion states that his own mechanism appear to be the simplest one capable of ration­alizing all the observations even though it contains the assumptions that are difficult to explain.Norton studied also the behavior of oxygen on Pt (IOO) sur­face at temperature below 200 K, i.e., at the conditions at which no desorption of water occurs [18]. The surface precovered with about 0.5 monolayer of oxygen exhibited Ols peak in the XPS spec­trum at 530.1 ± 0.2 eV characteristic of atomic oxygen. At 77 K the sample was contacted with hydrogen (~3.10~5 pa) a∏d slowly warmed. The first changes in the XPS spectrum were registered above 130 K. The temperature was maintained for sometime at 135 K, then hydrogen pumped out and the XPS spectrum again registered. A new peak at 532.4 ± 0.2 eV appeared corresponding to the adsorbed water molecules besides which a shoulder was present at 530.1 eV indicating that some adsorbed oxygen atoms were still present. How­ever, there was no peak observed at 531 eV, characteristic of ad­sorbed OH groups. The presence of adsorbed H2O and O species was confirmed by the parallel UPS measurements, which, on the other hand, similarly as XPS measurements, gave no indication of the presence of adsorbed OH groups. It can therefore be concluded that at temperatures below 170 K there is no evidence of the OH groups as reaction intermediates.
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188 Bielanski and HaberOgle and White [20] investigated at 120—153 K the reaction of hydrogen from gas phase (10"θ to 10"θ Torr) with oxygen pread­sorbed on the Pt (111) surface and forming a p (2 × 2) overstruc­ture. The temperature range applied by them was well below 180 K about which water desorbs from platinum. The fact that water molecules remained at the surface made it possible to apply HβO+ SIMS intensity for the determination of the concentration of reaction products. One of the main results of this investigation was the statement that at temperatures below 153 K only a fraction of ad­sorbed oxygen is available for the reaction during H2 exposure.The studies of the reaction of chemisorbed hydrogen with oxygen from the gas phase are much less complete than the studies of the behavior of chemisorbed oxygen. This can partially be due to the fact that owing to the lower adsorption heat the coverage of platinum metals with chemisorbed hydrogen at comparable conditions is lower than that with oxygen. In addition, the presence of hydrogen can­not be monitored, e.g., by XPS or UPS, as it is in the case of chemisorption of oxygen and also no LEED patterns of chemisorbed hydrogen can be obtained. Norton [17] described a few experiments in which the surface of platinum saturated with hydrogen (273 K, 10"θ Torr, and evacuation) has been contacted with gaseous oxygen (10"2 Torr). The XPS spectrum indicated the presence of chemisorbed oxygen atoms. In an analogous experiment carried out at 200 K, an ’’induction period” was observed during which chemisorbed hydrogen was oxidized after which peak 530.2 eV of adsorbed O atoms appeared. With increasing temperature this peak decreased and a peak around 533 eV appeared which was attributed to the reaction product H2O or OH.The studies of the interaction of coadsorbed hydrogen and oxy­gen represent a further step in deciphering the mechanism of the catalytic reaction of both elements. In this case hydrogen and oxy­gen were adsorbed in a definite sequence at temperatures as low as to eliminate the immediate reaction between them. After pumping off thermal desorption experiments were carried out [18]. In one ex­periment Pt (111) surface exposed to 2.7 × IO"4 Pa sec of O2 at 100 K and hence covered with molecular oxygen was exposed at the same temperature to 1.3 × IO"4 Pa sec of H2. A desorption peak at about 150 K appeared on heating the sample, indicating departure of O2 molecules, and a broader one beginning about 170 K and reach­ing its maximum around 200 K, which is typical of water desorption. On the other hand, if oxygen was preadsorbed dissociatively (satu­ration of the surface with oxygen at 100 K, heating to 300 K, and again cooling to 100 K) and exposed to hydrogen (4 × IO"4 Pa sec) besides the peak of desorbing water above 170 K also a peak with maximum about 215 K was observed. Its position was the same as that of the peak which was obtained after reaction of dissociatively preadsorbed oxygen with water vapor which resulted in the formation 
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Catalytic Oxidation of Hydrogen 189of surface OH species desorbing at the temperature of this peak. This strongly suggests that some water molecules forming about 170 K were reacting with excess oxygen adsorbed atoms. However, such an interpretation was questioned by Norton [18] on the basis of the already-mentioned fact that the XPS (and also the work function measurements) did not confirm the presence of OH species on the oxygen-precovered Pt surface when exposed to hydrogen under the same conditions. He was rather inclined to interpret the peak around 215 K as indicating the presence of nonequilibrium water.
C. Catalytic Reaction of ∏2 and O2 on PlatinumMetal Catalysts with Both Reactants in the Cas PhaseBefore presenting the results of mostly earlier ’’classical” investiga­tions of catalytic hydrogen oxidation carried out at and above room temperature under conditions whereby no ultrahigh-vacυum cleaned surface could be used, we shall present more recent investigations in which molecular beam technique was applied. In particular this technique has been used by Pacia and Dumesic [21], who studied hydrogen oxidation in an apparatus in which a supersonic molecular beam of hydrogen was directed on the surface of platinum ribbon situated in a chamber in which a low isotropic pressure of oxygen (10"θ to 10"θ Torr) was dynamically kept. Oxygen was introduced by a leak valve and constantly pumped out. The concentration of oxygen and hydrogen either isotropic or reflected from the ribbon was controlled with a mass spectrometer. A system of metallic inter­rupters permitted the interception of the incident or reflected mole­cular beam. When using them in an appropriate way the authors could determine the reactive sticking probability βpj2∙ The product gH2 ⅛2 whθre g∏2 *s collision density (proportional to the hydrogen pressure) gives the rate of hydrogen consumption, i.e., the differ­ence between the rates of H2 adsorption and desorption at the given moment. At the stationary state hydrogen is consumed by its reac­tion with oxygen or by atomization (desorption of free H atoms).The latter process is predominant only at temperatures above 1350 K and at lower ones can be neglected. Hence in this latter region βp∣2 is at the stationary state proportional to the reaction rate. An analogous value βθ2 can also be introduced. At the stationary state βθ2 = l∕2β^2∙ At constant pressures of hydrogen and oxygen in the reaction chamber the 3h2 value plotted as the function of tem­perature exhibits a maximum around 1000 K, then decreases, and above 1350 K again increases owing to the strongly increasing atomization process of hydrogen. As Fig. 5.1 shows at constant βp[2 the position of the β∏2~— curve depends on the isotropic oxygen
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190 Bielanski and Haberpressure. In order to visualize this better, the values of β∏2> corresponding to the temperature 750 K taken from Fig. 5.1, are plotted in Fig. 5.2 as the function of oxygen pressure. A distinct maximum is seen on this curve indicating that below 1350 K there exists an optimal rati° a^t which the reaction rate reaches ahighest value. Pacia and Dumesic when discussing the shape of this curve indicate that it is incompatible with the kinetic equation ZERl = ⅛Hnθπ, which would be obtained in the case of Eley-Rideal mechanism assuming the reaction between chemisorbed oxygen and hydrogen from the gas phase. The rate expressions rgR2 = ⅛O∏θH (ER mechanism describable as the reaction between chemisorbed hydrogen and oxygen from the gas phase) or rp1∩ = kθθθ∩ (Lang- muir-Hinshelwood mechanism: reaction between chemisorbed oxygen and chemisorbed hydrogen) are thus needed to explain the maxima in β∩2 with oxygen pressure. The discrimination between both latter cases was possible owing to the measurement of transient value of β∏2j i∙e∙> Ihe measurement of as the function of time which

FIGURE 5.1 Variation of β∩9 with T for a constant H2 beam inten­sity and at different values of oxygen pressure, i≡ identical to the zero coverage sticking probability, pjjg (Torr) = 8 × 10^8; PO2 (Torr): ∙, 2.9 × IO'6; ×, 1.3 × 10^6; V, 6.7 χ IO'7; x, 4.5 × 10'7; ■, 9.5 χ 10'8; o, 1.9 χ Ю'8; a, 5.7 χ IO'9 [21].
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Catalytic Oxidation of Hydrogen 191elapsed since the moment of introduction of the H2 molecular beam on the Pt sheet. As Fig. 5.3 shows, the initial value of (t = 0) was zero and then before reaching the stationary value it passed over a maximum. The initial rate of reaction equal to zero is not compatible with the rgj^∣ or the γeR2∙ the f°rmer case the initial rate cannot be zero, in the latter the only time-dependent term is θH, which would unrealistically be required to pass through a maxi­mum in time to explain the data. On the other hand, the transient behavior of β∏2 corresPoncIs perfectly to the LH mechanism in which Θq and θq, respectively, decrease and increase smoothly with time while their product passes over a maximum value. Such a mechanism correlates well with the mechanism proposed by Norton [17] for the reaction of chemisorbed oxygen and gaseous hydrogen described in the preceding section. The main differences between Pacia and Dumesic,s and Norton's papers consist of the fact that the former considered strongly bonded oxygen as active in the catalytic reaction

FIGURE 5.2 Variation of βH2 with the oxygen pressure (Torr) at a constant H2 beam intensity and constant temperature 750 K.(Data taken from Fig. 6 in [21].)

http://chemistry-chemists.com



192 Bielahski and Haber

FIGURE 5.3 Transient behavior of β∏2 at 300 K [21].
while the latter postulated the participation of ’’weakly" chemisorbed oxygen.The LH mechanism can also be used for qualitative interpretation of the β∏2-— curve∙ The maximal possible value of β∩g i≈s βH2, The sticking coefficient (in other words, the rate of reaction) is limited by the number of H2 molecules sticking to the surface. The value of βj∣9 is given in Fig. 5.1 by a dotted line and it is seen that at the maximum of the β∏2^"T curve β∏2 = ⅛2> t^e reactants are then optimally coadsorbed. Below and above the temperature of maximum the ratio of θ∩ and Θq, both changing with temperature in a rather complicated way, assume less favorable values.The molecular beam technique was also applied to the study of hydrogen oxidation by Engel and Kuipers [22], who investigated this reaction on the Pd (111) surface. Palladium catalyst is of particular interest because of the high solubility of hydrogen in this metal. The rapid transport between the surface and the bulk pro­vides a reservoir of atomic hydrogen for surface reactions which can be available to the surface within 10-3 sec.The formation of H2O in a mixed H2-O2 beam proceeded differ­ently under the conditions of excess oxygen and excess hydrogen. In the excess of hydrogen the kinetics are dominated by the trans­port of atomic hydrogen between the bulk and the surface. In an excess of oxygen, diffusion of hydrogen into the bulk is blocked by adsorbed oxygen and the hydrogen reservoir available for reaction at the surface is decreased by several orders of magnitude. This results in a drastic reduction of the reaction rate which, on the other hand, can be reversed by increasing the partial pressure of hydrogen.Engel and Kuipers assumed the following scheme for hydrogen oxidation on palladium:H2(g) ZΞΞ± 2H4 a (5.9)
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Catalytic Oxidation of Hydrogen 193Ooz λ -----> 202(g) aH Z=÷ Hu 11 a bulkH + O ZΞ÷ OH a a aOH + H ---- > HoOz λa a 2 (g)

(5.10)
(5.11)
(5.12)
(5.13)

In the experiments with the excess of oxygen the authors found the first order of reaction with respect to hydrogen pressure and arrived at the conclusion that the rate-limiting step was reaction (5.12) followed by a fast step (5.13).Kuchaev and Temkin [23 — 25] obtained further interesting results concerning the mechanism of the H2—O2 catalytic reaction by study­ing isotopic exchange of oxygen and hydrogen simultaneously with this reaction. The conditions applied by them—polycrystalline Pt foil, temperature range 300—600oC, low dynamic pressure of reaction components 10^θ to 10^^ Torr—were similar to the conditions of Pacia and Dumesic’s investigations. In addition, the concentration of reactants was measured mass Spectrometrically.Kuchaev and Temkin carried out a series of experiments in which at constant oxygen feed rate (and also constant pumping rate) the pressure of hydrogen was changed. Curve 1 in Fig. 5.4, showing the rate of ∏2~O2 catalytic reaction at 560oC as the function of hydrogen pressure (expressed as the pressure of deuterium in the constant H∕D ratio), is typical for the results of the authors. There are two distinct portions of the curve. At deuteruim pres­sures below ~6 × 10"θ Torr (pressure range I) the reaction rate r increases with hydrogen pressure. In this range r is increasing with hydrogen and at lowest deuteruim pressures the reaction order with respect to is 1 ∙ At deuteruim pressures higher than about 6 × 10"θ Torr (pressure range II) reaction rate is hydrogen pres­sure-independent and assumes a constant value. Curve 3 in Fig. 5.4 indicates that the pressure of oxygen despite its constant supply does decrease within range I and becomes constant in the range II. When changing the supply of oxygen in a series of experiments it has been shown that the rate r in pressure range II was changing proportionally to the steady-state oxygen pressure, i.e., that in this range the H2—O2 reaction is of the first order with respect to oxygen.The rate of isotopic exchange of oxygen in the course of a cata­lytic reaction is shown by curve 2. It is seen that the exchange is fast at lowest hydrogen pressures and decreases to zero in the inter­mediate area between ranges I and II. The coverage of platinum
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194 Bielanski and Haber

pd.∏) p ∙106,Torr

FIGURE 5.4 Dependence of catalytic hydrogen oxidation rate (1), homomolecular oxygen isotopic exchange (2), and oxygen dynamic pressure (3) on deuterium presure at constant oxygen feed rate. Temperature = 560oC [25].
with oxygen in the absence of hydrogen was estimated by the authors on the basis of their measurements to be very close to unity. At a high coverage with oxygen and a low rate of H2—O2 reaction only a small fraction of dissociatively chemisorbed oxygen participates in the chemical reaction and the rest can participate in isotopic ex­change. The drop of the exchange rate to zero indicates that in the hydrogen pressure range II the coverage with oxygen is close to zero and the rate of water formation is governed by the rate of chemisorption of oxygen. On the other hand, at lowest hydrogen pressure and the surface nearly saturated with oxygen, the reaction rate is determined by the rate with which hydrogen from gas phase reacts with chemisorbed oxygen. The authors conclude that under these conditions the Eley-Rideal mechanism is operating. The argu­ments in favor of such a mechanism are also supplied from experi­ments with H2—D2 isotopic exchange under catalytic reaction condi­tions. The rate of this exchange is highest in the hydrogen pres­sure range II and reaches zero in the pressure range I, indicating very low coverage with dissociatively chemisorbed oxygen.Kuchaev and Temkin carried out a detailed analysis of their kinetic results and showed that at least three different reaction schemes can be reconciled with the observed kinetics. However, independently of the assumed mechanism kinetic data analysis indi­cates that a drop of oxygen coverage occurs from Qq = 1 at P.H2 = θ 
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Catalytic Oxidation of Hydrogen 195to Θq = 0 at J2∏2, corresPon^ing to the transition from range I to range II. This conclusion found interesting support in the secondary ion mass Spectrometric (SIMS) investigations carried out by the same authors in parallel to the kinetic studies. At the transition from kinetic pressure range I to range II a distinct drop was observed in the intensity of all peaks corresponding to oxygen-containing ions, PtC>2 and also CaO+ and CaPtO+, thus confirming a strong decrease in oxygen coverage. According to the authors, the intensity of peaks of Ca-Containing ions, despite the fact that this metal is pre­sent only in traces, is due to the very high sensitivity of SIMS for such ions connected with the low ionization energy of Ca.Platinum catalysts used for various practical purposes are usually supported catalysts. The problem of the properties and particle size of such dispersed platinum was investigated by many authors. Boreskov [26] when studying the oxidation of hydrogen over a series of unsupported and supported Pt catalysts found that their specific activity determined at the stationary state was almost inde­pendent of their total surface area. It changed by a factor less than 3 while the specific surface area varied by four orders of magnitude (Table 5.1).The effect of platinum dispersion was thoroughly investigated by Hanson and Boudart [27] who studied the samples with still higher dispersion of the metal than Boreskov. The specific activi­ties in H2 oxidation were practically independent of dispersion D (the ratio of the number of surface metal atoms to the total number of metal atoms) of platinum in the catalysts if the reacting mixture contained an excess of oxygen. On the other hand, no such effect was observed when the experiments were carried out with an excess of hydrogen. An increase of specific activity with increasing disper­sion occurred in this case. The authors suggest that in the case of
TABLE 5.1 Catalytic Activity of Platinum Catalysts of Various Dispersion Degrees in the Oxidation of Hydrogen as Calculated per cm2. Pt wire 0.1 mm Pt foil Pt-SiO2Surface area of platinum (cm2 g"l) 1.53 × IO3 6.7 χ IO2 7.8 χ IO7Specific activity (cm^ H2 sec^l cm2) 1000c 535 900 140050oC 74 97 260Source: Data from Ref. 26.
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196 Bielanski and Habersamples working under conditions of an excess of oxygen the surface becomes covered by a monolayer of platinum oxide (corrosive chemi­sorption), which eliminates any crystal plane specificity for hydro­gen oxidation.On the other hand, Marshneva et al. [28] in a more recent study could not confirm the existence of surface structure sensitivity of catalytic activity determined at the excess of hydrogen. They used supported Pt catalysts with crystalline size determined by several available methods (electron microscopy, small angle diffraction of X rays, and chemisorption) and found it to vary from 11 — 14 A to 1730 A. In both oxygen-rich (O2∕H2 = 7:1) and oxygen-deficient (O2∕H2 = 1:3) reacting gas mixtures, specific activities were dispersion-inde­pendent and equal to the specific activity of massive platinum. The reasons for the discrepancies in the latter results of Boreskov’s group and those of Hanson and Boudart are not clear and further investigation is needed.The independence of specific activity in H2 oxidation on disper­sion is not limited to the platinum catalysts. It has also been ob­served in the case of Pd and Rh supported catalysts [29].The fact that at an excess of oxygen the specific rate of hydro­gen oxidation is structure insensitive suggests that it is also the case with chemisorption of oxygen on the platinum surface. This enabled application of the reaction between chemisorbed oxygen and gas phase hydrogen for the determination of surface area of dis­persed platinum as proposed by Benson and Boudart [30] and re­viewed by Prasad et al. [31].
III. CATALYTIC OXIDATION OF HYDROGEN ON METAL OXIDESCatalytic oxidation of hydrogen on metal oxides, mainly on transition metal oxides, is a process more complicated than oxidation on noble metal catalysts. Oxygen in this case is present not only in elemen­tal form in the gas phase but also as a component of the catalyst itself and in this form can also participate in the catalytic reaction. In the extreme case hydrogen can be oxidized even without the presence of oxygen in gas phase by reducing the catalyst to a lower oxide or metal. Also, at the presence of both reagents H2 and O2 in the gas phase, depending on their molar ratio, various defects can be introduced into or removed from the solid thus chang­ing its catalytic properties. Another factor influencing the catalyst’s properties is the presence of surface OH groups, which frequently form upon contact of the surface with water vapor.The fact that the surface transition metal oxides can more or less easily give off oxygen when heated in vacuum renders inapplic­able the methods of obtaining a clean surface used in the study of 
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Catalytic Oxidation of Hydrogen 197metal catalysts in which ultrahigh-vacuum conditions are applied. Also the application of some of the UHV methods of modern surface science, such as low-energy electron diffraction or Auger electron spectrometry, becomes more complicated because of the building of electrical charge on the oxide surfaces exposed to electron beams. In these circumstances recent progress in the investigation of catalytic H2 oxidation on transition metal oxides was less spectacular than in the case of metal catalysts.
A. Chemisorption of Hydrogen on Transition Metal OxidesThe existing data indicate that at least three forms of hydrogen adsorbed on transition metal oxides exist, one of which is molecular physisorption observed at low temperatures. In the other two cases we deal with chemisorption which is either fast and exhibiting only low activation energy or slow and activated [32].Chemisorption of hydrogen was studied most extensively in the case of zinc oxide. Kokes et al. [33] observed at room temperature fast chemisorption of hydrogen, which has been called chemisorption I. Such rapidly sorbed hydrogen can be removed by evacuation at the same temperature. Chemisorption I is independent of simul­taneous slow chemisorption II, which is observed after the fast sorp­tion has ceased. Chemisorption II cannot be removed by evacuation at room temperature even after several hours.Chemisorption I is accompanied by the appearance of two bands in the IR spectrum of zinc oxide, at 3484 and 1709 cm^l. These bands were observed for the first time by Eischens et al. [34] and are assigned to OH and ZnH species, respectively. Accordingly, the course of chemisorption I can be formulated as the heterolytic fission of the H 2 molecule:H 2O Zn2+O2- 2- I + IO Zn O (5.14)It is assumed that the hydrogen atom bonded to oxygen has a proto­tonic character and the hydrogen atom bonded to zinc has a hydridic character. The presumed largely ionic character of both bonds is consistent with relatively high intensity of the corresponding IR bands. More recently, Boccuzzi et al. [35] observed in the lower wavenumber region the bands at 817 and 850—845 cm^l of reversibly adsorbed hydrogen and deuterium associated with bending modes of Zn—H and Zn—D bonds, respectively. According to Eq. (5.14), chemisorption of type I does not involve the participation of free electrons of the solid. Gerasimova et al. [41] confirmed that no 
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198 Bielanski and Haberchanges in the electrical conductivity of ZnO occur during chemisorp­tion of hydrogen at room temperature.Type II chemisorption occurs rapidly initially, but slowly in later stages and continues at an observable rate for several days. No IR bands attributable to type II hydrogen were observed in the earlier investigations [33,34]. However, recently Boccuzzi et al. [35] were able to identify the bands around 3400 and 1475 cm^l as arising from type II irreversibly adsorbed hydrogen. They arrived at the conslusion that hydrogen atoms in this state are bonded in bridged structures between two Zn or O atoms (Zn-H—Zn or OH...O) in the subsurface cavities.The third form of hydrogen adsorbed on zinc oxide described by Kokes [36,37], hydrogen type III, is observed at -78oC and below. Infrared bands were registered at 4017, 3507, and 2887 cm"l corresponding to the molecularly adsorbed H2, HD, and O2. The observed frequencies are shifted into lower values in comparison with the frequencies in the gas phase. For example, the shift in the case of D2 adsorbed molecule is nearly 100 cm“l (frequency in free D2 molecule 2990 cm-l). This value is larger than could be expected for pure physisorption and that is why the authors inter­pret the IR bands as being due to a weak molecular chemisorption. They believe that this type of chemisorption may be common for certain dehydrated oxides.In later investigations it was shown by thermal desorption experi­ments that adsorption of hydrogen on zinc oxide is giving rise to more than three adsorption states as could be inferred from Kokes ’ experiments. Narvaez and Taylor [38] found four different desorp­tion peaks at 60, 150, 250, and 400oC, and Barahski and Galuszka [39] in their study discovered seven peaks between -680C and 400oC (peak Oa, 68oC; Ob, -16oC; Ia, 9oC; Ib, 36oC; II, 100oC; III, 225oC; and IV, 400oC). Watanabe [40], investigating low-tempera­ture desorption of hydrogen, confirmed the presence of Barahski’s O and I peaks but also observed two peaks designed as La and Lb at temperatures -134 and -95oC, respectively.Chemisorption of hydrogen on zinc oxide at higher than room temperature (25—300oC) was investigated by Gerasimova et al. [41], who parallel to the adsorption measurements carried out under analogous conditions also measured changes in electrical conductivity accompanying hydrogen adsorption. As already mentioned, at room temperature, i.e., under the conditions in which Kokes’ adsorption type I occurs, no changes in electrical conductivity were observed. At temperatures above room temperature Gerasimova et al. observed three kinds of hydrogen chemisorption on ZnO:1. Within a temperature range below 100oC chemisorption occurred as a practically nonactivated process (activation energy 3 kcal mol-l) with a simultaneous decrease in electrical conductivity.
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Catalytic Oxidation of Hydrogen 199Therefore it was connected with the formation of acceptor species. The authors argue that the centers in the solid which are donating electrons to an adsorbed hydrogen species are donor centers the presence of which is manifested by an EPR signal at g = 1.957 ( ∆G = 9 Gs). This signal is considered in the literature as being due either to anionic vacancies at which unpaired electrons are localized Vq (F centers) or to interstitial zinc atoms singly ionized (Znj) [42].2. Within the temperature range about 100 to 200—250oC chemisorp­tion dominated accompanied by an increase in the electrical con­ductivity of ZnO and a simultaneous appreciable change in the activation energy of conductivity. Gerasimova et al. suggest that here a donor-type adsorption reaction occurs in which Vq centers (F centers) are playing the role of electron acceptors.3. At temperatures above 200oC donor-type chemisorption of hydro­gen was observed different from chemisorption as described in item 2, but without a significant change in the activation energy of electrical conductivity. This was considered to be the first step in the reduction of the oxide2-1 - -° + 2H2 -----OH + e (5.15)Further investigation is necessary in order to find whether the discrimination between states 2 and 3 is real and to confirm the proposed mechanisms.The number of papers dealing with adsorption of hydrogen on transition metal oxides other than zinc oxide is surprisingly small. However, it can be assumed that the basic information gathered in the case of ZnO has a general meaning. Without doubt it is the case with low-temperature adsorption of H2 on oxides. It has been investigated by Maslov et al. [43], who observed one IR adsorption band on Ga2O3, Sc2O3, ZrO2, and SiO2 and two to four bands on ZnO, AI2O3, TiO2, and SiO2-Al2O3 appearing after adsorption of hydrogen at 60-77 K and corresponding to the stretching vibration of the H2 molecule. It should be remembered here that a centro­symmetric H2 molecule when free in the gas phase is IR nonactive. Adsorption considered to occur on metal cations playing the role of Lewis acid centers evidently results in such deformation of H2 mole­cules that their symmetry is changed and the space distribution of electron density is no more centrosymmetric.The reversible molecular adsorption of hydrogen on Co3O4 at liquid air temperature was also observed by Shigehara and Ozaki [44]. The coverage with molecular hydrogen decreased on heating to -750C but the sorption of hydrogen increased again at room tem­perature thus indicating activated chemisorption. The same authors [45] determined Chromatographically the hydrogen adsorption isobar 
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200 Bielanski and Haberon prereduced Cr2O3. Also in this case activated chemisorption with maximum coverage at about room temperature was observed. Supposedly this kind of chemisorption corresponds to the Kokes, chemisorption type I of hydrogen on ZnO which was suggested by Burwell [46,47].At high enough temperatures reductive adsorption of hydrogen on oxides takes place in which OH groups form as an electron is simultaneously given to the lattice as shown by Eq. (5.15), which may be used for the reduction of a cation to a lower oxidation de­gree. The range of temperature in which such a process becomes significant depends on the nature of the oxide. As already stated, at different ZnO preparations it was observed above 200oC [41] but in the case of Sc2O3 the formation of OH groups was observed at 400—500oC [48]. The molecular adsorption of H2 on this oxide was observed between -78 and 200oC.Andreev et al. [32,49] carried out a series of quantum chemical calculations of the interactions of the hydrogen molecules with the surface of transition metal oxides. The geometry of surface com­plexes taken for the calculations is schematically given in Table 5.2. Two orientations of the H2 molecule with respect to the surface— normal and parallel—were taken into account. As the results ob­tained for nickel oxide show, owing to the better overlap of 3d orbitals of cation with Is orbitals of H atoms, adsorption heat is always greater in the case of parallel orientation, thus indicating that this type of molecular adsorption should be expected. Simul-
TABLE 5.2 Adsorption Heat and Bond Order in H2 in Different Surface Complexes on NiO.I II III IV VSurface complex HIH H-H .H-H H—H, H∙∙∙∙HNi2+ Ni2+ O2~ Ni2+ b2" Ni2+ O2" *Ni2+ O2" Ni2+ ∂2"Adsorp­tion heat, eV

5.51 6.03 10.12 7.81 10.62
H-H bond order 0.847 0.792 0.821 0.912 -0.058
Source: Data from Ref. 32.
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Catalytic Oxidation of Hydrogen 201taneous weakening of the H—H bond is manifested by diminished bond order. This is connected with increasing occupancy of σ* antibonding orbitals of H2 molecules, thus indicating a certain negative charge on H2 adsorbed molecule. The data in Table 5.2 show that among the four possible parallel positions the most stable is that in surface complex V. In this case the adsorption heat is largest and a very low bond order calculated for the H2 molecule indicates it dissociation. This situation corresponds to the forma­tion of M-H and OH surface species which, as already mentioned, were experimentally detected in ZnO.
B. Catalytic Oxidation of Hydrogen on Transition Metal OxidesAn extensive investigation of catalytic oxidation of hydrogen on transition metal oxides was undertaken by Boreskov and his collabo­rators [50,51], who used a stationary-circulating type of apparatus that allowed study of the catalytic activity in a well-determined stationary state. In order to compare the behavior of different oxides, the activities measured at a high excess of oxygen within different temperature ranges (depending on the activity of particu­lar oxides) were extrapolated to 300oC and the following series of specific activities was obtained: Co3O4 > CuO > MnO2 > NiO > Cr2O3 > CdO > SnO2 > Fe2O3 > PbO > ZnO > WO3 > V2O5, MoO3 > TiO2. Specific activity changed in this series by as much as six orders of magnitude from 5.50 × 10^∙3 O2 molecules∙cm"2 sec^l for Co3O4 to 8.6 × 10? O2 molecules∙cm~2 sec’l for TiO2. Very low activity was observed in the case of the dielectric oxides MgO and Al2O3.The kinetic equation which has been shown to have the widest applicability was given by Golodets [4], based on a reaction scheme comprising the following steps:(U O + ( ) ⅛ (O2) 2(0)v-b7 fast

-2(2) H2(g) + (O) —> (H2O) (5.16)—3(3) (H2O) -⅛ H2o(g)
in which symbol ( ) denotes surface adsorption site and (O2), (O), and (H2O) adsorbed O2, O, and H2O species, respectively. Not specified here were the chemisorbed oxygen species. The scheme therefore comprises the situation in which ( ) is a surface anionic 
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202 Bielahski and Habervacancy and (O) a surface oxygen atom of low coordination Olc∙ The kinetic equation given in [4]:
-1-2eO2⅛2—1—2-IeO +^k∑^^ eO9eH9 + 1/2—2eH9 
Z O Z Z Lλ

(5.17)
where r = reaction rate, can be linearized by plotting 1/r against 1∕HH2 =1 _ 1 1 1- 2-1eO2 —3 -2⅛2

If a high excess of oxygen is present, кцэс^ >> [(⅛2⅛2∕⅛3) Hθ22-H2^ + 1∕⅛22H2 an^ eQ ∙ (5.17) is reduced toT = ⅛2¾ (5.18)
indicating that at these conditions a zero-order reaction with respect to oxygen and a first-order reaction with respect to hydrogen should be expected. In fact, in Boreskov’s experiments with a high excess of oxygen an order of 1 or close to 1 with respect to hydrogen was observed.In reaction scheme (5.16) and Eq. (5.17) it was assumed that the rate constant of water desorption k3 is comparable to rate con­stants k∣ and k2, i.e., desorption of water can become the rate­limiting step. Under these conditions:

—1—2 1-k∑- eO9eH9 -IeO9 + 2-2eH
O Z Z Z Zand Г = k3 (5.19)

The reaction becomes zero order with respect to both oxygen and hydrogen. Such a situation was observed in [52] where the oxida­tion of hydrogen on NiO films was investigated at 0—1370C.On the other hand, if desorption of water is very fast and k3 » kq and k3 » k2, the term [ (kik2/k3)2o2]3H2 in Eq. (5.17) can be omitted and
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Catalytic Oxidation of Hydrogen 203
-l-2βO2⅛2~ -IeO 2 + 1z2-2¾2 (5.20)

The reaction can now be considered as being composed of two steps only:
(⅛) O2 } + ( ) -----> (O2) 1-¾ 2(0) (5.21)(°) ⅛) + (O) → h2°⅛) + ( }Reaction (o) represents here a reduction step in which some surface oxygen species are reduced, while reaction (£) represents the re­oxidation of the catalysts. In their extensive studies, Boreskov and his collaborators [51] showed that at the stationary state the rate of catalytic oxidation of hydrogen on group IV transition metal oxides is equal to the rate of catalyst reduction and simultaneously to the rate of catalyst reoxidation. This can be understood if the dependence of both latter rates on the amount of oxygen removed from the surface is taken into account. It was already mentioned in Section VI of Chapter 3 that oxygen-surface bond strength is also influenced by oxygen deficiency of the surface. Figure 5.5 shows that with an increasing amount of oxygen removed from the surface Θq (expressed as the percentage of monolayer), the rate of reduction at a given pressure of hydrogen does decrease and the rate of catalyst reoxidation ∏2 at a constant pressure of oxygen Pθ2 does increase. At the point of intersection of curves rrecj = f((^∏2^ and Tox = f(∑lO2) both rates are equal and are also equal to the overall catalytic oxidation rate at the stationary state. This stationary state evidently must be reached under the conditions at which the pressures pq9 and J□θ2 in the reacting mixture are the same as those applied when the separate rates of catalyst reduction and reoxidation were determined. The data collected in Table 5.3 show that at the stationary surface composition of Fe2O3, Cr2O3, and CuO, the rate of catalytic oxidation of hydrogen was really close to the rates of reduction and reoxidation. Similar results were obtained by Boreskov and his collaborators for Co3O4, MnO2, and ZnO, thus confirming their proposed mechanism of catalytic oxidation (the deviations from this rule exhibited by V2O5 will be discussed later).As already stated, reaction path (5.21) does not imply any determined form of oxygen which participates in the sequence of reduction-oxidation steps. Principally this may be any form of oxy­gen present at the surface, i.e., negatively charged adsorbed oxygen
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TABLE 5.3 Reaction Rates of Catalytic Oxidation of Hydrogen r, and Rates of Catalyst Reduction Zred an^ Catalyst Reoxidation rox at the Stationary State of the Surface Characterized by Amount of Oxygen Removed from Surface θθa
Oxide Zred ^ Zox (10-3 cmθ O2∕m^ min) Z(10’3 cm^ O2∕m^ min) Temp. (oC) Oxygen removed from the surface (% of monolayer)Fθ2o3 1.50 1.36 0.6Cr2O3 1.70 1.44 201 1.3CuO 2.40 2.50 102 0.4v2o5 0.70 1.24 440 1.3aExperiments carried out at = p∩2 = Torr.Source: Data from Ref. 51.
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Catalytic Oxidation of Hydrogen 205species as well as lattice oxygen from the most external surface layer. However, it should be observed that under the conditions at which Boreskov’s experiments were carried out, i.e., at temperatures mostly above 150-200oC, one can expect only a very small concentra­tion of adsorbed species or O". It was stated in Chapter 2 that such species have a tendency to accept additional electrons and transform into O^ ^ ions incorporated into the oxide crystal lattice according to the sequence:
- - 7-

Oθ∕ λ ------ Oθ∕ A ---------- > Oz . ------ > O1 ++.2(g) 2(a) (a) latticeThis transformation is enhanced by increased temperature and by prereduction of the surface which creates new centers supplying electrons. It can therefore be concluded that the most probable

× l % mo∩dαyerFIGURE 5.5 Dependence of the rate of reduction (1, 2) and the rate of reoxidation (3,4) on the amount of oxygen removed from surface θ0 for Co3O4 (1, 3 at 63o) and MnO2 (2, 4 at 101oC) [51]. 
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206 Bielanski and Haberform of oxygen participating in the catalytic oxidation of hydrogen on the oxides of group IV transition metals is lattice oxygen.Of special interest are the data shown in Table 5.3 concerning the result obtained for V2O5 catalyst. In this case the rate of catalytic oxidation of hydrogen was nearly twice as high as the velocities of catalyst reduction and reoxidation in the stationary state. A similar result was also obtained for TiO2 where the rate of catalytic reaction was six times as high as the rates of reduction and reoxidation. The simplest explanation of such an effect would be to assume that it is due to the presence on the surface of such species as or O". It can be supposed that they are much more reactive than the surface “ ions and even at low stationary con­centration, virtually not changing the oxidation state of the surface, the reaction path including these species effectively increases the total reaction rate. This explanation seems to be plausible in the case of TiO2 as well as in the case of one strictly stoichiometric preparation of NiO studied by Boreskov. However, in the case of V2O5 Ilchenko et al. [53] suggested a different interpretation. It has been shown that on this catalyst the rate of catalytic reaction exceeds the rates of catalyst reduction and reoxidation if the ∩O2^H2 rati° is contained within the limits 0.1 and 30, at still higher excess of oxygen and at a high excess of hydrogen when ]2o2∕]2H2 < θ∙l or 202^¾ > 30 all three rates are equal. For the intermediate values of this ratio Ilchenko et al. suggested a different interpretation according to which the observed effect is due to the presence of an additional reaction path in which a chain in the gas phase is being originated at the surface of the solid, e.g., by the desorption of OH or H species. This hypothesis was supported by the experiment in which the empty space in the reactor was filled with catalytically inert ground quartz glass, thus reducing the volume at which the presumed homogeneous chain reaction can develop. Simultaneously, the probability of chain breaking in the gas phase was strongly increased. In fact, under these conditions the rate of catalytic hydrogen oxidation was appreciably reduced.In Section VI of Chapter 3 it was mentioned that a parallelism exists between oxygen bonding strength qs and the rate of cata­lytic hydrogen oxidation. This was illustrated by Fig. 3.13 in which parallelism of the reaction rate of hydrogen oxidation r is shown to change for different oxides parallel to the rate of isotopic oxygen exchange which was proved to be directly correlated with qg. The direct dependence of log r on qg is shown in Fig. 5.6; Boreskov’s data from [54] and [4] were taken for constructing the graph, indicating distinct correlation between both values. With decreasing oxygen-catalyst bond strength catalytic activity does increase. This correlation can be understood on the basis of
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Catalytic Oxidation of Hydrogen 207
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FIGURE 5.6 Dependence of the rate of hydrogen oxidation r on the oxygen-surface bonding strength gs in different oxides. Tempera­ture of the catalytic reaction = 300oC, pQg = 750 Torr, = H∙8 Torr. (Data from 54,4].)
Boreskov’s reaction scheme. Let us consider the curves represent­ing the rates of catalyst reduction and catalyst reoxidation as the function of the amount of oxygen removed from the surface such as those already shown in Fig. 5.5. Figure 5.7 schematically shows the situation existing in the case of two different oxides (oxide 1 and 2) which at Θq = 0 exhibit different oxygen bonding strengths. It is reasonable to assume that the rate of reduction of oxide 2 characterized by a lower gs value at θ = 0 will be higher than that of oxide 1. On the other hand, the rate of reoxidation of oxide 2 extrapolated to θ q = 0 will be lower than that of oxide 1. This implies the shift of both curves, rrej - f(θθ) and rox = f(θθ), as shown in Fig. 5.7. It is seen that the intersection point of both curves at which rrecj = rox = r corresponds in the case of oxide 2 to higher catalytic reaction rate r2 > r∣.
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208 Bielanski and Haber

Amount of Oxygen Removed from The Surface θ0FIGURE 5.7 Schematic diagram showing the dependence of catalyst reduction rate rred and catalyst reoxidation rox on the amount of oxygen removed from the surface Θq for a catalyst 1 showing higher gs value at Θq = 0 and catalyst 2 showing lower gs value at θθ = 0.
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6

Catalytic Oxidation of 
Carbon Monoxide

I. INTRODUCTIONThe catalytic oxidation of carbon monoxide is one of the most com­prehensively studied and best understood catalytic reactions. Owing to the fact that, with rare exception, chemisorption of CO is non- dissociative under the conditions of catalytic oxidation, this latter reaction is a relatively simple process that has been frequently applied as a catalytic test reaction. It served as the basis for stud­ies of fundamental problems of catalysis, e.g., verification of the electronic theory of chemisorption and catalysis on semiconductors or the reduction-oxidation mechanism of catalytic oxidation.The revival of interest in this process in recent years was due, on the one hand, to the introduction of new methods of surface science which supplied a wealth of entirely new information in the case of metal catalysts concerning the behavior of chemisorbed re­action partners and the molecular mechanism of CO oxidation. On the other hand, the problem of pollution of air by exhaust gases in which CO is usually the most toxic component needs the synthesis of effective and durable catalysts enabling rapid oxidation of CO to CO2 under technical conditions.There are two groups of catalysts usually applied for CO oxida­tion: platinum group metals and simple or mixed transition metal oxides. In both cases the nature of the carbon monoxide-catalyst bond is considered to be essentially the same as in metal carbonyls. Hence, it seems appropriate to precede the chapters on chemisorp­tion of CO on metals by a short summary of the present state of knowledge concerning the bonding of CO in carbonyls.
211
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212 Bielanski and HaberII. CARBON MONOXIDE BONDING IN METAL CARBONYLSA schematic diagram of molecular orbitals in the carbon monoxide molecule is given in Fig. 6.1, and the spatial representation of orbitals in Fig. 6.2. The orbital most strongly contributing to the formation of the bond is orbital lσ, which in order to make Fig.6.2 more clear has been symbolized by a line. The highest electron density corresponding to this orbital is localized between both nuclei C and O. The two other σ orbitals, 2σ and 3σ, are directed along the C—O axis outside the molecule and accommodate lone pairs of electrons. The overlap of Py and px orbitals of both atoms results in the formation lπy and lπχ doubly degenerated bonding orbitals as
C CO 0

z>σ

8.8 eV

t
5.2 eV

16.5 eV

FIGURE 6.1 Schematic diagram of molecular orbitals in CO molecule.
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Catalytic Oxidation of Carbon Monoxide 213

well as 2πy and 2ιτx antibonding ones. Only one from each pair of π orbitals (lπx and 2-ττx) is shown schematically in Fig. 6.2, with the sheet of paper being its symmetry plane. The symmetry plane of the other pair of π orbitals is perpendicular to the sheet of paper. The electron density corresponding to lπ bonding orbitals is asym­metrically distributed with respect to both atomic nuclei, and it is estimated that the probability of finding ah electron near the oxy­gen nucleus is about four times greater than the probability of find­ing one around the carbon nucleus. The dipole moment of these bonds, however, is compensated by the dipole moment of opposite direction, due to the fact that the lobe of the 3σ orbital protrudes much more outside the molecule than does the lobe of the 2σ orbital with another lone pair of electrons. The resulting dipole moment of the CO molecule is 0.12 D [1,2].The scheme in Fig. 6.1 indicates that the electronic configuration of the carbon monoxide molecule is (lσ)2(2σ)2(lπ)4(3σ)2. There are four bonding electron pairs and one antibonding, and hence the bond order is three.A CO molecule is bonded in carbonyls either linearly with one transition metal atom or forming a bridge between two or, less fre­quently, between three metal atoms as shown by the following scheme: 
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Bielanski and Haber214In all three cases it is the carbon atom which is immediately linked to the metal atom or atoms. The linear bonding is realized owing to the overlap of filled 3σ orbital of CO molecule with the empty σ orbital of the metal atom, e.g., dz2 orbital with the simultaneous back-donation of electrons from the filled dπ orbitals (e.g., dxz and dyz) to thθ overlapping empty 2τy and 2πx antibonding orbitals. This back donation contributes to the strengthening of M—C bond by the compensation of the polarization of σ bond. The shift of electron density to the 2π antibonding orbitals weakens the C—O bond in carbon monoxide molecule thus decreasing its stretching frequency from 2143 cm"l in free CO molecule to 2100-2000 cm"l for neutral, unsubstituted linearly bonded one [3].In the case of CO molecule forming a bridge between two metal atoms a sp^ hybridization of carbon atom must be assumed. Two of the hybridized orbitals are forming bonds with two metal atoms while the third one is used for the formation of the σ bond in CO mole­cule. There is only one p orbital, e.g., pz orbital, which can be used for the formation of a π bond. Consequently carbon-oxygen bond order decreases to 2. Still further decrease of the bond order occurs if CO molecule is coordinated to three metal atoms. In this case sp3 hybridization is assumed. Three of the hybridized orbitals are forming bonds with metal atoms and one a σ bond in CO mole­cule. Here there are no disponible p orbitals for the formation of a it bond in CO molecule and oxygen—carbon bond order is 1. The decrease in bond order and bond strength also results in the de­creased stretching frequency of the CO molecule, which is contained within the range 1750—1850 c∏Γ^ for doubly coordinated CO molecules.As was already stated, carbon monoxide when chemisorbed on transition metals and transition metal oxides forms a similar bond to the surface atoms as metal carbonyls. The most frequent form is the linearly bonded carbonyl group (terminal CO) but the formation of bridged forms was also confirmed by LEED measurement on platinum metals. However, it should be observed that at the surface the situation is much more complicated than in the case of metal carbonyls in which only one or two transition metal atoms are taken into account. Here the frequency criterion is partially valuable; it means that from the observed IR frequency between about 2000 and 2100 cm" one can conclude that CO is linearly bonded. However, the lower frequencies may correspond to the bridged as well as linearly bonded molecules. This was discussed by Blyholder [4], who calculated Hiickel molecular orbitals for the metal—carbon— oxygen linear bond. The π delocalized orbitals ψ∣, ψ2, and ψ3 were calculated as a linear combination of a metal d orbital (Xl) > carbon 2p orbital (X2)’ anc^ θxygθ∏ 2p orbital (X3)∙ The energy sequence corresponding to these orbitals is:¾ < E2 < E3
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Catalytic Oxidation of Carbon Monoxide 215The form of the lowest orbital ψ∣ indicates that the corresponding electron density is localized mainly on the oxygen and carbon atoms and this adds to the bond strength for both C—O and M—C bonds. However, the second orbital, whose energy indicates that it is lower energy than a metal d orbital, is bonding for the M-C bond but antibonding for the C—O bond, since the wave function has a node between C and O atoms. There are two sets of ψχ, Ψ2> anc^ Ψβ orbitals for each linearly bonded CO molecule—one for the set of Py and one for the set of px orbitals of C and O atoms. Now when counting electrons, e.g., in the Cr(CO)θ molecule, we may assume that the electrons forming the lone pair at the carbon atom in CO are filling the σ molecular orbital while the electrons from πy and πx orbitals of CO are filling two orbitals. To fill the Ψ2 orbitals the electrons from the outer shell of the Cr atom must be used.However, for 12 Φ9 orbitals only six such electrons are available and there is competition among the ligands for electrons to be put in these orbitals. The occupancy of Ψ2 orbitals is consequently small and the antibonding effect of the Ψ2 occupied orbital not appreciable. On the other hand, although the ψ∣ orbitals are bonding ones, the strength of the C—O π bond is lower than in free CO molecule and the observed frequency vqq is lower than in free molecule and is equal to 2000 cm-l.Blyholder applies the same simple theory to the chemisorption of CO on metals and regards a metal atom on the surface as a central atom in a complex with the surrounding metal atoms and the chemi­sorbed molecule as ligand. However, here the high symmetry of metal carbonyls is no longer preserved. For the transition metals, the metal ligand atoms partially surrounding a particular surface metal atom will have available partially filled d orbitals with appro­priate symmetry to form π bonds with the chosen surface atom and thereby compete with the adsorbed carbon monoxide for electrons from the adsorbant atom. Now the frequency of the stretching vibration in the CO ligand will be determined by the extent of this competition for electrons and the resulting occupancy of Ψ2 orbitals. This can be largely influenced by the position and hence by the coordination of the surface atom bonding CO molecule.Blyholder gives as the example the (111) and (100) faces of nickel at which a given surface atom has nine or eight surrounding atoms. The number of ligands competing for d electrons of the central atom is therefore high, rendering the occupancy of Ψ2 orbitals rather small, and the stretching frequency vqq is still above 2000 cm~l. On the other hand, if chemisorption occurs on the atoms situated on the crystal edges or corners, the number of metal atoms surrounding the adsorption center strongly decreases and the occupancy of the Ψ2 orbital does increase, thus lowering 
Vqq frequency below 2000 cm^l. This is Blyholder’s interpretation of the fact that on nickel besides the band or bands of chemisorbed
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216 Bielanski and HaberCO around 2060 cm-l a broad band around 1940 cm”! is usually observed. The bands around 1900 cm"l are especially intense in the case of evaporated Ni samples in which the proportion of corner and edge atoms is increased owing to the small size of crystallites.BlyholdertS theory has also been used to explain the fact that with increasing coverage of metal surface with CO, high- and low- frequency bands are shifted to higher values. This is considered to be due to the increased competition for the electrons of the surface atoms and the diminished number of electrons available for filling Ψ2 orbitals. Similarly interpreted was the effect of coadsorbed gases. The chemisorption of strongly electronegative oxygen does decrease the number of available electrons and, as was observed for CO chemisorbed on Fe and Cu, shifts the CO stretching frequency to lower values [5]. On the other hand, if H 2 is added to CO chemisorbed on Pt forming electron donor centers, the CO band is shifted to lower frequencies.
III. OXIDATION OF CARBON MONOXIDE ON THE PLATINUM CROUP METALSA. Chemisorption of Reactants on PlatinumGroup MetalsChemisorption of oxygen on platinum group metals was treated in Section 2.II.B. Here only the overlayer structures of chemisorbed oxygen are listed in Table 6.1.No adsorption of carbon dioxide on platinum metals was observed. Hence the present section deals only with chemisorption of carbon monoxide and the interactions of all three reactants—oxygen, carbon monoxide, and carbon dioxide—at the surface of platinum metals.1. Nature of CO Surface Bond and the Overstructures of Adsorbed CO MoleculesCarbon monoxide if chemisorbed on clean platinum metal surfaces forms bonds with the surface atoms which are the same kind as the bonds in transition metal carbonyls. Important information concern­ing the nature of this bond has been obtained by electron energy loss spectrometry (EELS) and high-resolution electron energy loss spectrometry (HREELS). Using this latter method, Bare et al. [6] registered the frequencies 2105 and 475 cm“l of CO chemisorbed on Pt (110) surface and forming a (2 × 1) overstructure. The former band corresponded to C—O stretching vibrations and its frequency is of the same order as the frequency of CO molecules linearly bonded in carbonyls. The latter band has been attributed to the Pt—CO stretching vibration. At high coverages the (1 × 1) and (2 × 1) surface phases were formed and the new frequency 420 cm" 
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Catalytic Oxidation of Carbon Monoxide 217was registered, which has been attributed to the frustrated rotation of tilted, linearly bonded CO molecules. On the Pd (111) surface a C—O stretching frequency of 1823 cm~l was observed at low cover­ages [7], indicating a strong diminution of the bond order. Con­sidering the fact that the (/3 × /3) R 30o CO overstructure is forming simultaneously [8], the location of CO molecules in three­fold coordinated sites can be assumed. With increasing coverage the C—O stretching frequency is in most cases shifted to higher values as was observed in the case of Pd (111) and Pd (100) [7] as well as Pt (111) [9] planes. This effect is due to the dipole-dipole coupling interaction between the adsorbate molecules in the overlayer. That is why the frequency-based conclusions concerning the proper­ties of the bond between CO molecules should be limited to situations in which the coverage is low and the interactions between adsorbed molecules are not important.The net transfer of electronic charge accompanying the formation of the σ bond with π back donation results in an increase of the work function, indicating that the electron density is shifted from the metal to the adsorbed CO molecules. The calculated dipole moment of CO molecules adsorbed on different planes of Pd crystals ranges from 0.29 to 0.35 D [10] and hence it is about three times larger than the dipole moment of the free CO molecule.The LEED investigations of CO overstructures exhibit a distinct parallelism between the behavior of analogous planes of different platinum group metals, as is shown in Table 6.1 containing the data collected in [11] supplemented by more recent results. Included in the table is information concerning oxygen overstructure which will be used in further discussion. In most cases several different over­structures can be formed by a given adsorbate depending on the coverage. Most of the clean platinum metal surfaces exhibit the same arrangement of atoms that is expected from the undistorted termination of the bulk [12]. Such structures are labeled (1 × 1) in the LEED investigations. Only in the (100) and (110) planes of Pt and Ir are such structures unstable and they reconstruct when reaching the equilibrium state. In Table 6.1 chemisorption of CO on unstable and stable Ir (100) and Pt (100) surfaces was taken into account.As a typical example we shall discuss the formation of carbon monoxide overstructures on Pd (111) and Pd (100) faces. Conrad et al. [8] when adsorbing CO on Pd (111) at 200 K observed the formation of a (/3 × /3) R 30o overstructure around the coverage θ = 1/3 with the molecules presumably located in threefold coordi­nated sites (Fig. 6.За). Increasing exposure to CO resulted in the splitting of LEED pattern spots and the development of c (4 × 2) structure (Fig. 6.3b) to which the coverage θ = 0.5 corresponds. In this case bridge positions of the CO molecule between two Pd atoms are assumed as most probable. A strong decrease of adsorp-
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TABLE 6.1 Surface Structures of Chemisorbed Carbon Monoxide and Oxygen on the (111) and (IOO) Surfaces Rh, Pd, Ir, and Pt and the (OOl) Surface of Ru.*Gas Rh (lll)a Pd (lll)b>c Ir (lll)a>e>f Pt (lll)g,h Ru (001)iCO (/3 χ /3) R 30o (/3 × /3) R 30o (/3 × /3) R 30o (/3 χ /3) R 30o (/3 χ /3) R 30osplit (2 × 2) c (4 × 2) (2/3 χ 2/3) R 30o c (4 χ 2) (2 χ 2)(2 χ 2) compression split (2/3 χ 2/3) R 30o hexagonal disorderhexagonalhexagonalθ2 (2 × 2) (2 χ 2) (2 × 2) (2 χ 2) (2 χ 2)(/3 χ /3) R 30oRh (100)a Pd (100)i>k Ir (100)(1 χ l)k Pt (100)(1 χ l)hCO c (2 X 2) c (4 X 2) R 45o c (2 χ 2) c (2 × 2)split (2 χ 1) compressedc (4 χ 2) R 450O2 (2 χ 2) p (2 χ 2) (2 × 1) (1 × Dc (2 χ 2) c (2 χ 2) Ir (100)(5 χ l)k>1>ra Pt (100)(5 χ 20)h>n
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CO (2 x 2) (1 × 1)(1 × 1) с (4 χ 2)(2 × 2)O2 (2 χ 1)*The different overstructures on a given crystal surface are listed in the order of increasing coverage.aD. G. Castner, R. A. Sexton, and G. A. Somorjai, Surf. Sci. , 71, 519 (1978); ⅛. Conrad, G. Ertl, and J. Kiippers, Surf. Sci. , 76, 323 (1978); cH. Conrad, G. Ertl, J. Kiippers, and E. E. Latta, Surf. Sci. , 65, 245 (1977); ⅛. I. Hagen, B. E. Nieuwenhuys, G. Rovida, and G. A. Somorjai, Surf. Sci. , 57, 632 (1976); eJ. Kiippers and A. Plagge, J. Vacuum Sci. Technol. , 13, 259 (1976); ⅛. M. Comrie and W. H. Weinberg, J. Chem. Phys., 64, 250 (1976); SG. Ertl, M. Neuman, and K. M. Streit, Surf. Sci., 64, 393 (1977); hC. R. Helms, H. P. Bonsel, and S. Kelemen, J. Chem. Phys., 65, 1773 (1976); ⅛. P. Bonzel and G. Pirug, Surf. Sei. , 62, 45 (1977); JJ. C. Tracy and P. W. Palmberg, J. Chem. Phys., 51, 4852 (1969); ⅛. τ, Grant, Surf. Sei. , 18, 228 (1969); ⅛. N. Rhodin and G. Broden, Surf. Sei. , 60, 466 (1976); mG. Broden and T. N. Rhodin, Solid State Commun., 18, 105 (1976); nG. Kneringer and F. P. Netzer, Surf. Sci., 49, 125 (1975). Source: Data from Ref. 11.
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FIGURE 6.3 Overlayer unit cells and proposed structure models for CO molecules adsorbed on a Pd (111) surface at various coverages. Dark circles denote the proposed positions of the CO molecules, (a) θ = 0.33 (/3 × /3) R 30o structure; (b) θ = 0.5 (c 4 × 2 structure); (c) θ = 0.6; (d) θ = 0.63; (e) θ = 0.66 [8].
220
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Catalytic Oxidation of Carbon Monoxide 221tion energy in this coverage range prevents further adsorption at room temperature. However, at 200 K such adsorption can occur along with the compression of overlayers, which is reached by the formation of more densely populated islands rather than by continu­ous transformation. Figure 6.3c shows the overlayer structure reached at the coverage θ = 0.6. Additional uptake of CO at 200 K causes the formation of two further CO overstructures with hexago­nal arrangements of adsorbed molecules which are represented in Fig. 6.3d and e. The axis of the surface unit cell of the first of them, corresponding to the coverage θ = 0.63, is rotated by 18.4 ± 0.5o with respect to that of the substrate lattice. The other one, reached at the coverage θ = 0.66, is the most densely packed over­structure of CO molecules chemisorbed on Pd (111) (1.01 × 10^ molecules CO per cm^). Table 6.1 shows that the (/3 × /3) R 30o overstructure is the structure forming at lower coverages also on the (111) face of Rh, Pd, Ir, and Pt as well as on the (001) face of Ru.In the case of the (100) face of Pd, Rh, Ir, and Pt, the variety of overstructures is less than in the case of the (111) face. The most common and mostly the only overstructure appearing at the (100) face is c(2 × 2) (Fig. 6.4). Pd (100) is an exception; a c (4 × 2) R 45o overlayer of CO molecules forms on it (Fig. 6.5) [13]. The axis of the unit cell is rotated in this case by 450 with respect to that of the substrate. The only possible arrangement of the adsorbate molecules in this pattern is to locate them in equiva­lent positions in bridge sites [12]. In fact, only one frequency (vCO ~ 1859 cm-l) has been detected in the IR spectra at low cover­age which continuously increased to 1949 cm"l at θ zz 0.5 owing to the dipole-dipole interaction. The appearance of a single band in the IR spectrum is an additional argument indicating the presence of only one CO species at the surface.

FIGURE 6.4 c (2 × 2) surface structure of CO molecules adsorbed on Rh (100) surface.
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222 Bielanski and Haber

FIGURE 6.5 c(4 ×2)R 45o surface structure of CO moleculesadsorbed on Pd (100) surface.
The adsorption energies of carbon monoxide on platinum group metals as measured at low coverages are contained within the rela­tively narrow limits of 26 and 40 kcal mol" 1 in analogy to the CO bonding energy in metal carbonyls [12]. Also there is not any cor­relation between the initial adsorption energy and the structure of low-index planes (111), (110), and (100) on which chemisorption energy was studied. With increasing coverage the adsorption energy of CO does decrease. This can be due both to the changes in the overlayer structure and to the increasing repulsion of chemisorbed dipole molecules. The effect of the former factor can be illustrated by the results of Ertl and Koch [14], who determined the isosteric adsorption heat of CO on the Pd (111) face and observed a constant value of 34 kcal mol"l up to the coverage 0.3. In this case, as already said, the (/3 × /3) R 30o overlayer is completed in which threefold coordinated CO molecules participate. After completion of this overlayer a drop of about 2 kcal mol" 1 was observed and sub­sequently adsorption heat changed rather slowly up to the comple­tion of the c (4 × 2) overstructure (CO molecules twofold coordinated, when it rapidly dropped to about 23 kcal mol"l.3. Kinetics of Carbon Monoxide Adsorptionand DesorptionThe kinetics of CO chemisorption on metals can best be characterized by the sticking coefficient, which is defined as the fraction of mole­cules impinging the surface which remain chemisorbed. The values of the initial sticking coefficients s(0) of CO on a bare surface are rather high in the case of platinum group metals. They were deter­
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Catalytic Oxidation of Carbon Monoxide 223mined as 0.96 for Pd (111) [15] and 0.84 for Pt (111) [16]. Accord­ing to the classical model of Langmuir, the sticking coefficient should depend on the coverage because it is assumed that no adsorption occurs on a surface already covered with adsorbed molecules. At the given coverage θ, the sticking coefficient s(θ) should be equal to s (0)(1 - θ) in the case when only one adsorption site is needed for one molecule of adsorbate or to s(0)(l — θ)2 if two adjacent sites are needed for one adsorbed molecule. However, the measure­ments show that for platinum group metals, with few exceptions, the s(θ) value at low coverages does decrease much more slowly with θ than could be expected from Langmuir's model or even remains con­stant as happens in the case of the Pt (111) face [17], where it is constant up to the coverage θ = 0.15. This indicates that at these conditions the CO molecules are being adsorbed not only on the bare surface but on the existing layer of adsorbate as well. Such a case was discussed by Kisluk [18], who proposed a model of chemisorp­tion occurring with the formation of a precursor state in which a molecule striking the already covered portion of the surface is at first weakly adsorbed, presumably physisorbed, and in this state remains long enough to migrate in this second layer until it en­counters a vacant site for chemisorption.The formation of short-living adsorbed molecules on the Pt (111) face around room temperature and at temperatures up to 1000 K was confirmed by measurement of the angle distribution of the CO mole­cular beam scattered from the surface [16]. In the ideal case of strictly elastical reflection of molecules impinging on the surface the molecular beam would be reflected in the specular direction without any appreciable broadening. The so reflected particles essentially retain the initial gas temperature, i.e., are not accommodated at the surface [19]. On the other hand, if collision of a molecule with the surface is connected with a weak adsorption, the molecules are accom­modated to the temperature of the substrate and are desorbed in different directions, which statistically results in cosine distribution. In the case of a clean Pt (111) surface, the angular distribution of reflected beam is predominantly specular, and the collisions are mainly elastic. However, with increasing coverage the angular dis­tribution becomes more and more cosine-like, indicating a weak bond­ing of molecules in the second layer. From this state they can either be released back into the gas phase or diffuse to a vacant chemisorption site.Desorption of carbon monoxide from platinum group metals occurs above 100oC. Thermal desorption spectra obtained for Pd (100) contained only one peak at 242oC for the coverages between 0.01 and 0.22 [20]. At θ = 0.53 a second peak appeared at 105oC. Most probably the appearance of this new peak was due to the formation of islands of a new compressed overstructure besides the c (4 × 2) R 45o initial one. At still higher coverage a third peak was present 
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224 Bielanski and Haberin the TDS spectrum at — 15oC, presumably corresponding to physi- sorbed carbon monoxide. On Pd ribbon two peaks were detected at 212 and 112oC corresponding to peaks observed in the case of Pd (100) [21]. On the Ru (111) face at low coverages a peak at 275oC was registered which was shifted to 225oC with increasing coverage [11]. A similar set of TDS was obtained for the Ru (100) surface, the only difference being that the peak maxima occurred at tempera­tures about 20oC lower.No chemisorption of carbon dioxide on platinum group metals was observed [19] and hence it must be assumed that CO2 moleclues forming in the catalytic oxidation of CO are immediately desorbed.
B. Coadsorption and Interaction of Oxygen and Carbon Monoxide on the Surface of Platinum Croup MetalsThe key to the understanding of the microscopic mechanism of CO oxidation on platinum group metals is the study of the interactions of the coadsorbed reactants. A thorough investigation of the be­havior of coadsorbed oxygen and carbon monoxide on the Pd (111) surface was carried out by Conrad et al. [8]. It is interesting to observe that their results were different depending on the sequence of adsorption of both reactants carried out at 200 K. If the sur­face concentrations of Oacjs and COac[s were small and did not exceed 10% of the saturation coverage, no ordered overlayer struc­tures were observed and adsorbed molecules were statistically dis­tributed over the surface at relatively large distances from each other, as is schematically shown in Fig. 6.6a. On heating CO2 was forming and the heating curves exhibited a shape similar to that shown in Fig. 6.7. The activation energy calculated on the basis of such curves is 25 kcal mol“l in good accordance with the value 24 kcal mol^l in the molecular beam experiments carried out under similar conditions [22].Figure 6.6b shows schematically the situation reached by pre­adsorption of CO forming an incomplete (/3 × /3) R 30o overlayer (θCO < 1/3) and subsequent chemisorption of oxygen. The latter forms islands of (2 × 2) structure with local coverage, Θq = 0.25. On heating, similar to the previous case, CO2 is produced and immediately desorbed as is shown by the curves in Fig. 6.7 corres­ponding to the different initial coverages of CO and subsequent exposure to oxygen. The schematic sketch in Fig. 6.6b shows that the reaction can only occur along the boundaries of COacjs and Oacjs islands, the mean diameter of which has been estimated as not lower than 100 A. The area under desorption curves in Fig. 6.7 is pro­portional to the total amount of CO2 produced. This amount will be maximal when equal numbers of O and CO species are present at the
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FIGURE 6.6 Schematic sketches of the surface configuration of oxygen (dark circles) and carbon monoxide (open circles) adsorbed on Pd (111) surface, (a) Very low concentrations of Oajs and COads5 (b) formation of islands of the O (2 × 2) and CO (√3 × /3) R 30o structures [8].
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226 Bielanski and Haber

FIGURE 6.7 Thermal desorption spectra from Pd (111) surface for CO2 after successive exposures to CO and O2: (a) 0.2 L CO +5 L O2; (b) 0.5 L CO + 2 L O2; (c) 1 L CO + 2 L O2 [8].
surface. This will be reached when the ratio of areas of (/3 × /3) R 30o CO and (2 × 2) O overlayers will be 3/7:4/7. Additional experiments have shown that this is reached after exposing the surface first to 0.7 L CO and then saturating with oxygen. Accord­ingly, curve b in Fig. 6.7, obtained after exposing the surface to 0.5 L CO, exhibits a larger area than that corresponding to curve a (0.2 L CO) and c (1 L CO). If the surface was saturated with CO, forming a complete overlayer of (/3 × /3) R 30o structure, no adsorption of oxygen took place at 200 K and no oxidation of CO occurred.A different picture was obtained when CO was contacted with a Pd (111) surface covered with preadsorbed oxygen. At an oxygen coverage of about 0.15, the formation of (2 × 2) LEED pattern was observed with rather diffuse diffraction spots. However, they became sharper after admission of small portions of CO, which in­dicated that Oajs islands grew because they were squeezed by chemisorbed CO molecules ordering into islands of (/3 × /3) R 30o overstructure. As illustrated by Fig. 6.8b), carbon monoxide can also be adsorbed on the surface completely saturated with pread­sorbed oxygen in contrast to the behavior of the surface saturated with CO on which no chemisorption of oxygen occurs. Chemisorp­tion of CO on such an oxygen-saturated surface is possible due to the squeezing of the (2 × 2) O structure into a (/3 × /3) R 30o one. This indicates that at this stage there is a repulsive interaction 
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Catalytic Oxidation of Carbon Monoxide 227between both chemisorbed species, resulting in the formation of separate islands but still inhibiting the formation of the mixed struc­ture. It is interesting that on the partial removal of COacjs and Oads by t*ιe formation of rapidly desorbing CO2, the less densely packed (2 × 2) structure of oxygen islands is restored. This indicates that between Oac(s species repulsive interactions also exist.Figure 6.8c illustrates the situation which is reached if at 200 K CO exposure of an oxygen-saturated surface is continued. LEED investigations exhibit, in this case, the formation of a new (2 × 1) overstructure which never was observed after chemisorption of oxy­gen or CO alone, and hence must be assumed to be a mixed over­structure containing both species Oacjs and COajs in the unit cell. This conclusion is also supported by the XPS measurements exhibit­ing a shift in the СО-derived valence levels which was not observed when separate islands of Oac[s and COacjs were present. The ob­served lowering of the ionization energy of the CO 2σ level was explained in terms of partial electron transfer from CO to the neigh­boring atoms [23]. The local coverages within the domains of this mixed-surface phase are Θq = Θqq = 0.5. This means that the adsorbed O atoms are further compressed. As the consequence nearly half of the surface becomes accessible for additional chemi­sorption of CO and in fact the appearance of a (2 × 1) structure was always accompanied by the simultaneous appearance of a (/3 × /3) R 30o structure of COajs.Thermal desorption curves obtained after successive exposure of the Pd (111) surface to oxygen and subsequently to carbon monoxide are shown in Fig. 6.9. It is seen that with the surface covered with preadsorbed oxygen after a short exposure to CO the maximum rate of CO2 formation was observed at about 480 K but is continuously shifted to lower temperatures with increasing exposure to CO. The simplest explanation of this effect is to assume that squeezing of the initial (2 × 2) overstructure of oxygen by increas­ing amounts of chemisorbed CO into the (/3 × /3) R 30o structure is accompanied by a decrease of oxygen bonding energy which also results in the lowering of activation energy of CO2 formation. At higher exposures, e.g., 1 L of oxygen and more than 2 L of CO, a new peak at about 290 K is the result of formation of mixed-surface phase in which both Oajs and COacjs species are in intimate contact. In such a situation the activation energy of the reaction between both adsorbed species must be appreciably lower and the temperature of the new TDS peak must also be lower.An analogous study of the coadsorption of oxygen and carbon monoxide was recently undertaken on the Pd (100) face by Stuve and Madix [20], who found many similarities but not the identical behavior of the Pd (111) face reported by Conrad et al. [8]. As is seen from Table 6.1, oxygen chemisorbed at the Pd (100) face forms p (2 × 2) and c (2 × 2) structures, the coverages of Θq =
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(C)FIGURE 6.8 Schematic sketches of the structural transformations which may take place if an oxygen-saturated Pd (111) surface.
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Catalytic Oxidation of Carbon Monoxide 2290.25 and 0.5, respectively. The transformation from p (2 × 2) to c (2 × 2) structure does not change the frequency of the Pd—O bond which, according to EELS measurements, is equal in both cases to 390 cm^l thus indicating the same type of adsorption sites in both structures. It is assumed by the authors to be a fourfold coordination position. As was stated by Stuve and Madix, the p (2 × 2) structure completely covering Pd (100) surface gets dis­ordered by the additional chemisorption of CO and its LEED pattern vanishes completely at Θqq = 0.1. This СО-induced disordering was interpreted by the authors as the redistribution of O atoms into small p (2 × 2) and c (2 × 2) patches that have no long-range order.The thermal CO2 desorption curves of the same kind as those in Figs. 6.7 and 6.9 exhibited the existence of three different reaction states on the surface precovered with oxygen on which, in addition, different amounts of CO were adsorbed at 80 K:1. Desorption peak at 420 K was observed for Θq < 0.05 and θC0 < θ∙4 when no LEED detectable phase of COac[s or Oac[s was present and CO could react with isolated Oacjs atoms or small clusters of O atoms in next-nearest-neighbor positions. At higher oxygen coverages, but always below Θq = 0.25, this peak appeared also in the situation when both p (2 × 2) islands of oxygen and (/3 × /3) R 30o islands of carbon monoxide were present ( Θq ≈ θ cq ≈ 0.15) and the reaction could occur at the perimeter of oxygen islands.2. Disordering of p (2 × 2) O phase was accompanied by a second peak, at 360 K, in the thermal desorption spectrum. In this case carbon monoxide also reacted with oxygen atoms which presumably are contained in the small patches of p (2 × 2) and c (2 × 2) structures not detectable by LEED. The authors con­cluded that such a disordered oxygen phase is more reactive because of the energetic reasons.3. Exposure of the p (2 × 2) O overlayer to 1 L of CO (θco > 0.25) produced adsorbed oxygen and carbon monoxide in an intimate contact. The authors assume that in this case CO is adsorbed in the interior of oxygen islands thus forming a struc­ture which they labeled a CO—Pd—O complex. Under these conditions chemisorbed CO exhibits a C—O stretching frequency (EELS) of 2125 cm-l, which suggests a linear bonding of the((2 × 2) O structure, Θq = 0.25) is exposed to CO: (a) (2 × 2) O structure, Θqq = 0, θo,loc - θ∙25; (b) domains from the (/3 × /3) R 30o O structure (θo,loc ^ 0.33) and from the (/3 × /3) R 30o CO structure (θcθ,loc ~ 0.33); (c) domains from the ’’mixed" (2 × 1) O—CO structure ( θo,loc> θCO,loc = 0.5) and from CO do­mains ( θCO,Ioc > 0.33) [8]. ’
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230 Bielanski and HaberCO molecule. CO chemisorbed in CO—Pd—O complex within the temperature range 100—300 K was observed on the samples containing this CO species.Another metal on the surface of which coadsorption of oxygen and carbon monoxide was studied was platinum. Behm et al. [24] followed the changes of LEED patterns when Pt (100) surface covered with preadsorbed CO or O was exposed to the pressures of O2 or CO of 10’5 to 10"θ Torr. The temperature of the experiments (355 K) was low enough to prevent the reconstruction of the surface and to keep Oac∣s immobile while the surface diffusion of CO was rapid. Under these conditions the separate islands of Oajs and COads species can coexist and react with the rate, enabling continu­ous registration of the intensity of diffraction spots with a fast video system. The only surface phase of CO which appears on (100) face is c (2 × 2). The changes of its coverage were characterized by the intensity of (1/2, 1/2) diffraction spot. Oxygen was form­ing a (3 × 1) structure monitored by the (0, 1/3) beam. Figure 6.10 shows the behavior of the surface saturated with preadsorbed carbon monoxide after exposure to oxygen for different periods of time. At saturation the COajs coverage was about 0.65, exceeding the value 0.5 corresponding to the c (2 × 2) structure. It is seen
P

300 400 500 T(K)FIGURE 6.9 Thermal desorption spectra of CO2 from the Pd (111) surface after successive exposures to O2 and CO: (a) 0.4 L O2 + 0.05 L CO; (b) 0.1 L O2 + 0.1 L CO; (c) 0.1 L O2 + 0.15 L CO; (d) 0.1 L O2 + 0.2 L CO; (e) 0.1 L O2 + 0.5 L CO; (f) 0.1 L O2 + 1 L CO [8].
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FIGURE 6.10 LED spot intensities during O2 exposure saturated Pt (100) surface at 355 K. (1/2, 1/2) spot = phase of CO; (0, 1/3) spot = (3 × 1) phase of oxygen. 5 χ 10"7 Torr; (b) p09 = 1 × 10"6 Torr; (c) po = 1 > [24]. 2
of a CO- c (2 × 2)(a) 2C0 =10"6 Torr

http://chemistry-chemists.com



232 Bielanski and Haberthat on exposure to oxygen the intensity of the (1/2, 1/2) beam increased, showing that at these conditions the CO adlayer was not stable with respect to oxygen. The area of the c (2 × 2) layer reached a maximum and subsequently decreased exposing the Pt (100) surface (considered by the authors as the surface of Pt covered with a certain, definitely small number of disordered Oajs atoms), characterized by a (1.0) beam. On continuing the expo­sure to oxygen the latter beam intensity reached a steep maximum immediately after which the formation of oxygen (3 × 1) islands began, the area of which increased up to a certain saturation. Be­fore the c (2 × 2) CO structure vanished completely, both structures c (2 × 2) CO and (3 × 1) O could coexist at low coverages.Figure 6.11 shows the intensities of LEED diffraction spots ob­served when the sample saturated with oxygen was exposed to carbon monoxide. It is seen that the (3 × 1) pattern of oxygen began immediately to fade and the (1.0) beam simultaneously in­creased in intensity. Under these experimental conditions no c (2 × 2) CO overstructure existed simultaneously with a (3 × 1) O structure. The latter one vanished before the (1.0) beam reached its maximal intensity and further appeared only when the (1.0) beam was weak. The surface passed, therefore, through the stage in which only the LEED pattern of the Pt (100) surface was detect­able. However, as was already stated, there are indications that the maximum in the (1.0) beam intensity is not related to the clean (1 × 1) surface of metal but to the (1 × 1) surface with low oxygen coverage. The authors considered that the concentration of such disordered Oac[s atoms decreases with prolonging exposure to carbon monoxide owing to the reaction with CO. The latter then begins to accumulate on an almost clean surface of platinum.The depleting of Oacjs from the surface of polycrystalline Pt foil after exposure to CO at 300—800 K was observed by Matsushima et al. [25], who applied Auger electron spectroscopy to determine oxygen coverage. At temperatures above 800 K a new species of oxygen also appeared that was characterized by an Auger signal shift of about 6 eV and by low reactivity toward carbon monoxide. This unreactive oxygen is apparently identical with "subsurface oxygen" described in Chapter 2.
C. Mechanism of Carbon Monoxide Oxidation on Platinum Metal Surfaces1. General RemarksThe general scheme of carbon monoxide oxidation on the surface of platinum group metals may possibly involve the following steps [12]:

O 2 k1-j→ 20 .ads (6.1)
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CO Exposure (Langmuirs)FIGURE 6.11 LEED spot intensities during CO exposure of an oxy­gen-saturated Pt (100) surface at 355 K. (1/2, 1/2) spot = c (2 × 2) phase of CO; (0, 1/3) spot = (3 × 1) phase of oxygen, (a) ]□cθ ^ 5 × 10-8 Torr; (b) ]□CQ = 1 × 10"? Torr; (c) pcθ = 1 x Ю”8 Torr [24].
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234 Bielanski and Haber
—2 co^→ coads

—4CO , + o , — ads ads ÷ CO2
—5O , + CO —- ads CO2

2C0ads + 02 kR-^→ 2CO2

(6.2)
(6.3)
(6.4)
(6.5)

The dissociative chemisorption of oxygen was described in Chap­ter 2 and in the preceding section in this chapter. No reverse reaction of oxygen desorption needs to be taken into account when dis­cussing the mechanism of CO oxidation, which is studied at tempera­tures not exceeding 600 K because vacuum desorption of Oacjs from platinum group metals occurs above 700 K. On the other hand, chemisorption of CO is reversible at temperatures at which most of the catalytic experiments were carried out. As was already stated, no detectable adsorption of CO2 on platinum group metals was re­ported and hence in the reaction scheme the immediate desorption of CO2 after its formation is assumed. The reaction path comprising steps (6.1), (6.2), and (6.3) as the rate-limiting step corresponds to the Langmuir-Hinshelwood (LH) mechanism. Reaction path with (6.4) or (6.5) as the rate-limiting step corresponds to the Eley- Rideal (ER) mechanism. However, the latter possibility, i.e., the reaction of oxygen molecule with two chemisorbed CO molecules, has to be ruled out as it has frequently been observed that no oxidation occurs if the surface is precovered with a saturated overlayer of CO. Different Ultrahigh-vacuum (UHV) methods were applied for the study of CO catalytic oxidation on platinum metals: those applying steady-state conditions as well as those applying nonsteady, transient conditions. The former enables above all the study of the formal kinetics comprising the determination of overall kinetic equation, reaction order with respect to the particular reagents, etc. How­ever, the latter render available much deeper insight into the molecular reaction mechanism. This will be illustrated in the next section by example of the palladium catalysts.2. Carbon Monoxide Oxidation on Palladium CatalystsFigure 6.12 shows the rate of steady-state formation of CO2 at the Pd (111) surface as a function of temperature, as was given by Engel and Ertl [22]. The measurements were carried out at three
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Catalytic Oxidation of Carbon Monoxide 235

FIGURE 6.12 Steady-state of CO2 production on Pd (111) surface as the function of substrate temperature for an O2 beam (equivalent pressure 4 × IO"? Torr) and CO pressures: 1 × 10“? (x)5 3 × 10”? (∙), and 1 × 1(Γ6 (0) Torr [22].
different CO dynamic pressures (1 × 10“?, 3 × 10"? 5 and 1 × 10"θ Torr). Oxygen was introduced as a molecular beam the intensity of which corresponds to a pressure of 4 × 10^? Torr. The produc­tion of CO2 was controlled with a quadrupole mass spectrometer. The shape of the r = f(T) curve with a maximum at Tmax, the position of which depended on ]□CO> is typical for all other platinum group metals. In some cases the maximum was so flat that within certain limits of temperature the maximum rate could be assumed to be constant as it was in the case of Golchet and White’s [26] studies of CO oxidation on polycrystailine platinum. The effect of the change of oxygen pressure at constant £CO in tile case of the Pd (111) surface is shown in Fig. 6.13 [22]. Curves a, taken at £>CO = IO"? Torr5 correspond to the situation in which the maximum on the corresponding curves in Fig. 6.12 was situated below the tempera­
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236 Bielanski and Habertures 485 and 522 K at which the experiments were carried out. It is seen that within the region of low reaction is first order with respect to oxygen but above a certain (~2 × 10"? Torr) it is practically zero order. On the other hand, curves c with pco = 1 χ 10^6 Torr correspond to the curve in Fig. 6.12, the maximum of which is above 522 K. Here the order of reaction with respect to oxygen is low at lowest oxygen pressures but it gradually increases with increasing p∩2, Hence in both cases different kinetic laws are valid. Similar experiments were carried out by Engel and Ertl [22] in which the rate of CO2 production was investigated at constant T and £02 and variable pcθ∙ ∏ has been shown that if Tmax fpom the corresponding curve in Fig. 6.12 was below the working tem­perature, the reaction rate increased linearly with increasing pcθ to a saturation value above which no changes in r = f(Pco) were observed. For high CO beam intensities oxygen coverage is depleted by the reaction, which results in an apparent decrease of reaction order in CO from 1 to 0 with increasing beam intensity. On the other hand, if Tmax in Fig. 6.12 is higher than the working tem-

FIGURE 6.13 Steady-state rate of CO2 production on Pd (111) surface as the function of O2 beam intensity (equivalent pressures) for various CO pressures. CO pressures: 1 × 10“? (χ), 3 × 10"? (∙), and 1 × 10^6 (0) Torr [22]. (a) 485 K; (b) 522 K.
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Catalytic Oxidation of Carbon Monoxide 237perature, then carbon monoxide acts as an inhibitor and the rate becomes approximately proportional to l∕pcθ∙Before further discussing the curves in Fig. 6.12, some results concerning the nonsteady-state measurements should be presented. More recent investigations of this kind did not confirm the ER mechanism of CO oxidation on Pd, which formerly was frequently assumed in the literature, and indicated that it is LH mechanism which is operating. This latter mechanism seems also be be pre­dominant in the case of other platinum group metals. Figure 6.14 shows the results of an experiment carried out by Engel and Ertl [22] in which the Pd (111) surface was at first precovered with Oad to θθ = θ∙25, then the O2 atmosphere pumped off and the CO beam with an effective pressure pcθ = θ × 10^^ Torr switched on. The rate of CO2 formation, d[ CO2 ] ∕dt, was under these conditions directly proportional to the recorded CO pressure. It is seen that the CO2 formation rate was initially zero and has begun to increase after a short induction period. It reached maximum when the

FIGURE 6.14 Rate of CO2 production on Pd (111) surface, r (------ ),θ0 (----- ), and θco (0) as the function of time for T = 374 K.The curve (∙) shows r∕θoθCO as a function of time [22].
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238 Bielanski and Habercoverages Θq and Θqq were approximately equal and decreased with a further increase of Θqo∙ All of these facts can only be reconciled by the LH mechanism. In the case of the ER mechanism the initial rate obviously should be maximal and monotonically decrease with decreasing oxygen coverage. Another confirmation of the LH mecha­nism was obtained by the same authors in the modulated beam experiments. These were carried out at T > 500 K when the sta­tionary coverage with CO is small and the reaction rate changes linearly with pcθ∙ The θffθctive pressure of CO beam changed as £CO = ∏CO + αθiωt where ω = 779 sec^l is the frequency. The isotropic oxygen pressure was chosen in such a way that Θq was high enough to suffer only minor changes during the fluctuations of CO pressure and, therefore, the reaction rate was independent of £02* The mathematical analysis of the process occurring under such conditions indicated that in the case of the ER mechanism no time lag would exist in the fluctuations of CO2 signal in comparison with CO beam fluctuations, while such a lag would appear in the case of the LH mechanism, as in fact it was observed. Also pre­dictions concerning the effect of temperature in the case of the LH mechanism were confirmed by the experiment.When summarizing their work on Pd (111), Engel and Ertl dis­cussed the problem of obtaining a kinetic equation in the usual form r = d[CO2]∕dt = f(T, 2c0> HO2’ ДСО2) describing the overall kine­tics of the reaction 2CO + O2 = 2CO2∙ Considering the fact that the ER mechanism can be excluded and only the three elementary steps (6.1), (6.2), and (6.3) should be taken into account, the formulation of such an equation should be quite easy. This is, how­ever, by no means the case since the rate constants kq--k4 depend not only on temperature but, in a rather complicated way, also on the concentrations and mutual configurations of both reacting species which were described in the preceding section. In fact, the be­havior of the surface species ordering into various LEED patterns differs very much from the ideal behavior of noninteracting chemi­sorbed molecules randomly distributed at the surface assumed in the Langmuir adsorption theory.Engel and Ertl concluded that, owing to all these circumstances, no analytical expression for the rate law of the overall reactions can be proposed, but rather several approximations for limiting cases can be presented. Hence they discuss the following situations:1. Low surface concentration of COacjs and Oajs. Chemisorp­tion of both components CO and O2 is a nonactivated and hence fast process, and Oacjs + COads —> CO2 is the rate-limiting step. At very low concentrations of Oajs and COajs, far below the satura­tion, the adsorbed molecules can be assumed to be randomly dis­tributed and the interactions between them to be neglected. At these conditions the rate equation:
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Catalytic Oxidation of Carbon Monoxide 239- -4θOθCO (6'6-1is expected.This equation can be fulfilled only if the temperature is high enough and CO pressure low enough to shift appreciably the equi­librium COg COajs to the left-hand side. This is reached when the reaction temperature is higher than the temperature of maximum Tmax on the curves in Fig. 6.12, i.e., generally above 500 K and PCO ≤ 10^θ Torr. With increasing temperature the cover­age with CO does decrease and this is the reason why the rate of catalytic CO oxidation decreases with increasing temperature.It should now be observed that initial sticking coefficients of CO and O2 are S^q = 1 and Sq2 = 0.4. This indicates that at equal pressures of both reactants roughly equal probabilities exist for the simultaneous formation of one COajs and one Oajs. If 202 < pco> θach oxygen atom is immediately consumed after being chemisorbed and oxygen chemisorption becomes the rate limiting step. HenceT = 2⅛2q2 (θ∙7)
as is shown by the initial portions of the curves a in Fig. 6.13.2. Low CO coverages, θθ > 0.08. If at low CO pressure and T > 500 K oxygen pressure is higher than that of carbon monoxide, accumulation of oxygen must occur at the surface and Θq continu­ously increases. Under steady-state conditions catalytic reaction occurs on the surface, the appreciable fraction of which is covered with oxygen. The rate may now become independent of oxygen pressure as is seen on portions of curves a in correspond­ing to pθ2 > PCO- Under such conditions oxygen is forming the islands of (2 × 2) structure with local coverage 0.25. Oxygen exhibiting chemisorption heat roughly twice as high as carbon mon­oxide is at the temperature of experiments immobile, but COacjs can easily diffuse and it can be concluded that reaction between COajs and Oads occurs at the boundaries of oxygen islands. As long as the mean free path for COac[s diffusion is larger than the average distance of oxygen islands, the rate is independent of the total oxygen coverage. However, as the temperature is augmented the average diffusion path of COads decreases and a trend of the re­action order with respect to oxygen appears to increase from 0 to 1. The reaction order with respect to CO is 1 and hence within the region of temperature in which the rate is independent of pθ2 the rate equation is

 Fig. 6.13 
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240 Bielanski and Haber- —4 θ O θ CO -eCO (6.8)
3. Moderate and high CO coverages. The moderate and high CO surface concentrations can be reached at temperatures below 500 K and appropriate CO pressures. Under these conditions an oxygen-saturated adlayer is compressed into domains of (/3 × /3) R 30o structure with local coverage 0.33. The increased repulsion of Oac[s species causes a decrease of the activation energy from the value 25 kcal mol-l in case (2) to 14 kcal mol^l. As was already stated, adsorbed CO inhibits the chemisorption of oxygen, thus slowing down the catalytic reaction, and its rate may be expressed as r = k"Eo2‰ (6.9)

where the apparent activation energy is roughly equal to the adsorp­tion energy of CO under the respective conditions of coverage. With increasing temperature Θqq does decrease, enabling the faster chemi­sorption of oxygen and an increase in the reaction rate. At tempera­tures of maximum rate the coverage with CO becomes small.3. Carbon Monoxide Oxidation on PlatinumMetals Other than PalladiumCatalytic CO oxidation was also studied on the other platinum group metals including Pt as well as less intensively investigated Ir, Ru, and Rh. Stationary and nonstationary experiments were applied and the general features of the catalytic reaction were very much similar to those of the Pd catalytic reaction [12]. In steady-state investiga­tions on Pt [26—28], Ir [29], and Ru [30], temperature dependence of reaction rate was observed similar to that shown in Fig. 6.13.Generally the ascending portion of the curve (T < Tmax) corresponds to the situation when the COg COac(s equilibrium is shifted to the right-hand side, the coverage with CO is high, and hence the sticking coefficient of oxygen is low. With increasing temperature Θ(3O diminishes and parallel to it S∩2 and r increase. At Tmax the surface contains a small concentration of COajs and, as was shown by Pacia et al. [28], the reactive sticking coefficient Зод °f oxygen (the fraction of O2 molecules impinging on the surface and entering into the reaction) on polycrystalline Pt is equal to the sticking co­efficient S(□2 determined for the clean metal surface. The tempera­ture Tm is shifted to the higher values of pcθ obviously because of the shift of COg <ZΞ± COajs equilibrium to the right-hand side. At temperatures above Tmax the rate of reaction is determined by θco> 
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Catalytic Oxidation of Carbon Monoxide 241which decreases with increasing temperature, and the negative apparent activation energy is observed.At constant temperature the rate of CO catalytic oxidation and the reaction order changes with the Hcθ∕∩θ2 rati°∙ Similar to that observed on Pd catalysts, in the case of Pt in the low-pressure, steady-state oxidation, the rate order with respect to CO also changes sharply from first order to zero or even negative order as the CO pressure approaches that of O2 from below. Matsushima et al. [25] showed that this is accompanied by a drastic change in oxygen coverage. Figure 6.15 shows the results of their measure­ments in which the changes in Θq were followed by steady-state Auger signal of oxygen at 483 K. During these experiments was kept constant and £co was variable. It is seen from Fig. 6.15 that at lowest ∩cθ (below 0.1 £02^ θxygθ∏ coverage was reaching

log pco (Pa)FIGURE 6.15 Steady-state oxygen Auger signal at polycrystalline platinum at 483 K as a function of carbon monoxide pressure for several fixed oxygen pressures. Triangles enclosed in brackets indicate the presence of detectable concentration of adsorbed carbon monoxide. The fixed oxygen pressures were 1.3 × 10^θ Pa (□);3.2 X 10^6 Pa (0), and 1.4 × 10^5 Pa (∆) [25].
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242 Bielanski and Haberthe highest and almost constant value; at higher pcθ i"t sharply decreased; and at about Pcθ∕∩O2 = became very small. At pco lower than 10-5 Pa no presence of COajs (no Auger signal of carbon) was registered in the region of pcθ somewhat higher than Pθ2, However, above pco ≈ ?a chemisorption of CO was detected, and the experimental points enclosed in brackets in Fig. 6.15 indi­cate the presence of a detectable concentration of COa^s species. Qualitatively similar results were obtained by Golchet and White [ 26 ], who determined the coverage by Oacj and COaj on polycrystalline Pt by flash desorption.As was already stated, the transient state experiments gave evidence of the Langmuir-Hinshelwood mechanism in the case of Pd catalyst. This suggests that this is also the case with other platinum group metals. In their review paper, Engel and Ertl [12] state that this mechanism can surely be assumed for Pt catalysts when ]□cθ ≈ 2O2, T < Tmaχ» and f°r total pressures not exceeding 10-4 Torr. The most convincing argument is the retarding effect of CO chemi­sorption on the reaction rate at high θco∙ However, as was already stated, for T > Tmax, this effect is no longer observed. The re­action rate falls off slowly with increasing temperature, whereas Θqq decreases by several orders of magnitude in the same temperature range. This fact was the reason why most authors in the past pro­posed the Eley-Rideal mechanism. It has also been argued that the ER mechanism can easily explain the fact that the rate of CO2 forma­tion on the surface of Pt precovered with oxygen is almost indepen­dent of temperature. However, Engel and Ertl argue that the simple ER mechanism cannot be accepted in this latter case since at T > Tmax *hθ reaction rate is not of the first order with respect to Θq [25]. Also the nonstationary experiments of Bonzel [31,32] and Pacia [28], in which no measurable induction period was observed for CO impinging on an oxygen-precovered Pt surface, cannot be taken as conclusive. Engel and Ertl point out that in the case of Pd (111) similar behavior was observed and has been shown to be consistent with the LH mechanism when smallest detectable relaxation time is not limited to several seconds by the experiment equipment [22].4. Structure Insensitivity of Platinum Metal Catalystsin the Oxidation of Carbon MonoxideIn Section II.C of Chapter 5 the problem of the effect of surface structure in platinum group metal catalysts on their activity in hydrogen oxidation was discussed and it has been shown that this catalytic system is "structure-insensitive" [33]. This means that the turnover rate, the reaction rate calculated per surface stom, is inde­pendent of the surface structure and hence also on the catalyst 
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Catalytic Oxidation of Carbon Monoxide 243dispersion as the participation of particular crystal faces in the total surface area may vary strongly with the particle size. The same problem pertaining to carbon monoxide oxidation on platinum group metals was tackled for the first time by Ertl and Koch [34], who studied the clean Pd (111), (100), and (110) single-crystal planes as well as a polycrystalline Pd wire. In all cases the tem­perature dependence of CO2 production in the steady-state experi­ments carried out at a total pressure of the order of 10“ ? Torr was the same. The curves r = f(T) exhibited maxima at Tmax equal to about 500 K. As the absolute values of surface areas of the cata­lysts were not known, the curves obtained for different catalysts were normalized to their respective maximum. This resulted in a shift of all experimental points to the positions close to a common line of the same shape as the lines shown in Fig. 6.12. The fact that different crystal planes as well as a polycrystalline sample gave practically the same result has been an important indication that this catalytic system is also structure-insensitive.More exact and strictly quantitative study on alumina-supported palladium catalyst was undertaken by Ladas et al. [35]. They investigated the catalysts containing Pd particles of average diameter 1.5—8 nm obtained by the evaporation of palladium on α-Al2O3 single-crystal support under the conditions of UHV. The number of surface metal atoms was determined by combining transmission elec­tron microscopy with temperature-programmed desorption. This enabled calculation of the turnover rate and demonstration that at 445 K, i.e., below Tmax, the turnover rate is independent of the particle size in supported Pd catalysts. It is interesting to observe that the same turnover rate value was obtained by Engel [36] for the Pd (111) face. Under these conditions catalytic CO oxidation on palladium appears to be totally structure-insensitive, thus confirming the earlier results of Ertl and Koch.When the reaction was carried out at 518 K, i.e., at temperature near Tmax, the agreement of the data for the particles larger than 4 nm and the Pd (111) face was again excellent. However, below a particle size of 4 nm a distinct increase of turnover rate was ob­served. The reasons for such behavior are not very clear. The authors suggested the possibility that in the case of the smallest particles in which the proportion of Pd atoms on crystal edges and corners are necessarilly high the accessibility of surface atoms to the molecules impinging from the gas phase should be higher than that of the atoms on a flat surface.Ladas et al. [35] also compared their own results obtained at low pressure (10“5 to 10~4 Torr) with those obtained by Cant et al. [37] for the steady-state oxidation of CO over Pd--SiO2 near atmos­pheric pressure and below 450 K. It has been shown that despite the fact that the increase of pressure was about seven orders of magnitude, the turnover rate increased only from 0.012 sec”l for 
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244 Bielanski and Haberlow-pressure experiments to 0.035 sec“l for high-pressure. This remarkable invariance of the turnover rate over a large range of pressure must be related to the fact that at 450 K the rate depends only on the ∩cθ∕∏θ2 rati° anc^ not on the total pressure. It also suggests that the same mechanism is applicable in both cases. The authors conclude, therefore, that the oxidation of CO on Pd below 450 K is structure-insensitive at high pressures as well.
IV. OXIDATION OF CARBON MONOXIDE ON METAL OXIDE CATALYSTSA. Chemisorption of Carbon Monoxide and Carbon Dioxide on Metal Oxide Catalysts as Investigated by IR Spectroscopy1. General RemarksChemisorption of carbon monoxide and carbon dioxide on metal oxides and especially on transition metal oxides, which are important cata­lysts for CO oxidation, is much more complicated than in the case of metal catalysts due to the fact that, besides carbonyl-like species, carbonate- and carboxylate-type species may also be present at the surface. In addition, application of the modern UHV methods is limited as most of the transition metal oxides when exposed to high vacuum and temperature give off some amounts of oxygen, thus changing the chemical composition of the surface. This renders it difficult or even impossible to attain a stoichiometric clean surface. Another difficulty which may be met in applying such methods as AES or LEED, in which cathode rays are directed toward the sur­face, is the acquiring of a static electrical charge by samples which do not exhibit high enough electrical conductivity. The method which is supplying the most valuable information concerning the nature of chemisorption of CO and CO2 on the metal oxides is infra­red spectroscopy, with which we shall deal in the present section. Another method which has been used with success is calorimetry. Its application will be discussed in the following Section IV.B.It is convenient to discuss separately the IR bands of chemi­sorbed CO and CO2 and their assignment in the following three spectral ranges [38]:1. 2140-2200 cm“l where the bands appear at frequencies higher than the stretching frequency of a free CO molecule2. 1800—2140 cm-l where the frequencies typical for metal carbonylsare registered3. 1200-1800 cm"l region comprising the frequencies characteristic of carbonate and carboxylate species
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Catalytic Oxidation of Carbon Monoxide 2452. IR Bands of Adsorbed CO Within the Region 2140—2200 cm"lInfrared bands of adsorbed CO exhibiting higher frequency than the stretching frequency 2143 cm" 1 of free CO molecule were observed on different oxides. Some examples are listed in Table 6.2. The adsorbed species corresponding to the bands within this spectral region are weakly adsorbed and in most cases can be desorbed at least partially in vacuum at room temperature. However, some authors observed an increase of the coverage with increasing tem­perature [3,38], which indicated that chemisorption, although fast at room temperature, is a slightly activated process.Different interpretations of the CO bands of frequency above 2143 cm^l were proposed in the literature. They were reviewed in [3] and [39]. Unfortunately, none of them is generally accepted. Eischens and PliskinfS [5] suggestion that the 2200 cm"l species on NiO corresponds to the Ni—O—C—O^ complex seems to be incom­patible with the fact that in desorbate only CO molecules are detected and no CO2 is present. The dipole interactions [40] as the explana­tion for this band are questioned by Little [3] who argued that in this case a shift of the frequency of free CO molecule to the opposite direction should be expected. More convincing seems to be the suggestion of Gardner and Petrucci [42] according to which the species responsible for the high-frequency bands are partially or completely ionized. The former possibility is much more probable as the complete ionization of CO molecule needs rather high energy (1350 kJ mol"l). The idea of partial localization of positive charge on the adsorbed CO species was strongly supported by quantum chemical calculations carried out by Politzer and Kasten [41] for the system composed of CO molecules and nickel atoms in different oxida­tion states (Niθ, Ni+, Ni^÷, and Np÷) and also to some extent by the calculations carried out by Colburn and Mackrodt [43] in which chemisorption of CO on the (OOl) surface of MgO was studied.3. IR Bands of Adsorbed CO Within the Region 1800—2140 cm"l The adsorbed CO molecules exhibiting IR bands within this spectral region are the molecules bonded to the surface cations essentially in the same way as the CO ligands in metal carbonyls as described in Section II. The frequencies above 2000 cm"l are assigned to the CO molecules bonded linearly. The bridged CO species are characterized by frequencies below 2000 cm"l. However, linearly bonded species may also exhibit frequencies below 2000 cm" 1 as it was shown in BlyholderfS paper [4] discussed in Section II. In the case of metals the discrimination between bridged and linear molecules can frequently be done on the basis of LEED investigations. Unfortunately, this method is rarely applied for the studies of adsorption on oxide sur­faces. In addition, the observation of frequencies corresponding to
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246 Bielanski and HaberTABLE 6.2 IR Bands of Carbon Monoxide Adsorbed on Different Metal Oxides Registered within Spectral Range 2140—2200 cm"l
Adsorbent Ir band (cm^l) Assignment proposed by the author Ref.Ni/ NiO 2200 Ni—O—C—O species aNiO 2175-2190 CO weakly adsorbed on bsurface O atomNiY zeolite 2212 CO adsorbed on O atom Cbridging between two Ni atomsCr2O3ZAl2O3 2200 CO adsorbed on Cr^+2230 CO adsorbed on Al^+2180 CO adsorbed on C^+ dcr203∕Al203 2200 CO+ eZnO 2188 P and Q bands of physi­cally adsorbed CO2120 fZnO 2174 CO adsorbed by dipole ginteraction2198 gV2O5ZSiO2Mildly re­duced 2192, 2205 CO complex on V^+Strongly reduced 2178, 2185 CO complex on V^+ h
Al2O3 2200 CO adsorbed by dipole iinteractionAl2O3 2200 CO+ eMgO 2200 CO weakly adsorbed on Jcationic siteaR. P. Eischens and W. A. Pliskin, Adv. Catal. , 9, 662 (1957);be. E. O’Neil and D. J. Yates, Spectrochim. Acta, 17, 953 (1965);cN. N. Bobrow, A. A. Daydow5 and K. G. Ione5 Kinet. Ratal. 516, 1272 (1975); dJ. B. Peri, J. Phys. Chem., 78, 588 (1974); eL.H. Little and C. H. Amberg, Can. J. Chem., 40, 1997 (1962); fG.Kortiim and H. Knehr5 Z. Physik. Chem.N. F., 89, 194 (1974);gJ. H. Taylor and C. N. Amberg, Can. J. Chem., 39, 535 (1961);^A. A. Davydow, A. A. Budnewa5 and N. G. Maksimow5 React. Kinet. Catal. Lett., 20, 93 (1982); ⅛. D. Parkyns, J. Chem. Soc. (A), 1910 (1967); JE. Guglielminotti, S. Coluccia, E. Garrone, L.Cerruti, and A. Zecchina, J. Chem. Soc. Faraday I, 75, 96 (1979). 
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Catalytic Oxidation of Carbon Monoxide 247the metal-carbon stretching vibrations was not applied in the case of transition metal oxides in which generally no spectral region below 1000 cm“l is studied.When two bands appear in the 1800-2140 cm"l region the higher one is usually ascribed to the linearly bonded carbonyl species and the lower one to bridged species. Chemisorption of CO on nickel oxide is an example. Courtois and Teichner [44] observed a band at 2060 cm-l which was assigned to a linearly bonded carbonyl group and a band at 1965 cm"l assigned to a bridged CO molecule. Both species, observed also by Roginskii et al. [45], differed by their reversibility. The former could be desorbed in vacuum at room temperature; the latter could not. Conclusions concerning the form of carbonyl species could also be formulated based on the results of the measurements carried out with a series of solid solutions contain­ing transition metal cations dispersed in a diamagnetic matrix. Matushak et al. [46] on a CoO-MgO solid solution observed several IR bands between 1800 and 2000 cm"l which could be grouped into two sets. The intensities of the bands belonging to one of the sets (1875 and 1930 cm“l) decreased with increasing concentration of cobalt while the intensities of the bands belonging to the second set (1805, 1845, and 1965 cm"l) increased. The authors assigned the bands of the first group to the CO molecules chemisorbed on isolated Co ions and those of the second group to CO molecules chemisorbed on interacting Co ions. It would be logical to assume as a con­sequence that the first group species is adsorbed linearly and the second one is a bridged species.4. IR Bands of Adsorbed CO and CO2 Within theRegion 1200-1800 cm^^IR bands within this spectral region can be obtained by adsorption of CO and CO2 on the oxides and it happens that the same species are produced by chemisorption of each substance on the same ad­sorbent as was observed for examples by Goodsel [47] who identified the same bidentate carbonate complex after adsorption of either CO or CO2 on Co3O4. Absorption bands within this region can be grouped into sets comprising two or three bands which suffer all the changes simultaneously and hence must be ascribed to the same adsorbed species. The species exhibiting in this spectral region two or more bands must be composed of more than two atoms. The comparison of such spectra of chemisorbed CO and CO2 with the IR spectra of different carbonates, bicarbonates, mono- and bidentate carbonato complexes, organic carbonates, etc. enabled the interpre­tation of the numerous results of IR studies of chemisorption of carbon oxides [39]. The properties of the particular carbonate and carboxylic species were summarized by Krylov and Kiselev [39] and are given in Table 6.3. Generally the carbonate surface complexes 
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248 Bielanski and Haberare thermally stable and decompose only at high temperatures. Lesser stability is exhibited by carboxylate and bicarbonate anions. The latter decomposes somewhat above room temperature.Recently, the existence of several polymeric CO surface species was described. Guglielminotti et al. [48] when studying chemisorp­tion of CO on well outgassed MgO samples observed among the others a set of four IR bands (1480, 1275, 1197, and 1066 cm"l) growing slowly upon adsorption and very sensitive to oxygen. Upon all treatments the intensities of these bands changed parallel to each other and hence had to be assigned to the same species. The relatively high number of IR bands indicated polyatomic species and the formation of polymeric complex (CO)*" with 2 < n < 4 and x = 2 or 4 has been suggested in analogy to the cyclic carbanions such as
TABLE 6.3 Carbonate and Carboxylic Surface Species Detected on the Transition Metal Oxides Characteristic IRSurface species Formula bands (cm^l)Simple carbonate ion Cθ2- vas = 1415-1470Monodentate carbonate M—o — co^" vas = 1420-1540 vsym = 1330-1390V = 980-1050OBidentate carbonate O--C-O vc-θ = 1600-1670 vas = 1280-1310M vsym = 980—1050OBridged carbonate M—0 —C—0—M vc-0 = 1780-1840 υas = 1250—1280 vsym ~ lθθθCarboxylate ion COO” vas = 570—1630 vsym = 1350—1390Bicarbonate ion CO3H- vas = 1615-1650 vsym = 1400—1500 vOH = 3600 <5qh = 1225Formate ion HCOO” vas = 1580—1620 vsym - 1340-1390Source: Data from Ref. 39.
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Catalytic Oxidation of Carbon Monoxide 249(CO)p^^ known in inorganic chemistry. Upon depletion such species transform into the forms exhibiting only two IR modes which pre­sumably are dimeric structures as:

The dimeric forms transform depending on the conditions into stable carbonate-like species, or disproportionate with the formation of C and Ocus (CUS - Coordinatively unsaturated) atoms which results in the observed darkening of the sample. The existence of dimeric form was confirmed by later studies with CoO--MgO and NiO--MgO solid solutions. Cordischi et al. [49] studied adsorption of CO on the diluted CoO-MgO solid solutions of high surface area using EPR measurements and observed at 298 K a signal with the gxx = 2.0021, gyy = 2.0050 and gzz = 2.0060 values which was weak on MgO pure but much stronger on the CoO solid solution. The use of ^CO + 12CO mixtures enabled to prove that the paramagnetic species con­tained two equivalent carbon atoms. The species was tentatively identified as C2O2.Cordischi et al. [49] in their EPR study could also identify a radical containing four nonequivalent carbon nuclei. The species containing four CO molecules were also observed in the IR studies on CoO-MgO [50—52] and NiO-MgO by Zecchina et al. [53]. In the former case the formation of Co(CO)4 species and carbonate-like groups was assumed to be formed on clustered Co^+ ions:
ς)- 2+ - ?-IOCO + 3Oz + 2CoB. * * ii ------ > Co(CO)4 + 2CO^

B. Catalytic Oxidation of CO on the Surface ofOxides at and about Room TemperatureFrom the practical point of view, catalytic oxidation of carbon mon­oxide at and about room temperature is of special interest. Never-

The vibrational assignment of the Co(CO)4 species has been made on the basis of a complete set of isotopic substitution experiments. Another species containing three carbon nuclei [ (CO2)2Co(CO) ]2^ was assumed to be formed on the θ2^Co2÷θ2" triplets situated on the edges of the crystallites. On NiO-MgO a similar surface complex [ (CO)3Ni(CO2) ]2^ Mg2÷ was assumed which can be interpreted as Ni(CO)4 adsorbed on Mg2⅛2" pairs.
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250 Bielahski and Habertheless toward the end of World War I Lamb et al. discovered a highly active four-component oxide catalyst (MnO2, CuO, Co2O3, Ag2O) called hopcalite [54]. In later years this catalyst type, which was used, for example, for filling gas mask canisters, was further developed, and some other new industrial catalysts were introduced, the most prominent examples being promoted argentic oxide or acti­vated silver permanganate [55]. The hopcalite-type catalysts are characterized by low activation energy, mostly in the limits 5—7 kcal mol“l. All these catalysts represent fairly complicated physicochemi­cal systems and the modern study of the low-temperature mechanism of carbon monoxide oxidation had to be carried out on simpler cata­lysts containing only one oxide component. The present section deals with the interactions of carbon monoxides and oxygen on such systems, mainly on high surface area Cu2O and NiO. The study of these catalysts supplied us with important information concerning the CO oxidation at and about room temperature.The comprehensive studies of Cu2O were undertaken by Garner et al. [56-58]. The main tools of their research were the calorime­tric and electrical conductivity measurements. They used the high surface area samples obtained by the partial oxidation of very fine copper grains. The oxide film was about 100 A thick and the pre­sence of underlying metal enabled the oxide surface to be cleaned more readily after exposure to oxygen. The remaining oxygen which is difficult to desorb can be, under such conditions, very easily incorporated into the film on the expense of metal without the danger of formation of the film of higher oxide.In their now classical experiments Garner et al. proved that no CO2 is produced if CO is contacted with the fresh surface of Cu2O at room temperature and its adsorption is reversible. On the other hand, if CO is adsorbed on oxygen precovered surface the slow distillation of CO2 into the liquid air trap occurs. Adsorption of CO in this latter case created new adsorption sites for oxygen corres­ponding to 50 mol % of adsorbed CO. This observation led to the conclusion that a CO3 complex has been forming at the oxygenated surface according to the scheme:O O O O „ O CO9 O
J_____ I____ I____ I —> J_____ U____ I____ LThe same was observed on nickel [59] and cobalt [60] oxides.Such a complex was decomposing at room temperature with the formation of CO2

3∕ads∕ 2∕g∕ ∕ads∕
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Catalytic Oxidation of Carbon Monoxide 251It can also react with an excess of CO in accordance with the re­action :COq, , / + CO, . ------ > 2COo, .3∕ads∕ ∕g∕ 2∕g∕It should be observed that the CO3 complex exhibiting the same properties can also be formed in the reaction of CO2 with chemi­sorbed oxygen [57].COo , - + O, , , ------ τ> COo, , ,2∕g∕ ∕ads∕ 3∕ads∕A strong support for the proposed schemes was obtained from the calorimetric measurements. This could be done by comparing the heat of chemisorption of oxygen on carbon monoxide precovered surface as determined in a direct experiment with the heat of the same process calculated from thermochemical cycles in which the composition of surface complex was assumed to correspond to CO2 or CO3 [56]. In the case of high surface area NiO the two follow­ing thermochemical cycles were taken into account:Cycle I2C0z λ + 0θz λ = 2C0oz λ + 2 × 67 kcal mol (g) 2(g) 2(g)2COz , 4 = 2C0z λ - 2 × 26 kcal mol (ads) (g)2C0θz λ = 2COoz , λ + 2 × 28 kcal mol ^*^ 2(g) 2(ads)
(6.10)(6.11)(6.12)
(6.13)2CO, , λ + 0o, . =(ads) 2(g) - 2COoz , λ + 138 kcal mol 2(ads)Cycle IICO(g) + 2 °2(g) = cθ2fσ) + 67 kcal m°1 1 (6.14)

c0(ads) = C0(g) "■ 26 kcal mol (6.15)
2 °2(g) = Oz J X + (ads) 22.5 kcal mol 1 (6.16)
c°2(g) + Oz , λ = (ads) COθz , λ + 37 kcal mol 3(ads) (6.17)
c0(ads) + °2(g) = COoz , λ + 100.5 kcal mol 3(ads) (6.18)
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252 Bielanski and HaberThe directly determined heat of chemisorption of 1 mol of oxygen on CO precovered surface of NiO was IOO kcal mol” 1 in good accor­dance with cycle II in which the formation of CO3 surface complex was assumed. Similar results were also obtained with CoO and Cu2O.Garner et al. [58], when discussing the mechanism of room tem­perature oxidation on Cu2O, remarked that this process being not inhibited by the product CO2 is inconsistent with simple Langmuir- Hinshelwood mechanism. Taking into account all arguments concern­ing the existence of CO3 complex under these conditions, they assumed that it is the reaction intermediate and proposed the follow­ing scheme:co(g) —> COz , a (ads) (6.19)
°2(g) ---- > 20, , 4 (ads) (6.20)
co, . . (ads) + 20, , . ----(ads) → cθ3(ads) (6.21)
COoz , λ 3(ads) + COz j λ (ads) -→ 2cθ2(g) (6.22)
The investigations initiated in Garner’s laboratory were widely developed by Teichner, Gravelie, and their collaborators in later years. The work of this group reviewed in [61] was concerned with two preparations of high-surface-area ( ~ 150 m^ g-l) nickel oxide obtained by vacuum decomposition of nickel hydroxide at 200 (NiO200) and 250oC (NiO250) on which very extensive calorimetric measure­ments were carried out. They were also supplemented by the measurements of electrical conductivity and IR spectra of chemisorbed CO and CO2. The essential progress in these investigations was achieved by taking for thermochemical calculations the data of chemi­sorption heat determined at the known coverages of the surface with particular reagents. The results obtained by Gravelle and Teichner present a very thoroughly documented example of the work showing that even small differences in the preparation mode of the sample may result in distinct differences in adsorptive and catalytic proper­ties and also that the mechanism of a catalytic reaction may change with changing coverage. The authors confirmed the formation of CO3 surface species as the product of the interaction of oxygen and carbon oxide at the surface of finely divided NiO and proved that it is negatively charged, presumably bearing one negative charge CO3.When summarizing the whole of their results, Gravelle and Teichner [61] arrive at the conclusion that on their NiO preparations 
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Catalytic Oxidation of Carbon Monoxide 253two mechanisms of room temperature CO oxidation are operating, Mechanism II represents a single reaction path on NiO20(V2COz λ - (g) ----- > 2COz , λ (ads) fast (6.23)
CO, Λ A (ads) 2++ °2(g) + N1 - 3+→ COqz , λ + Ni 3(ads) fast (6.24)
co" , λ 3(ads) 3++ COz , λ + Ni0 (ads) 2+-------» 2∞2(g) + Ni slow (6.25)
On the surface of NiO250, in addition to mechanism II mechanism I is also operating and in fact the latter is faster. Hence:
2 °2 + xτ.2+ ∖ r>- _L κτ∙3+Ni -------> Oz , λ + Ni(ads) fast (6.26)
co, λ(g) -------> coz , λ (ads) fast (6.27)
O(ads) 3+ 2++ COz , λ + Ni -------> COoz λ + Ni(ads) 2(g) slow (6.28)
A somewhat different mechanism has been suggested in the case of room temperature oxidation of CO on Li2O-doped high-surface- area nickel oxide:

?+ - 3+Ooz λ + 2Ni ------ > 2Oz , λ + 2Ni (6.29)2(g) (ads) v 72O^ , + CO, . + 2Ni3+ -------> CO^ , . + Ni2+ + Ni3+ (6.30)(ads) (g) 3(ads) v ,
- 3+ 9+c°9( Λ A + ∞z λ ÷ Ni -------> 2COoz λ + Niz (6.31)3(ads) (g) 2(g) v 7Two further mechanisms proposed by Gravelle and Teichner concern the behavior of high-surface-area NiO catalyst at 200oC. In the case of oxygen-rich gas mixtures, mechanism IV, including the formation of carbonate intermediate, is probable:

2+ - 3+02(g) + 2Ni -------» 20(ads) + 2Ni (6∙32>
2O^ , ÷ CO, . + 2Ni3+ -------> CO2? . . + 2Ni3+ (6.33)(ads) (g) 3(ads) v 7CO2^ . , + 2Ni3+ ------ > COq, , + O2^ . + 2Ni2+ (6.34)3(ads) 2(g) (ads) v 7
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254 Bielanski and HaberOn the other hand, in the case of carbon monoxide-rich gas mix­tures mechanism V is highly probable at 200oC:CO(g) + NiO ------ > Ni + CO2(g) (6.35)
Ni + I O2( -------> NiO (6.36)
Besides cuprous and nickel oxides, important studies on the catalytic carbon monoxide oxidation at and near room temperature were also undertaken in the case of manganese dioxide, which is of special interest from a practical point of view as the main component of hopcalite-type catalysts. Roginsky and Zeldovich in their early paper [62] arrived at the conclusion that this reaction proceeds by the interaction between chemisorbed carbon monoxide and oxygen from gas phase. Brooks [63], when comparing the "heterogeneous" oxidation of CO on MnO2 with "depletive" oxidation (oxidation of CO by the reduction of the oxide), found a first-order reaction and similar activation energies in both cases and interpreted the ob­served facts in favor of the Eley-Rideal mechanism in a similar way as was proposed in [62]. Klier and Kuchynka [64] showed that oxidation of carbon monoxide by the lattice oxygen of MnO2 is a rapid process producing gaseous and, to some extent, adsorbed carbon dioxide, the subsequent reoxidation being a very difficult reaction step. This behavior is markedly different from that of NiO and MnO.In more recent years a thorough study of catalytic CO oxidation on MnO2 was carried out by Kobayashi and Kobayashi [65—67] who successfully applied the transient response method in their investi­gations. The essential feature of this method using a constant-flow catalytic reactor consists of the sudden change of gas composition introduced into the catalyst and observing the changes in concentra­tion at the reactor outlet.Parallel to the studies based on the transient response method, Kobayashi and Kobayashi determined the distribution of the oxida­tion power of surface oxygen species using the iodometric method described in an earlier paper [68]. It consists of the analytical determination of iodine produced in KI solutions of different pH values in contact with the surface of the oxide covered with adsorbed oxygen. If the oxidation power is high, iodine is evolved in solu­tions of high pH value. Using this method it was shown [65] that there were two kinds of oxygen species on the oxygenated surface of MnO2: the Og species of higher oxidation power constituting only a small fraction of adsorbed oxygen and Og species of lower oxidation power which are the predominant oxygen surface species. The Og species are negatively charged and are considered to be 
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Catalytic Oxidation of Carbon Monoxide 255either or O" ions. However, it should be observed that the detailed analysis of kinetic data suggested that the former species is the predominant one.The Kobayashi and Kobayashi experiments show that gaseous CO reacts directly with the oxygen species at the surface, thus forming a certain intermediate which successively decomposes to form gaseous CO2. Carbon dioxide formed in the course of surface reaction is being reversibly adsorbed on sites different from those where the intermediate is formed. Reversibly adsorbed CO2 is electrically neutral, which has been verified by measurements of the electrical conductivity of the catalyst.From the analysis of their kinetic data the authors also concluded that the rate-determining step in the room temperature oxidation of CO on MnO2 is the reaction between surface ions and CO from the gas phase. This result is in accordance with IR investigations carried out by Davydov et al. [69], who showed that the reaction between chemisorbed oxygen and carbon monoxide from the gas phase results in the formation of carbonate-type intermediates. They could also discriminate between more and less strongly bonded oxygen surface species. Surface carbonates formed by the less strongly bonded oxygen are not stable and decompose with the for­mation of CO2 at room temperature. On the other hand, the carbo­nate species formed with the participation of more strongly bonded oxygen are stable at room temperature and decompose only at and above 150oC.It should be observed here that room temperature oxidation of CO on MnO, similar to the case of its oxidation on finely divided NiO and Cu2O around room temperature, is characterized by low apparent activation energy. For example, in [70] it was determined as equal to 2.7 kcal mol"l.
C. Catalytic Oxidation of Carbon Monoxide on Transition Metal Oxides at High TemperaturesIn the preceding section the catalytic carbon monoxide oxidation on high-surface-area metal oxides occurring at and near room tempera­ture was discussed. As was already stated, such processes are characterized by the low values of the apparent activation energy, which is usually of the order 2—4 kcal mol"l. The most probable intermediate, at least in a number of cases, is the CO3 ion, the existence of which was documented by calorimetric measurements. However, no catalytic oxidation of CO is observed at room tempera­ture if the metal oxides exhibiting small specific surface area (of a few r∏2 per g) are used as catalysts. This may be due not only to the diminished surface area but to the fact that such preparations are obtained by the calcination of appropriate substrates at high temperatures (600—IOOOoC in most cases) and they contain much 
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256 Bielanski and Habersmaller concentrations of lattice defects than finely divided prepara­tions which are usually obtained at temperatures not higher than 200—250oC and frequently calcined in vacuum. On the other hand, low-surface-area transition metal oxides are quite good catalysts of carbon monoxide oxidation at temperatures of the order 200—400oC. The fact that the apparent activation energies at these conditions are much higher than in the vicinity of room temperature (10—25 kcal mol-l) indicates that the mechanism of high-temperature oxida­tion is different from that at low temperatures. This is why the problem of high-temperature oxidation of CO is discussed in a separate section.As will be shown later on some chosen examples, also in this case the kinetics and activation energy of CO oxidation on a given transition metal oxide may change depending on the experimental conditions and the way in which catalyst was obtained, thus indicat­ing that different CO oxidation mechanisms can operate. They may include either the interactions between chemisorbed molecules (e.g., Langmuir-Hinshelwood mechanism) or the sequence of the indepen­dent catalyst’s surface reduction and reoxidation steps (Mars-Van Crevelen mechanism), similar to that observed in the case of hydro­gen oxidation on transition metal oxides. Boreskov in his numerous papers showed that in the series of IV period transition metal oxides above a certain characteristic temperature range the latter mechanism is operating. As was stated in Section III.B of Chapter 5, in order to discriminate between both principal mechanisms, the rate of cata­lytic oxidation at the stationary state is compared with the rates of reduction and reoxidation of the surface. The latter measurements must be carried out at the surface, the oxidation state of which cor­responds to that reached in the course of the catalytic reaction. Boreskov and Marshneva [71,72] carried out a series of measure­ments in which at first the catalytic activity of oxide catalysts was determined in a constant-volume apparatus with circulation of gases (CO, O2, and He as the carrier gas) and removal of CO2 in a liquid air trap. After reaching the stationary state the reacting gas mix­ture was changed in such a way that helium gas was mixed with only one of both reagents, CO or O2, at the same partial pressure applied during the catalytic test. The rates of catalyst surface re­duction and reoxidation were measured in this way. In most cases (Co3O4, Mn2O3, NiO, Cr2O3, Fe2O3, ZnO) the dependence of station­ary reaction rate W on temperature expressed in log—τj coordinates represented a plot comprising two linear sections. The apparent activation energy calculated for the lower temperature sections was 9—10 kcal mol"l; that corresponding to the high-temperature re­gion was contained within the limits 24—30 kcal mol"l. The more or less sharp temperature at which the inversion of activation energy occurred depended on the nature of the oxide and ranged from about
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Catalytic Oxidation of Carbon Monoxide 257245oC for Fe2O3 to 410—510oC for Mn2O3. The important result was that above this temperature the points representing the rate of the catalytic reaction fell on the same line as the points representing the rates of reduction and reoxidation (equal at the stationary state of catalytic reaction) of the catalyst surface. Hence at these con­ditions the rates of catalytic reaction and surface reduction-oxida­tion processes are the same, thus giving proof of the Mars-Van Crevelen consecutive mechanism. Boreskov’s data clearly indicate that this mechanism corresponds to the highest regions of tempera­ture and is characterized by high activation energies.Principally the participation of the oxide oxygen in the catalytic oxidation of CO can be confirmed or rejected by the investigations with isotopically labeled oxygen. However, as was observed by Boreskov [73], numerous complications do not always permit formula­tion of clear-cut conclusions and this means that allowance should be made in each case for the direct isotopic exchange of all reactants: O2, CO, and CO2. In fact, the results obtained by different authors who undertook such measurements on transition metal oxides were frequently contradictory. The early investigators [74,75] arrived at the conclusion that oxide oxygen does participate in the catalytic reaction. On the other hand, no noticeable changes in the isotopic compositions of manganese peroxide and copper oxide (both enriched in 18q) were detected by Vainstain and Turovski [76,77]. Nor did Roiter [78] detect C^O^-θO molecules during the oxidation of CO on l8O-enriched MnO2 at 178oC and CuO at 300oC. However, it should be observed that both temperatures are apparently below the range at which Boreskov proved the reduction-oxidation mechanism to be valid. Winter [79], who contributed very extensive and highly com­petent studies of oxygen isotopic exchange, showed that in the case of CO catalytic oxidation on Cu2 oxide oxygen does participate in the reaction at temperatures as low as 15 and 38oC. The propor­tion of surface O atoms participating in this process was estimated to be about 10 and 15%, respectively. The sites reacting with CO were subsequently regenerated with oxygen of normal isotopic com­position from the gas phase and accordingly the content of lθθ in the reaction product exhibited a tendency to decrease. Similar results were also obtained by Winter for NiO and Cr2O3. The frac­tion of surface O atoms participating in the catalytic reaction, how­ever, was low. In the former case it amounted to 0.34% at 490C and increased to 2.28% at 2110C. In the latter case it was 2.05% at 44oC and the same value was obtained at 1550C.Very convincing proof of the participation of the lattice oxygen in the oxidation of carbon monoxide was recently given by Takasu et al. , who studied the behavior of Prθθχ∣ [80,81] and Tb∣∣O20 [82] catalysts. They showed that if the oxide of natural isotope composition was exposed to a mixture of ^O2 and CO, most of the carbon dioxide formed was composed of clθO2 molecules with only a 
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258 Bielanski and Haberlittle of clθθl8o, indicating that the lattice oxygen atoms in both oxides play an important role in the catalytic oxidation.When summarizing all the above results it can be stated that in the temperature region above 250—300oC the catalytic oxidation of CO usually occurs on the oxide catalysts according to the Mars-Van Crevelen mechanism, comprising consecutive steps of catalyst reduc­tion and reoxidation characterized by the apparent activation energy above 20 kcal moΓ^. There are many indications that these pro­cesses occur with the participation of lattice oxygen forming the surface of the solid. Presumably not all such oxide oxygen atoms participate in the reaction but only those whose bonding energy is lowest.
D. Catalytic Oxidation of Carbon Monoxide on Oxide Catalysts Within the Intermediate Temperature Region 150—300oCAs was already stated in the case of group 4 transition metal oxides, the redox mechanism of carbon monoxide oxidation operates at tem­peratures above 250—300oC for which apparent activation energies above 20 kcal moΓ^ are characteristic. On the other hand, the same reaction can proceed with quite appreciable rates at and about room temperature if highly dispersed oxides Cu2O, NiO, or MnO2 are used as catalysts. The mechanism of such low-temperature oxi­dation most probably includes the formation of CO3 ion as an inter­mediate which subsequently reacts with the CO molecule, producing two molecules of carbon dioxide. The apparent activation energy of such a process is only a few kcal moΓ^. None of these two Iow­and high-temperature mechanisms can be accepted for the inter­mediate temperature region roughly contained between 150 and 300oC. Here CO oxidation can be observed on many oxides the specific surface area of which is small (of the order of a few m^ g-l) and the activation energies are usually between 10 and 20 kcal mol^l.No generally valid mechanism can be proposed in this case. This can be illustrated by a diversity of kinetic equations which were found to fit the experimental results, an example of which will be given. The reaction mechanism changes depending not only on the kind of oxide but also on its defect state, pretreatment, additives, as well as the conditions of the catalytic experiments. This is the reason why the results obtained on oxide catalysts within this range of temperature will be presented here based on the examples nickel oxide and chromium sesquioxide, on which perhaps the most interest­ing results were obtained.
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Catalytic Oxidation of Carbon Monoxide 2591. Nickel Oxide Undoped CatalystNickel oxide was the most frequently studied catalyst with which carbon monoxide oxidation was investigated in order to verify the electronic theory of chemisorption and catalysis. The diversity of kinetic equations which, depending on the conditions, can be ob­tained may be illustrated by the results published by Parravano [83]. In this case a constant-volume reactor with the circulation of gases was used in which CO2 was removed on a column filled with ascarite. The NiO catalyst obtained by the calcination of nickel nitrate in air had a specific surface area of 2.2 m^ g“l. The cata­lyst was initially undergoing irreversible changes during the course of a few initial runs and in this period the rate of CO oxidation could be expressed by a Roginskii-Zeldovich (called also Elovich) equation (160—2120C):
dq _ -αq dt " - e (6.37)

where q is the amount of conversion and a and α are constants. However, after being used for a sufficient time, the activity of the catalyst reched a minimum value, which could be considered con­stant for all practical purpose. The initial rate of the reaction equal to a was found to increase with increasing temperature accord­ing to Arrhenius law and the apparent activation energy, equal to 9.7 kcal mol~l, was calculated for the experiments in which a stoi­chiometric CO—O2 gas mixture was used.The form of empirical kinetic equation obtained for the samples which reached the constant activity depended on temperature. With­in the temperature range 106—174oC reaction rate could be well represented by the formula:dp _ 1 0.5 0.5 zp ooλdt ½βO2^CO (6.38)but at 205-222oC-⅛- = ⅛o2Ecθ (6.39)
was valid.The Roginskii-Zeldovich equation can be deduced from different assumptions. Kinetics of this kind may be due to the fact that the surface of an adsorbent or catalyst is heterogeneous and in the course of reaction most active centers get successively poisoned. The remaining less active ones need higher activation energy the linear change of which with time results in an equation of the form 
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260 Bielanski and Haber(6.37). Hauffe [84] showed that the same kinetics can result from the formation of space charge in the Randschicht when electron exchange occurs between adsorbate and adsorbent (see Section III in Chapter 5). Parravano in his paper [83] assumed that Roginskii- Zeldovich kinetics were the result of the gradual removing of a large excess of surface oxygen. However, it should be observed that Herzog and Schlosser [85] proved that the NiO surface is poisoned by the reaction product carbon dioxide. This effect can be essentially reduced if CO2 formed is removed from the reactor by freezing it out in a liquid nitrogen trap.The activation energy found by Parravano in the 160—1740C temperature region for the samples which reached a constant activity was 2.2 kcal mol“l, which suggests that in this case the already described low-temperature reaction mechanism was still operating. ParravanofS Eq. (6.39) seems to be a transition to the equation of the form:^fF = ½⅛co (6Л0)
which was given by several authors investigation CO catalytic oxida­tion on nickel oxide [86—89]. It corresponds, for example, to situations in which the surface is saturated with chemisorbed oxygen which reacts either with gaseous (Eley-Rideal mechanism) or chemi­sorbed (Langmuir-Hinshelwood mechanism) carbon monoxide.Some interesting information concerning the coverage of nickel oxide with reagent molecules in the course of catalytic CO oxidation could be obtained from measurements of electrical conductivity. The conductivity of NiO, which is a p-type semiconductor, does increase when oxygen, an electron acceptor, is chemisorbed producing elec­tron holes h in the Randschicht as described in Section III of Chapter 3.The effect of carbon monoxide chemisorption on the electrocon­ductivity of NiO depends on temperature. According to Gravelle and Teichner [61], adsorption of CO on high-surface-area nickel oxide at room temperature is not accompanied by any change in the elec­trical conductivity of the solid. This is easy to understand since at these conditions CO appears at the surface mainly as the carbonyl species bonded by acceptor-donor bonds not involving any localiza­tion or delocalization of electrons at the adsorption sites. However, at temperatures as high as 200—300oC a distinct decrease in the electrical conductivity of NiO is observed [85,90,91] in the course of chemisorption of CO. All of the above authors assume in this temperature region the donor-type chemisorption of CO:

c°⅛>tb' -------  “(ads) <6∙41>
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Catalytic Oxidation of Carbon Monoxide 261Unfortunately, no IR data were published concerning the spectra of CO adsorbed on nickel oxide at high temperature. It should here be observed that irreversible donor-type chemisorption of carbon oxide must not necessarily result in the formation of CO+ species. The carbonate-like complexes, for example, are also conceivable as:
9- ∙ 9-c°(g) + 2° + 2h -------> cθ3(ads) (6‘42)No changes in the NiO electrical conductivity of NiO accompany adsorption of CO2 [91].Changes in the electrical conductivity of nickel oxide, obtained by the calcination of nickel basic carbonate in air at 600oC, were studied by Bielahski et al. [91]. Figure 6.16 shows the results obtained at 300oC with the samples which were at first standardized in oxygen at the experimental temperature until the conductivity reached a constant level and then the portions of CO were introduced permitting the CO∕O2 molar ratios indicated in the figure. The progress of the catalytic reaction was followed parallel to the measure­ments of electrical conductivity. It is seen that in the case of ex­periments in which an excess of oxygen was present the introduction of CO resulted in only minor changes in conductivity, indicating that the catalytic reaction proceeded on the surface practically satu­rated with oxygen. On the other hand, if the reacting mixture of gases was either stoichiometric or contained an excess of CO, the conductivity decreased by three orders of magnitude. This indicated that acceptor-type processes occurred at the surface. Besides the donor-type chemisorption of CO, this could also be the vanishing of some negatively charged reaction intermediates such as carbonate, O-, or 0^^ species. The deepest and most constant conductivity level in such cases was obtained after the reaction ceased completely because of oxygen exhaustion. In the case of the 3:1 CO—O2 mix­ture, after the reaction was over the system was pumped off and then a rapid increase in conductivity was observed showing that an appreciable fraction of chemisorbed species, most probably was desorbed with the simultaneous transfer of electrons from the solid.The kinetics of CO oxidation in [91] followed the Roginskii- Zeldovich law. The values of the initial reaction rate were dependent on the gas phase composition and at 225oC and higher temperatures reached a maximum at CO∕O2 molar ratio equal to 3:1. The apparent activation energy calculated from the initial reaction rates, on the other hand, changed monotonically with gas composition and, as Fig. 6.17 shows, increased from the value 6.4 kcal moΓ^ for 1:2 CO—O2 mixtures to 22.5 kcal moΓ^- for the 4:1 mixture richest in CO. This result, obtained with the catalysts from the same batch, clearly
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262 Bielanski and Haber

FIGURE 6.16 Changes in the electrical conductivity of NiO cata­lyst in the course of carbon monoxide oxidation in CO∕O2 mixtures of different compositions at 300oC with constant volume reactor and circulating gas. Catalyst standardized in oxygen. Broken line shows behavior of the catlyst in the course of desorption [91].
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Catalytic Oxidation of Carbon Monoxide 263indicates how strongly the kinetic parameters and hence also the mechanism of catalytic CO oxidation on transition metal oxides may depend on the experimental conditions.2. Nickel Oxide Catalyst Doped withAltervalent Oxide AdditivesCatalytic experiments with transition metal oxides doped with alter- valent metal oxide additives played an important role in the verifica­tion of the electronic theory of chemisorption and catalysis on semiconductors. As was mentioned in Secion IV of Chapter 3, doping changes the position of the Fermi level and hence the work function of the solid. According to the electronic theory [92—94], the increase in work function should enhance the catalytic reactions in which the rate-determining step is a donor-type reaction (reaction supplying electrons to the solid from the chemisorbed molecules) and the decrease in work function should enhance the catalytic reactions in which the rate-determining step is an acceptor process. Hence it was hoped that by carrying out the oxidation of carbon monoxide

FIGURE 6.17 Changes in the apparent activation energy of CO oxida­tion in NiO catalysts as a function of reacting gas mixture composi­tion [91].
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264 Bielanski and Haberon the doped samples and observing the changes in activation energy, one will be able to obtain valuable information concerning the mecha­nism of this reaction.Much of this type of investigation was carried out with nickel oxide doped with the oxides of mono- (Li2O) and tervalent (Fe2O3, Ga2O3, Cr2O3) oxides. According to the controlled valency prin­ciple of de Boer and Verwey (Section IV of Chapter 3), the incor­poration of Li2O into the NiO lattice occurs according to the reaction:
bi2θ + Σ θ2 -------* 2biNi + 20O + 2h' (6,43)

Increasing the concentration of positive holes h (and hence decreas­ing the concentration of free electrons e^) is equivalent to shifting the Fermi level to the lower values and increasing the work function of the solid. The effect of Fe2O3 dopant is opposite. The incorpora­tion of Fe2O3 into the NiO crystal lattice occurs with the consump­tion of positive holes, shifts the Fermi level to the higher values, and decreases the work function:Fe2O3 + 2h" -------> 2Fe^. + 2Oθ + I O3 (6.44)
The experiments with doped nickel oxide catalysts and CO oxida­tion as the catalytic test reaction were carried out by several authors. However, the results obtained by them were not congruent. Parravano [94] and Keier et al. [95] observed that doping NiO with monovalent cations increased the apparent activation energy of cata­lytic CO oxidation while Cr2O3 and CeO2 decreased. On the other hand, Schwab and Block [96] and Dry and Stone [86] found just the opposite. In addition, Herzog and Schlosser [85] did not ob­serve any influence of doping NiO with Li2O on the activation en­ergy of CO oxidation.Considering all these discrepancies, Bielahski and Dereh under­took a more complete series of investigations, reviewed in [97], in which besides the catalytic experiments other physicochemical proper­ties were also extensively studied. The NiO samples were obtained by the calcination of basic nickel carbonate impregnated with Li2CO3. Their homogeneity was checked by fractional dissolution in hydro­chloric acid. The Li/Ni ratio was determined in the so obtained solutions.It is seen in Fig. 6.18 that the specific surface area, lattice parameter, and magnetic susceptibility exhibit relatively sharp maxima corresponding to the concentration of lithium of about 0.1 at.% [98,99]. It has also been shown that the incorporation of small amounts of lithium up to 0.1 at.% occurs without simultaneous incor­poration of the amount of excess oxygen corresponding to the Stoichio-
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Catalytic Oxidation of Carbon Monoxide 265

αt.%Fe at.% Li

FIGURE 6.18 (a) Specific surface area; (b) lattice parameter; (c) magnetic susceptibility; and (d) concentration of excess oxygen of lithium-doped NiO catalysts. All values as the function of lithium concentration in the sample [98].

http://chemistry-chemists.com



266 Bielahski and Habermetry of reaction (6.43). The fact that in these samples the lattice parameter does increase with respect to the undoped NiO suggests that Li atoms are partially introduced into the interstitial positions. Such incorporation has been suggested to occur according to the equation [99]:LioO ------ > Lixτ. + Li.’ + On2 Ni ι O (6.45)
This kind of lithium incorporation is predominant at and below0.1 at. % Li but at higher concentrations lithium was introduced with simultaneous incorporation of an appropriate amount of oxygen from the gas phase as indicated by Eq. (6.43).

FIGURE 6.19 Catalytic oxidation of carbon monoxide on nickel oxide catalysts containing various additions of lithium oxide: (a) logarithm of the rate constant к corresponding to a temperature of 247oC; (b) apparent energy of activation; (c) logarithm of the preexponential factor kθ [97].
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Catalytic Oxidation of Carbon Monoxide 267Figure 6.19 shows that in analogy to the above described non- monotonous changes of lattice parameter, specific surface area, and magnetic susceptibility, the apparent activation energy and the cata­lytic activity also exhibit extrema at low lithium concentrations [97]. Analogous extrema in the catalytic properties were also observed on Li-doped monocrystal obtained by the Verneuil method [100]. Such behavior was rather unexpected and would be difficult to interpret on the basis of the electronic theory of chemisorption and catalysis if it would be assumed, as was done by earlier authors, that the position of the Fermi level in nickel oxide does change monotonously with the incorporation of lithium. However, the measurements of work function carried out by Dereh et al. [101,102] on the same series of samples proved that the real Li2O--NiO--O2 system is much more complicated than that. Figure 6.20 shows the dependence of work function on lithium concentration. Curve a corresponds to the measurements carried out in vacuum, curve b to those carried out in oxygen of 1 Torr. All the values are given with respect to the value for pure NiO measured in vacuum which has been assumed conventionally as equal to zero. It is seen that the shape of both curves is the same. The shift of curve b with respect to curve a shows that chemisorption of oxygen increased the work function. However, it did not change the dependence on the lithium concen­tration. In both cases small amounts of lithium increase work func­tion, those greater than 0.1 at. % decreased it. The possible reasons for such behavior are discussed in [100]. The correlation between the changes in work function ΔΦ and the changes of activa­tion energy (with respect to the undoped sample) of the catalytic carbon monoxide ∆Ea postulated by the electronic theory of chemi­sorption and catalysis is therefore obvious. It can be better visualized by plotting ∆Ea values as the function of ΔΦ. Quite a

FIGURE 6.20 Changes in ΔΦ value of lithium-doped NiO catalysts as the function of lithium concentration [97]: (a) in vacuo; (b) in oxygen (1 Torr).
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268 Bielanski and Habergood linear relation is then obtained (Fig. 6.21). It follows that the apparent activation energy does decrease with increasing work func­tion and decreasing Fermi energy Ep since ∆Φ = — ∆Ep. A reaction which is facilitated by a low-value Fermi level and hence a high concentration of positive holes h is a donor or p-type reaction according to the classification proposed by Wolkenstein [92]. In this case the rate-determining step must be accompanied by the con­sumption of positive holes h . For example, it might be the following reaction:
CO, , λ ÷ Oz , x + h -------τ> COqz x(ads) (ads) 2(g) (6.46)
It should be observed here that the parallelism between the changes in activation energy was confirmed in the cases in which the reacting gas mixtures were either stoichiometric or contained an excess of oxygen. In such cases the dependence of Ea on lithium content exhibited a similar shape characterized by a minimum at about 0.1 at. % Li as is shown in Fig. 6.22. On the other hand, if the reacting gas mixture contained an excess of carbon monoxide, the apparent activation energy decreased monotonously with lithium concentration. Unfortunately, no work function data carried out at such conditions are available. The data shown in Fig. 6.21 clearly indicate that the effect of doping NiO with Li2O on the catalytic 

FIGURE 6.21 Apparent activation energy of carbon monoxide oxida­tion as the function of ∆Φ value of lithium-doped NiO catalysts [97].
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Catalytic Oxidation of Carbon Monoxide 269behavior may be different depending on the conditions of the cata­lytic experiments. This seems to be the source of already mentioned discrepancies in the results of different authors.It should here be observed that very similar curves representing the dependence of the activity, the activation energy of CO oxida­tion, and the position of the Fermi level were also obtained for a series of lithium-doped cobaltous oxide [103,104]. Also in this case a linear dependence of ∆Ea and ΔΦ was obtained, indicating that the rate-determining step was-a donor-type reaction.
C. Chromium SequioxideAn extensive study of the oxidation of carbon monoxide oxidation over chromium Sesquioxide catalyst was published by Kobayashi and Kobayashi [105—107]. These authors used the method of transient flow response already described in Section IV.B, much as they did in their investigation of MnO2 catalyst. The chromium Sesquioxide

FIGURE 6.22 Apparent energy of activation of carbon monoxide oxi­dation in mixtures of various compositions.
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270 Bielanski and Haberused by them was α-Cr2O3 with a specific surface area of 21 g^l. The experiments were carried out with the oxidized (24 hr in a stream of air at 131oC) as well as with reduced (the treatment with 6% CO in nitrogen stream at 131 oC until no CO2 in the effluent was detected) catalyst samples. Two kinds of active oxygen were detected by iodometric method [108] on the oxygenated samples. Active oxygen atoms designated as Og present in oxygen-saturated samples in the concentration of 3.3 × 10-5 mol g-l exhibited a higher oxidation power and reacted faster with carbon monoxide, producing irreversibly bonded carbon dioxide. However, the latter could be displaced by oxygen from the gas phase. The second kind of active oxygen, the Og species, was present in much higher concentration which in the oxygen-saturated samples reached the value of 1.17 × 10"4 mol g“l. They reacted much more slowly with carbon monoxide and produced rapidly desorbing CO2.Based on information gained by the transient response method, Kobayashi and Kobayashi proposed a model of CO catalytic oxidation [107] in which the following assumptions were made:1. There are two kinds of centers on which oxygen is chemisorbed on Cr2O3: Sj and Sjj. Less numerous O-Sj species exhibit higher oxidative power and Sj sites are always saturated with oxygen at the steady state of the catalytic reaction. Simultane­ously O-Sji species have lower oxidation power and are slowly regenerated. The concentration of O-Su species does decrease with the increasing pressure of CO.2. Under steady reaction conditions both kinds of oxygen species react with CO at different rates.3. CO2 produced by the interaction of O-Sjj with CO is irreversibly adsorbed on Sj when oxygen is not present in the gas phase.On the other hand, in the presence of oxygen such CO2 adsorbed molecules are quickly removed from the surface due to the com- petetive adsorption of oxygen on Sj. The desorption of CO2 produced from O-Sjj is rapid and is not affected by the presence of oxygen in the gas phase. Under the steady state conditions of the reaction the amount of adsorbed CO2 on Sjj is negligible.These assumptions led the authors to the formulation of two reaction paths:Reaction path I:
- ⅛ -CO, . + O Sτ —i→ C0o∙Sτ + e (6.47)(g) I 2 I v ,

K2 -O2(g) + 2CO2∙Si -^→ 2CO2(g) + 20 S1 (6.48)
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Catalytic Oxidation of Carbon Monoxide 271Reaction path II: - —3 -co( ) + O -S11 CO2∙Sπ + e (6.49)
⅛4c°2∙sil cθ2(g) + sII (6’50)

- —5 -θ2(g) + 2s∏ + 2e 20 sII (6,51)A system of differential equations representing the rates of all these steps was proposed by the authors and then numerically solved with the help of a computer using the experimental data obtained from the transient response measurements. Such a procedure enabled the calculation of values of the rate constants of the particular steps in the above reaction scheme:= 4.15 × 10 θ mol∕g min atm
-4= 1.75 × 10 mol∕g min atm

-5k3 = 1.2 × 10 mol∕g min atm
-cSk4 = 3.21 × 10 mol∕g min

k~ = 4.8 × 10 θ mol∕g min atm
It is seen that k.2 is much larger than k∣ in accordance with the previous conclusion reached experimentally that the regeneration of O"∙Sj is rapid and O"∙Sj always contributes to the reaction. The slow regeneration of O^∙Sjj during the steady state is also confirmed by the fact that k5 is much smaller than k3 and k4.Knowing the concentration of O-∙Sj and O"∙Sjι at the steady state of reaction, the turnover numbers k’ and kπ of both types of sites can be calculated:k^ = 1.26 × 10 1 min atm

k^ = 1.17 × 10 1 min atm
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272 Bielanski and Haberthus showing the higher activity of Sj centers.Knowing k1∙ values it was possible to numerically simulate the response data. The simulated curves agreed with the experimental points.
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7

Oxidation of Aliphatic 
Hydrocarbons

I. INTRODUCTIONReactions of the catalytic oxidation of hydrocarbons have been exten­sively studied [1—8] because of their great importance for the development of the chemical industry. The introduction of bismuth molybdate as catalyst for the selective oxidation of propene to acro­lein by Veatch and Callahan and the development of the synthesis of acrylonitrile by ammoxidation of propene on this catalyst may be considered milestones in the history of modern petrochemistry. How­ever, some older catalytic processes, such as production of phthalic anhydride, have also been intensively studied because, although they have been operated in industry for almost 70 years, their mechanism is not yet fully understood and considerable improvement in their catalytic performance may still be expected. Selective oxida­tion of particular functional groups in complex organic molecules opens new perspectives on the cheaper and wasteless production of many important chemicals. Today catalytic oxidation is the basis of the production of almost all monomers used in the manufacturing of synthetic fibers, plastics, and many other products (Table 7.1). With the increasing cost of energy and the shrinking supply of cheap hydrocarbons, much effort is now being expended on the development of new oxidation processes of higher selectivity and lower energy consumption. Substitution of dehydrogenation by oxi­dative processes as in the production of styrene from ethylbenzene and selective oxidation of paraffins can be quoted as an example.
277
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TABLE 7.1 Important Industrial Oxidation ProcessesProduct Reaction Catalyst CompanyMaleic anhydride C6H6 + θ2 VoO1--MoO0ZAl0O0ZO о Zo HalconTerephthalic acid p-Xylene + O2 CoBr2 HalconZAmocoAcetaldehyde C2H4 + O2 PdCl2∕C Wacker Z HoechstAcrylonitrile c3⅜ + θ2 Bi9O9-MoO9-P9Oc-ZAl9O9Δ 0 0 Zo Zo SOHIOVinylacetate C9H4 + CH9COOH + O9Δ 4 о Z PdCl2ZC Bayer, CelanesePhthalic anhydride O-Xylene + O% v2θ√τi°2 BASFEthylene oxide C2H4 + θ2 Ag UCC, Shell, HalconMaleic anhydride C4H8 + θ2 v2θ5-p2θ5 Amoco, Monsanto, HalconAerolein C3H6 + θ2 Bi2(MoO4)3ZAl2O3 SOHIOAcrylonitrile C„H„ + NHo + OoOO O Δ Oxides of Ni, Co, Fe, Bi, Mo, K, Mn, Si SOHIO
Hydrogen cyanide CH4 + NH3 + O2 Pt, Rh DegussaEthylene glycol C9H4 + O9 + CH9COOH Δ 4 Δ о TeO2 HalconFormaldehyde CH3OH + O2 Fe2(MoO4)3 ICISource: Adapted from Ref. 9.
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279Oxidation of Aliphatic HydrocarbonsII. OXIDATION OF ETHYLENEA. IntroductionSelective oxidation of ethylene to ethylene oxide in the gas phase is one of the major petrochemical processes because of the importance of ethylene oxide as the most versatile chemical intermediate. It is converted by thermal hydration into a mixture of glycols used in the manufacturing of artificial fibers and plastics and as freezing point depressants in cooling systems of motor cars. Polyglycols found many applications in cosmetic and pharmaceutical industries, the printing industry, and the textile industry as spinning lubricants and antifoam agents. Ethylene oxide readily reacts with ammonia to produce ethanolamines, used in fabrication of cosmetics. Reactions of ethylene oxide with alcohols produce glycol ethers, which are widely applied as high boiling solvents in processes of coating as well as components in hydraulic and brake fluids. Another impor­tant application of ethylene oxide is its use as an ethoxylation agent of long chain alcohols and alkylphenols to obtain surface active com­pounds for the detergent industry. The distribution of ethylene oxide utilization in EC countries and its world production is shown in Table 7.2 [10].Oxidation of ethylene with gas phase oxygen may proceed along three different pathways:
pu _ CHx∖ / 2 + 117 kJ∕mol (7.1)OCH2CHO + 220 kJ∕mol → (CH3CO)2O → CH3COOH (7.2)CO2 + H2O + 1217 kJ∕mol (7.3)

Reactions along these pathways are accelerated by different metals [11]. The most important metals for the selective oxidation by route 2 are Pd and Ir. The selectivity for products along this route decreases with increasing temperature, decreasing oxygen pressure, and can be modified by alloying Pd. As an example, Fig. 7.1 shows the dependence of selectivity to acetaldehyde as a function of the composition of the Pd-Au alloy [12]. It can be seen that a sharp maximum appears at a concentration of about 20% of Pd in Au. It has been suggested that total oxidation starts with a deep dehydro­genation of ethylene. Such dissociative adsorption of ethylene is inhibited by alloying Pd with Au, the latter interacting with hydrogen only very weakly.
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280 Bielanski and HaberTABLE 7.2 Distribution of Ethylene Oxide Utilization (%) in EEC Countries 1960 1970 1980Ethylene glycols 46.5 52 55Polyglycols 6 4 4Ethanolamines 12.5 8.5 7Glycol ethers 15.3 13.5 12Surface active agents 14.5 13 12Polyols — 3 4Others 7 6 6Worldwide ethylene oxide production in millions tons/year 1.4 4.0 5.8
Source: Ref. 10.

FIGURE 7.1 Selectivity of the oxidation of ethylene to acetaldehyde as a function of the composition of the Pd-Au catalyst [12].
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Oxidation of Aliphatic Hydrocarbons 281The only metal which has been found to effectively catalyze the reaction along pathway 1 is Ag. The question of why silver is so unique remains one of the most puzzling questions of catalysis by metals, although many attempts have been undertaken to answer it [13]. One of the explanations may lie in the very peculiar behavior of silver in its interaction with oxygen.
B. Adsorption of Oxygen on SilverThe adsorption of oxygen on silver has received by far the most extensive treatment in the literature [14]. Numerous experimental methods and techniques of surface science have been employed in these studies, which have been carried out with silver monocrystals, films, powder, and clusters supported on different carriers.Many experimental data indicate that three types of oxygen sorbed at the surface of silver may be distinguished. As an example, Fig. 7.2 shows the Calorimetrically determined heat of adsorption of oxygen on silver as a function of oxygen coverage [15]. The curve reveals two breaks thereby suggesting three adsorbed oxygen spe­cies. The existence of three kinetically distinguishable oxygen adsorption processes with activation energies of < 10, 33, and 60 kJ∕mol, respectively, was confirmed by Kilty et al. [16]. Chlorine may be used to selectively poison the different centers of oxygen adsorption, as illustrated in Fig. 7.3. At the temperature of the

004 ’ 012 1 020 1 028

cm3 O2 / m2 Ag

FIGURE 7.2 Heat of adsorption of oxygen on silver as a function of the coverage [15].
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282 Bielanski and Haberexperiment (373 K), adsorption of 3 × 1(P-8 atoms of chlorine per πfl on the surface of silver containing 1.2 × l(P∙θ Ag atoms ∕m^ completely stopped the fast oxygen adsorption of low activation energy, each Cl atom blocking adsorption of one oxygen atom. The authors thus concluded that the fast adsorption characterized by a low activation energy of less than 10 kJ∕mol is dissociative and requires adsorption sites consisting of four silver surface atoms. At the same time a second oxygen adsorption process proceeds practically unaffected. Only when more than 3 × 10^∙^ chlorine atoms ∕m^ have been adsorbed at the surface of silver does this second process (activation energy = 33 kJ mol“l) become inhibited, with each Cl atom blocking adsorp­tion of two oxygen atoms. Apparently, in this case O2 molecules are adsorbed nondissociatively. Positive evidence of molecular oxy­gen adsorption was provided by Clarkson and Cirillo [17] who de­tected the EPR signal of 02“ species after adsorption of oxygen on silver, and by Tanaka and Yamashima [18] who observed the signal of superoxide ion on silver oxide. Such a signal was also registered by Shimizu et al. [19] after adsorption of oxygen on silica-supported silver, but the signal was absent upon adsorbing N2O instead of O2. Three peaks appeared in the photoelectron spectra after adsorption

FIGURE 7.3 Correlation between the amount of chlorine preadsorbed and the amounts of oxygen subsequently adsorbed at 373 K by fast process (no) and by an activated process (No — no) [16].
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Oxidation of Aliphatic Hydrocarbons 283of oxygen on silver foils [20], two of which were due to atomic oxy­gen while the third could be assigned to a molecular species, its intensity increasing in the presence of chlorine.More information on the nature of the adsorbed oxygen species was quite recently obtained by Backx et al. [21] from studies with EELS. Figure 7.4 shows the electron energy loss spectra of the (110) plane of silver after adsorption of oxygen. At -160oC two peaks appear: at 30 meV (242 cm-l) and 78 meV (629 cm"l), which
I(Lossizkelastic)

ENERY LOSSImeV)FIGURE 7.4 EELS spectra of the (110) plane of silver exposed to 1200 L lθC>2 at —160oC and after subsequent heating to —80 and 40oC. Electron beam energy 2.4 eV [21].
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284 Bielanski and Habercan be assigned to the O2—Ag and O—O vibrations, respectively. When a mixture of lθO2 and -^^O2 is adsorbed the desorbate does not contain the molecules. After heating to — 80oC the diatomicoxygen dissociates. However, as oxygen after dissociation into atoms requires more sites for adsorption than in its molecular form, partial desorption of dioxygen take place. The peaks of molecular oxygen disappear and a peak at 39 me V (314 cm"l) appears instead assigned to a vibration normal to the surface of an oxygen atom linked to four silver atoms. Upon further heating, a desorption peak is observed at 583 K, from which the activation energy of 150 kJ mol"l can be estimated. LEED studies reveal that this oxygen forms ordered superstructures. When all oxygen detectable by LEED and HREELS has been removed from the surface and the sample exposed to another isotope of oxygen (e.g., l^O2 when the first adsorption was carried out with lθθo), the subsequent desorbate contained significant quantities of which indicates that part of theoxygen from the first experiment remained in the sample, albeit not at the surface. It has been identified as oxygen dissolved in the subsurface region, the existence of this region playing an important role in catalytic behavior of silver.
C. Ethylene-Oxygen Interaction at the Surface of SilverIt is generally accepted that ethylene is not adsorbed on reduced metallic silver [22,23], but its adsorption was observed after pre­adsorption of oxygen [24] or chlorine [25]. Force and Bell [26] demonstrated by infrared spectroscopy that on oxygenated silver surface ethylene adsorbs as π-complex, without the C=C bond rup­ture, and assumed that Ag+ ions are the adsorption sites:

CH2=j=CH 2Ag(I)
The related coordination of ethylene with Ag+ ions was reported earlier [27]. Later the interaction of C2H4 with Ag (110) face precovered with adsorbed oxygen has been studied [ 28 ]. Adsorption of C2H4 was found to be promoted by the presence of monoatomic oxygen. No significant shift of the C—H stretch or bending vibra­tions was observed, indicating that no significant rehybridization has taken place. Thus, it was concluded that the molecule is adsorbed with the molecular plane parallel to the surface. The vibration of 
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Oxidation of Aliphatic Hydrocarbons 285the oxygen atoms is not influenced which confirms the conclusion that ethylene is adsorbed on silver atoms carrying a positive charge induced by adsorbed oxygen atoms. This ethylene complex is de­sorbed at 170 K without reaction, which becomes observed after heating the oxygen-covered surface in ethylene to 320 K. Atomic oxygen EELS peak disappears while a carbonate-like surface complex is formed. This is consistent with the observation that ethylene is adsorbed on the oxygenated surface in part reversibly and in part irreversibly [22]. The amount of reversibly adsorbed ethylene decreases with increasing temperature, whereas the amount of irre­versibly adsorbed ethylene increased with temperature.Infrared studies of the interaction of oxygen and ethylene with Ag-SiC>2 showed that on exposing the catalyst first to O2 and then to ethylene at 363 K, an adsorption band appeared at 870 cm"l, interpreted as the O—O vibration in the organic peroxide species CH2 — CH2—O—OAg [29]. Heating the sample to 383 K resulted in a new IR spectrum identical to that obtained when ethylene oxide was adsorbed on a reduced silver surface. When using an equili­brated mixture of lθO2 + + l^O2, three bands were observedat 870, 859, and 848 cm’l confirming that the 870 cm^l band is due to an O—O vibration [16]. A nonequilibrated gaseous mixture of 16q2 + 18q2 gave rise to only two bands at 870 and 848 cm" I, which proved that the two oxygen atoms in adsorbed peroxide species originate from the same gaseous O2 molecule. However, when oxygen was adsorbed above 433 K, subsequent admission of ethylene at lower temperatures generated three bands, indicating that above 433 K dissociation of molecular oxygen took place at the surface, resulting in equilibration of the ^^O2 + lθO2 mixture.Interpretation of IR spectra led to proposals [26] of the follow­ing structures for adsorbed ethylene oxide:
In the absence of oxygen Coadsorbed with oxygen∙CHq CHqI Z I OCH2 and ∙CHO OAg Ag
(ID (HD (IV)

Ethylene oxide is adsorbed more strongly than ethylene, the activa­tion of the latter being thus inhibited.
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286 Bielanski and HaberIR spectra indicate also that CO2 adsorbs in the form of three species, one with the molecule parallel to the surface attached to a silver atom and two others of the carbonate type:
O—.C~O 0x x0 ζfAg 'C^ Cd o xx°I I IAg Ag Ag(V) (VI) (VII)

D. Kinetics of Ethylene OxidationIn the oxidation of ethylene on silver the only by-products besides ethylene oxide are carbon dioxide and water. They are formed in three stoichiometric reactions:C2H4 + 1/2 O2 ------ > C2H4O
C9H4 + 3O9 ------- > 2CO9 ÷ 2H9O

La λ La LL

C9H4O ÷ 2 l∕2O9 —> 2CO9 + 2H9OZ ⅛ Z ZZ

∆H0 = -117 kJ∕mol, (7.1)∆G0 = -50.6 kJ∕mol∆Ho = -1217 kJ∕mol, (7.2)∆Go = -1249 kJ∕mol∆H0 = -1334 kJ∕mol, (7.3)∆Gθ = -1294 kJ∕molThe chemical equilibrium strongly favors the formation of total oxida­tion products. Therefore, the reason that ethylene oxide is not further oxidized is purely kinetic.It is now generally accepted [30] that the kinetics of ethylene oxidation on silver can be described by a triangular scheme:
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Oxidation of Aliphatic Hydrocarbons 287On a good industrial catalyst the ratio of the rates can be ∏∕r2 ^ 6 and r2∕r3 ~ 2.5. They strongly depend on the catalyst and reaction conditions.The rates of the two parallel reactions of ethylene may be ex­pressed by the following equations:
e1 . к Pmi p"1 

kipC2∏4 pO2

m9 n9 r = к P l P l -2 κ2rC2H4rO2
The published values of parameters m and n of these equations are scattered in the very wide range between O and 1. Figure 7.5 shows the initial rate r^ of ethylene oxide formation as a function of oxygen partial pressure [31]. It may be seen that n∣ = 1 at low oxygen pressure but becomes O at higher pressures. Also the dependence of the rate r∣ on ethylene pressure is not linear, deviating at higher pressures. Similar changes of the reaction order were observed for the rate of total oxidation r2∙Many authors [26,32,33] found that the activation energies of the two reaction pathways r∣ and are equal. This may indicate that the two reactions have the same rate-determining step. Oxida­tion of ethylene is inhibited by the adsorption of ethylene oxide as the reaction product, but there are conflicting results as to the effect of adding ethylene oxide to the reaction mixture on the selec­tivity of the reaction. The rate equations accounting for the effects of temperature and partial pressures of the reactants, products, inhibitors, and paraffin hydrocarbons used in the design of reactors are proprietary information of the companies and are not published.At this point interesting experiments should be mentioned [34] in which ethylene was oxidized with N2O on silver as catalyst. No ethylene oxide was formed, whereas after replacing N2O with O2 high selectivity to epoxidation was observed. At higher temperatures, where the decomposition of N2O into O2 and N2 becomes important, small amounts of ethylene oxide were formed. These observations confirm the conclusions drawn from spectroscopic studies that dioxy­gen molecules are responsible for epoxidation of ethylene on silver. This conclusion was corroborated [35] by the results of the oxida­tion of ethylene in the absence of gaseous O2, using silver oxides Ag2O and Ag2O2 as oxidants. When Ag2O2 was used, considerable amounts of ethylene oxide appeared in the initial oxidation products, whereas with Ag2O initially no ethylene oxide was formed. Results of pulse experiments [36] with Ag∕α-Al2O3 were also reported, in which high amounts of ethylene oxide were observed on injecting 
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288 Bielanski and Haberpulses of ethylene after pulses of oxygen, but no ethylene oxide was formed on reversing the sequence of pulses. When deuterated ethy­lene is used [37] in the oxidation reaction, the pathway to epoxida­tion is enhanced in comparison with that of C2H4, whereas the path­way to the total oxidation product is hindered, resulting in a con­siderable increase of the selectivity to ethylene oxide. This would be consistent with the hypothesis that diatomic oxygen leads to ethylene oxide and monoatomic oxygen to CO2 + H2O if reaction of dioxygen were faster with C2D4 than with C2H4. Unfortunately, the observed isotope effect is large, whereas no carbon-hydrogen bonds are broken in epoxidation, which makes the interpretation unconvinc­ing.

FIGURE 7.5 Initial rate of ethylene oxide formation as a function of oxygen partial pressure at different ethylene partial pressures [31].
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Oxidation of Aliphatic Hydrocarbons 289The complex and extensive experimental data on ethylene oxida­tion on silver were recently summarized [38] in a reaction network shown in Fig. 7.6. Reaction (a) represents the formation of an oxygen-deficient, subsurface oxide film, which seems to be an essen­tial element of the silver catalyst surface. The concentration of defects in this layer may be modified by incorporation of chloride ions on exposure of the silver catalyst to chlorine (b) or chlorinated hydrocarbons. Oxygen is then adsorbed on silver atoms forming the outermost surface layer over the subsurface oxide layer (c). The existence of the latter as well as the presence of surface and subsurface chloride ions will inhibit the dissociative adsorption.
Ag + O2Igosl == Ag2Q1xl (α)
a92‰ +c∣(ods) =* Ag20j1.χ.yl Cly (b)

Aglsurf) +02(gαs) ≡ P? =≈ 0 (C)
Ag Ag

λ . . r lj __. H2C @ CH2Ag+C2H4 = "9 2 (dj
Ag

O2 h2¾ch2
C2H4IgasI ÷ £ — g = C2H4O ÷0 (₽)

Ag Ag
Il
CH2
CH2 
0
P

γm, O 'f' CH2 CH2 '9'
C2H4Igosi ⅛2 ⅛≈ CH3CHO +Ag

p b
Ag Ag
I ∙Ag-0 lh∣

CH2-CH2
/ P O

χ/ ⅞ Ag

Vc-0 9 9
A A * ? ζ ∙≈=e CO2 + Ag (l∙)

∣ ∣ 0 0
Ag Ag ' ' AgFIGURE 7.6 Mechanism of the interaction of silver surface with oxygen and ethylene [38].
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290 Bielanski and HaberEthylene is reversibly adsorbed on Ag+ (d) ions or irreversibly adsorbed on the two types of adsorbed oxygen species: molecular and atomic (reactions e and f). Reaction e leads to the formation of peroxo intermediate which then decomposes giving off ethylene oxide and leaving the surface covered with adsorbed atomic oxygen species. These react with gaseous ethylene (reaction f) to form adsorbed alcoxy radicals, which either isomerize and desorb as acetaldehyde (reaction g) or interact with another adsorbed oxygen atom to form glycoxide intermediate (reaction h), which further oxidizes to the products of total combustion (reaction i).
E. Manufacturing ProcessesThe large-scale operation of the oxidation of ethylene over a silver catalyst requires a very strict control of reaction conditions so that while maintaining an adequate production rate the formation of waste­ful CO2 and H2O becomes as limited as possible. A compromise must be found between several contradictory requirements. The flammable limit of ethylene in air is about 3%. Above that concentration oxygen must be limited to a relatively low concentration, depending on pres­sure, temperature, and gas composition. On the other hand, the higher the oxygen partial pressure the better is the probability of ethylene oxide formation, so that considerations of how close one should approach the dangerous flammable limit involve balancing safety with the benefits in productivity.As ethylene oxide is the intermediate compound in the series of consecutive steps in the oxidation of ethylene to carbon dioxide and water, the selectivity of its formation decreases as conversion of ethylene is increased by raising temperature or contact time. Thus a low conversion per pass of ethylene is required to attain high enough Selectivities. However, the relatively high cost of ethylene dictates the need for its overall conversion greater than 85—90%, which may be attained by recycling a large fraction of the reactor effluent after scrubbing to remove ethylene oxide. Nitrogen accumu­lates in the recycle gas and must be purged, but the purge gas still contains a significant quantity of unconverted ethylene. A reasonable compromise may be attained by introducing a second purge reactor system, operating at lower ethylene concentration and higher conversion per pass. In order to avoid construction of a purge reactor different in size from a primary reactor, the purge gas from 5—10 primary reactors running in parallel is used to feed one purge reactor.Many of these difficulties can be avoided by using oxygen in­stead of air. This offers major advantages in terms of reaction kinetics and eliminates the large nitrogen stream entering the system with oxygen, reducing the amount of purge gas to such an extent that the use of a purge reactor is no longer necessary. A single-

http://chemistry-chemists.com



Oxidation of Aliphatic Hydrocarbons 291stage reactor system can thus be operated at a high ethylene con­centration and a low conversion rate per pass, with inherent selec­tivity and productivity advantages over a two-stage air-based pro­cess, compensating the cost of oxygen production.The most important factor in the design of ethylene oxidation reactors is the efficient and economic removal of reaction heat while maintaining high productivity and good selectivity. It should be borne in mind that the heat evolved in the total oxidation of both ethylene and ethylene oxide [Eqs. (7.2) and (7.3)] is one order of magnitude greater than the heat of the formation of ethylene oxide [Eq. (7.1)]; therefore, even small changes of selectivity may cause the reactor to run away if the removal of heat is not controlled efficiently enough. Therefore all commercial processes operate with a multitude of packed-bed reactors. Cooling is accomplished either by circulating heat transfer fluids or by boiling organic fluids. The use of newer, more active catalysts operating at lower tempera­tures permits the direct cooling with water boiling in the reactor shell; the generated high-pressure steam is applied for further use. The first commercial production based on an air oxidation process was started at Union Carbide in 1937, followed by Halcon/Scientific Design in 1940. Oxygen-based direct oxidation was put into opera­tion by Shell in 1958 [10,30,39].
III. OXIDATION OF PROPENE TO ACROLEINA. General PropertiesThe heterogeneous catalytic oxidation of olefins to aldehydes started with the discovery of the oxidation of propene to acrolein over cuprous oxide by Hearne and Adams [40]. This process was later commercialized by the Shell Chemical Company. Detailed studies of the kinetics and mechanism of the oxidation on copper oxides followed [41—43], much attention having been paid to the redox behavior of copper oxides in the course of the catalytic reaction. However, the modern era of the now worldwide application of catalytic oxidation of olefins to produce aldehydes began with the introduction of bis­muth phosphomolybdate catalyst for the oxidation of propene to acrolein by Veatch and coworkers [44,45], and in the presence of ammonia, to acrylonitrile by Idol [46], both processes having been carried to commercial operation by SOHIO. It was also shown by Hearne and Furman [47] that diolefins could be made from C4 and higher olefins by oxidative dehydrogenation over bismuth molybdate catalyst. Since then the number of studies on olefin oxidation has increased very rapidly and many different catalytic systems have been developed and introduced into industrial use. Tables 7.3 and 7.4 summarize some of the patented catalysts for the oxidation of
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>nt 1920247 (1970); 2U. S. Patent 3,825,600 (1974); 3FRG Patent 2020791 (1970); 4Belgian .974); 5Japan Patent 48-16450 (1973).

3 Active Phase in Multicomponent Metal Oxide Catalysts for the Oxidation of Propene n
n, Temp. of reaction Composition of the feed, % (vol) Conversion Select, to acrolein Yield of acrolein(oC) C3H6 Air H2O (%) (%) (%) Bι, Mn, , Co, Te 300 5.4 64. 6 30 84 74 63li, W, Si 250-450 4-7 51 40-45 96 90-93 88
θ > Fe, K 330-350 6 56 38 94 81 76
e, Ni, Mg 350 4 50 46 98 95 85
o, Fe, K 300 6 48 46 87 97 89
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4 Active Phase in Catalysts for Ammoxidation of Propene to Acrylonitrile
n5 Temp. of reaction (oC)

Composition of the feed, % (vol) Conversion (%) Select, to acrylonitrile (%) Yield of acrylonitrile (%)C3H6 NH3 Air500 7.4 8.5 66.4 He17.7 O2 26.9 75.3 20.3
, Co, Fe 450 3.5 4.5 92.0 92.2 73.0 68.2450 8.0 9.3 82.7 91.5 77.0 70.8o, P 450—490 8.5 81.5 10.0 96.0 74.0Io 440 84.0 65.0500 7.0 8.5 84.5 55.9 62.3, Te 480 5.0 5.0 90.0 93.0 82.0 77.0e, Co, 480 3.5 4.5 92.0 97.0 78.0 76.0
fen. 2,013,915 (1970); 2-Jap. Pat. 45-35287 (1970); 3-Jap. Pat. 71,03,438 (1971); 4-Ger.(1972); 5-Franch Pat. 1,538,997 (1968); 6-Ger. Offen. 2,163,319 (1972); 7-Jap. Pat. 47■Ger. Offen. 2,104,016 (1971).
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294 Bielanski and Haberpropene to acrolein and ammoxidation of propene to acrylonitrile, respectively. It is noteworthy that all of these catalyst formulations contain at least two metal oxides, one of them being usually molybde­num or tungsten oxide.
B. Mechanism of the Activation of Propylene MoleculesIt is now well established [3,8] that the first step of the allylic oxidation of propene to acrolein consists of the abstraction of α- hydrogen and formation of a symmetric allylic species, which uses its π orbitals to form a σ bond with the metal cation at the oxide surface. McCain et al. [48] showed that in the oxidation of 1-1^C- prop-l-ene, both ends of the molecule could be converted to the carbonyl group of acrolein with equal probability. Isomerization of labeled propene before the addition of oxygen was shown to be negligible, so it was concluded that the first step of the oxidation must involve the reaction:

CH2=CH-CH3 — > CH2-CH-CH2
This conclusion was confirmed by Sachtler and de Boer [49] who used l-l^c-prop-l-ene, 2-l^C-prop-l-ene, and l-l^C-prop-2-ene molecules. Acrolein formed as the result of propene oxidation was decomposed photochemically:

H2C=CH-CHO ---- H2C=CH2 + co
and the radioactivity of the products was determined. In the case of 14cH2=CH—CH3 and CH2=CH—l^CH3 molecules the radioactivity was evenly distributed between CH2=CH2 and CO, whereas after oxidation of CH2=-^^CH—CH3 the activity as found only in the un­reacted propene molecules and in CH2=CH2. This clearly indicates that dissociative chemisorption takes place in the first step, result­ing in the formation of symmetric allyl species, with both terminal carbon atoms having an equal chance of forming a C=O bond. Confirmation of this mechanism was obtained by Adams and Jennings [50] using propene labeled with deuterium in various positions.Adams [54] examined the behavior of a large number of C3—Cg olefins of various structures. The initial products were mainly con­jugated dienes and unsaturated aldehydes formed with high selec­tivity. He found that monounsaturated aldehydes were formed only in the case of olefins of the structure:RCH9=C-CH7Z о
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Oxidation of Aliphatic Hydrocarbons 295Where allowed, conjugated dienes were formed at a much faster rate than the conjugated unsaturated aldehydes from the same molecule. As discussed above, the initial step involves hydrogen abstraction from the methyl group adjacent to a double bond (α position) to form a symmetric allyl intermediate. A study of the kinetic isotope effect in the oxidation of propene has shown that this is the slow step. The probability of initial removal of allylic hydrogen is deter­mined in part by the relative strength of this bond.Skeletal isomerization normally does not occur under the condi­tions of catalytic oxidation, so that the rates and Selectivities depend on the structure of the olefin, i.e., the position of the double bond and the nature of the substituent. Tertiary α-hydrogens are more reactive than secondary, which in turn are more reactive than pri­mary hydrogens (Table 7.5). The effects of olefin structure on reactivity in oxidation are very similar to those reported for hydro­gen abstraction by free radicals [56].As in the majority of partial oxidation reactions, the first step consisting of activation of the hydrocarbon molecule is the rate­determining one and studies of the kinetics of these reactions cannot yield any information on the next stages of the reaction. One of the ways by which further steps of the oxidation reactions could be studied in more detail is to bypass the first step by generating the allyl radicals in situ in the catalytic reactor by some other route. This was effected by using allyl halides and allyl oxalate [51,52] or
TABLE 7.5 Bond Dissociation Energies of OlefinsBond D (kcal mol"l)H--H 103CHβ-н 102Ii-C3H7-H 99I-C3H7-H 94
1-c4h9-h 90CH2=CH-H 105CcHc--H 103CH2=CH-CH2-H 77CcHc--CHo-H0 5 z 77
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296 Bielanski and Haberazopropene [53], which readily decompose into allyl radicals. A new facile route of the production of allyl radicals is thus provided mak­ing possible the examination of the conditions, which are necessary for the insertion of oxygen in the next step of the reaction. Com­parison of the behavior of propene and allyl compounds thus enables the identification of surface sites responsible for the activa­tion of hydrocarbon molecules and those which are involved in the insertion of oxygen in the second step of the reaction. The way of reasoning will be illustrated by studies of the reactions of propene and allyl iodide on Bi2O3, MoO3, and Bi2MoOβ [51], their results being summarized in Table 7.6. When allyl iodide is passed over MoO3, at 310oC practically total conversion is observed with 98% selectivity to acrolein. Under the same conditions MoO3 is completely inactive with regard to propene. On contacting allyl iodide with Bi2O3 total conversion at 310oC was also observed; however, in this case 70% of the product formed was 1,5-hexadiene, with practically no acrolein being detected. Comparison with the results for homo­geneous reaction indicates that hexadiene was formed mainly as the result of heterogeneous reaction at the surface of Bi2O3 because at 310oC only about 20% conversion is observed in homogeneous re­actions. 1,5-Hexadiene as the principal product was also obtained in the reaction of propene on Bi2O3. These results led to the con­clusion that in the case of Bi2θ3~MoO3 oxidation catalysts the role of Bi centers consist of the generation of allyl species. When no other centers are present at the surface, these species recombine to give hexadiene irrespective of whether they are formed from propene at Bi centers at the surface of the catalyst or generated in situ in the reactor as the result of the decomposition of allyl iodide. The situation is different in the case of MoO3. Its surface contains active centers which are able to perform the insertion of oxygen into the organic molecule, but no centers are available for the effi­cient generation of allyl species. MoO3 is thus inactive in propene oxidation. However, when such species are formed by some other route, their total conversion to acrolein at the MoO3 surface takes place.An efficient catalyst for the oxidation of propene to acrolein is characterized by two functions: activation of propene by formation and bonding of allylic species, and insertion of oxygen into these species. In complex oxide catalysts these functions are played by different lattice constituents, as Bi-O and Mo-O polyhedra. The overall reaction network consists of a series of consecutive and parallel steps:
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TABLE 7.6 Interaction of Propene and Allyl with MolybdatesPropyleneYield (%) Temp. -------------------------------------------------- TempCatalyst (oC) Hexadiene Benzene Acrolein (oC)Bi2°3 480 8.6 — — 310
MoO3 480 — — — 310
BioMoOcZ O 460 — — 13.0 310Mg2Mo3Oll 480 — — 1.0 370MgMOO4 480 — — — 400

Allyl iodideYield (%)aPropene Hexadiene Benzene Acrolein— 70.0 — 5.0(2.0) (8.0) (-) (~)— — — 98.0 (“)— 12.0 1.0 15.015.0 10.0 — 25.0(25.0) (25.0) (2.0) (0)61.0 0.7 1.3 —(62.0) (7.0) (7.0) (0)aNumbers in parentheses are for the homogeneous reaction. Source: Ref. 51.

Oxidation of Aliphatic Hydrocarbons 
297

http://chemistry-chemists.com



298 Bielanski and Haberallyl radicalspropene ———> allyl intermediate ———> acroleinBi v 1,5-hexadieneBibenzene
The acrolein/diene ratio depends on the ratio of the rate con­stants. In the case of the oxidation of propene, its adsorption (which is equivalent to its activation to allylic intermediate) is rate determining [54]. In such conditions the surface of the catalyst is sparsely populated with allylic intermediates, which immediately react to acrolein, the selectivity to this product being thus very high. However, when the surface is contacted with allyl radicals generated in the gas phase by decomposition of allyl iodide, the coverage of the surface with adsorbed allylic intermediate may attain much higher values and the probability increases that two such species will be adsorbed at adjacent centers and recombine to form 1,5-hexadiene. In fact Table 7.6 shows that the reaction of allyl iodide at the sur­face of Bi2MoOθ results in the formation of certain amount of 1,5- hexadiene and benzene, and consequently much lower selectivity to acrolein than that observed in the oxidation of propene. When active centers for oxygen insertion are removed by replacing molybdate anions with, say, phosphate, the reaction path to acrolein is elimi­nated and a high conversion to benzene is observed [55].Direct evidence of the formation of allylic species and their role as intermediates in the mild oxidation of propene to acrolein was provided by the studies of IR spectra of propene adsorbed on cata­lysts for partial and total oxidation [57—59]. It was found that on Cu2O, CuO, and CuO-MgO solid solution [58] propene is adsorbed reversibly giving an IR band at 1440 cm"l assigned to ∖>as C_— C-C_ in the π-allyl species and irreversibly in the form of the π complex, responsible for the appearance of ∖>c=c at 1510 cm"l. The inten­sities of the absorption band characteristic of the π-allylic surface complexes C-C_—C_ increase with rising concentration of copper. Also increased was the amount of acrolein formed from propene. This is shown in Fig. 7.7 in which the rate of the oxidation of pro­pene to acrolein, the amount of reversibly adsorbed propene, and the intensity of the band at 1440 cm" 1 assigned to π-allylic species are plotted as the function of the CuO content in CuO-MgO catalysts.
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Oxidation of Aliphatic Hydrocarbons 299Thus it may be concluded that complexes of the allylic type which are weakly adsorbed at the surface are indeed the intermediates in the formation of products of partial oxidation.Important evidence substantiating the assumption that a poly­hedron composed of a cation coordinated by oxide ions, located at the surface of a metal oxide, may indeed be considered as an active site for activation of the hydrocarbon molecule was quite recently obtained by using model catalysts prepared by supporting isolated Bi3+ ions at the surface of MoO3 crystallites [60]. Analysis by XPS confirmed that these ions are indeed located in the surface layer. Catalytic activity of a series of such catalysts containing different amounts of supported Bi^+ ions was then determined in the oxidation of propene and allyl iodide by using the pulse technique. The only products obtained from the propene plus oxygen mixture were acro­lein and products of total combustion, whereas only acrolein was obtained when allyl iodide was introduced. Figure 7.8 shows the

FIGURE 7.7 Rate with respect to acrolein (1), the adsorption value of propene in the reversible form (2), band intensity of a π-allylic complex (3) versus catalyst composition [58].
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300 Bielanski and Haberyields of acrolein and CO2 as the function of the concentration of Bi3+ ions at the surface of MoO3 crystallites, expressed in terms of surface coverage. The yield of acrolein observed when allyl iodide was introduced was constant and independent of the number of bis­muth ions and was identical to the value observed for the pure MoO3. This is in agreement with the above-mentioned conclusion that the lattice of MoO3 is very efficient in adding oxygen to allyl species once they have been generated, e.g., by decomposition of allyl iodide in situ in the catalytic reactor. The yield of acrolein from propene increases at first proportionally to the number of these ions. This indicates that isolated Bi^+ ions serve as active centers which convert propene into allylic species. At higher surface coverages the yield of acrolein levels off, attaining a constant value independent of further increase of the amount of supported bismuth. This is due to the formation of a thicker and thicker layer of bismuth molybdate phase at increasingly higher Bi^+ loadings.

surface coverage with bismuth, monolayersFIGURE 7.8 Yield of acrolein and CO2 in oxidation of propene and allyl iodide as function of coverage of the MoO3 surface with bismuth ions [60].
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Oxidation of Aliphatic Hydrocarbons 301It should also be noted that the amount of CO2 formed in the course of the reaction remains constant for all catalysts independent of the amount of supported Bi^+ ions. This clearly indicates that complete oxidation of propene takes place at active centers different from those responsible for the activation of propene in the first step of its selective oxidation to acrolein and does not result from the consecutive oxidation of acrolein but is formed in a parallel reaction. The rate of CO2 formation is not limited by the activation of hydro­carbon in agreement with the classification of total combustion as an electrophilic oxidation (see Chapter 4).An important question should be raised at this point as to whether the Bi ions in the model catalysts uniformly cover the whole surface of the support crystallites or are deposited only on certain planes. In answer to this question an experiment was carried out [60] in which large, plate-like crystallites of MoO3 were suspended in the solution of Bi(NO3)3 at a concentration sufficient to form a multi­layer deposit of Bi^+ ions, and then annealed in the same condition in which the model catalysts were obtained. Micorgraphs of two parts of a platelet are shown in Fig. 7.9. It may be seen that the basal (010) crystal plane of MoO3 remained practically unchanged, whereas at the side on the (100) and (001) planes a new phase is clearly visible. STEM and EDAX as well as X-ray diffraction analyses revealed that this phase represents the α phase of bismuth molybdate Bi2(MoO4)3 with the scheelite structure. At those locations on the (010) plane, where steps and kinks were present, Bi ions were deposited on the (100) and (001) fragments exposed at these steps. A conclusion may thus be formulated that on impregnation no adsorp­tion takes place on the basal (010) crystal plane, whereas bismuth ions are adsorbed selectively only on the crystal faces perpendicular to the basal faces, e.g., on (100) or (001). As this phenomenon of crystallographically specific deposition is of more general significance for the preparation and behavior of oxide catalysts, it will be exam­ined in more detail later.
C. Quantum Chemical Description ofthe ActivationSeveral attempts have been undertaken in recent years to use quan­tum chemical methods to obtain more information as to which proper­ties are required for the active centers of oxide catalysts to abstract the hydrogen atom from the olefin molecule and generate the allylic species. Haber et al. [61,62] carried out the SINDO quantum chemi­cal calculations of the interaction of propene with the surface of the oxide catalyst. A complex consisting of cobalt or magnesium ion surrounded by five oxygen atoms and the propene molecule as the sixth ligand in octahedral coordination has been used as a model of the active center at the catalyst surface. Curve I in Fig. 7.10 shows
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302 Bielanski and Haber

FIGURE 7.9 Micrographs of the MoO3 platelet after impregnation with Bi^+ ions and annealing. (010) plane with: (a) (100) edge, magnification 200x, and (b) (100) and (001) edges, magnification 130x [60].
the total energy as a function of the distance of propene molecule from the plane of cobalt complex. A minimum, appearing at the distance of 1.95 A, corresponds to the formation of a stable inter­mediate surface complex. The dotted line represents the change of total energy of the system when not the whole propene molecule but only the allylic species is being removed from the surface, one hydrogen atom remaining at the surface attached to an oxygen atom. Apparently, this process is energetically much more favorable than removal of propene.Curves II and III represent the diatomic contributions Едв of the C—H and O—H bonds, respectively, to the total energy plotted as a function of the distance of the propene molecule from the plane of cobalt complex. It may be seen that on approach of the propene molecule to the complex, the C—H bond is being continuously de­stabilized, whereas the strength of the O—H bond increases reaching a maximum value at the distance of about 2.1 A. When the allyl
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FIGURE 7.10 Total energy (curve I) and diatomic energy contribu­tions of C-H (curve II) and O-H (curve III) interactions as well as charge on hydrogen atom (curve IV) as a function of the distance of the propylene molecule from the plane of the cobalt complex. Dotted curves refer to allyl species [61].
species is now removed from the surface, the O—H bond is further strengthened (dotted part of curve III), its energy attaining -17.2 eV, which agrees very well with the value of -18.8 eV obtained for the O—H bond in (H3O)+. These results clearly indicate that on contacting propene with the surface of cobalt oxide, its reactive chemisorption takes place, in which the C—H bond becomes cleaved and an intermediate adsorption complex of the allyl type is being formed. It is noteworthy that in the course of the approach of the propene molecule to and the removal of the allyl radical from the surface, the charge on the moving hydrogen atom remains practically constant and amounts to about +0.7 (curve IV in Fig. 7.10). This indicates that the movement of hydrogen along the reaction path may be visualized as composed for two operations—transfer of a proton from the olefin molecule to a surface oxide ion:CH2=CH-CH2-H + Oz (s) -----> [CH2=CH=CH2] + OH

http://chemistry-chemists.com



304 Bielahski and Haberwhich may be considered as an acid-base reaction, and the electron transfer from adsorbed allyl to the metal cation of the catalyst lattice to render the allyl species positive and susceptible to the nucleo­philic attack of oxygen:
[ CH2=CH=CH2] + 2M-+ ----- > [CH2-CH-CH2]+ + 2M+(-"D. * * * * 1)

D. Nucleophilic Addition of OxygenNucleophilic addition of oxygen to an activated olefin molecule result­ing in the formation of aldehyde or acid may be performed by manydifferent oxides, provided that centers exist at the oxide surface which are able to activate the hydrocarbon molecule. However, there is a fundamental difference in the catalytic behavior of oxides and oxy salts of group V, VI, and VII transition metal oxides, as com­pared to other transition metal oxides and their oxy salts of maingroup elements [64]. As an illustration Fig. 7.13 shows the cata­lytic properties of nickel phosphate and nickel molybdate in the oxidation of propene as a function of the reaction temperature [ 65 ].In the case of such compounds as NiO or Ni3(PO4)2 high selectivity to acrolein is observed only at low temperature, when the overall activity is low. On rising temperature, selectivity to acrolein drops

which is a redox process.A different approach was adopted by Anderson et al. [63], who based their discussion on the results of the ASEO-UO calculations of the energy band structures of Bi2Mθ3θ22^θ^ cluster taken as a model of α-bismuth molybdate surface, and Bi4Mo2O28^2- cluster representing the fragment of the layered γ-Bi2MoOβ structure. It was assumed that it is a Coordinatively unsaturated Mo^I site where the reaction starts by adsorption of propene and the bonding inter­actions between different propene orbitals and orbitals of Mo^I, O^", and BiIH of the clusters in consecutive steps of the transformation of propene to acrolein were discussed. Figure 7.11 shows the model of propene adsorption on a Bi2Mθ3θ20^^" cluster representing the α-bismuth molybdate surface, and Fig. 7.12 the respective bonding interactions between the adsorbed propene molecule and a surface MoVI cation. The bonding is predominantly π-donation from the π-bonding orbital of propene to the empty dz2 orbital of molybdenum. There is no significant Mo 4d backbonding into the propene antibond­ing π* orbital because the d band is empty. If the adsorbed propene molecule is now rotated until the out-of-plane methyl C—H bond is directed toward an oxygen anion coordinated to bismuth, this bond becomes activated by forming a three-center CH—O σ-donation bond. This leads to the transformation into π-coordinated allyl and the OH“ group.
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FIGURE 7.11 Reaction of propene on a cluster model of an α-bismuth molybdate surface: (a) adsorption, (b) transition state, (c) allyl and OH [63].
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306 Bielanski and Haber

FIGURE 7.12 Bonding interactions between adsorbed propene and a surface Mo VI cation [63].
rapidly and CO2 appears in increasing quantity. It may be concluded that at higher and higher temperatures the dissociation pressure of the oxide increases, oxygen adsorption equilibria shift toward the formation of electrophilic oxygen species, and total oxidation becomes the predominant process.An entirely different picture is obtained in the case of nickel molybdate. At lower temperatures the main products are acrolein and acetaldehyde. However, when the temperature is raised, the amount of acetaldehyde decreases and the amount of acrolein in­creases, appearing with higher and higher selectivity so that at about 500oC acrolein becomes practically the only product. As shown in Section III.B of this chapter, active and selective oxidation cata­lysts must perform two functions: activate propene and insert nucleophilic oxygen into the activated species, this latter function being very efficiently performed by group V, VI, and VII transition metal oxides and the corresponding anionic sublattices in their oxy­salts. A question may be raised as to which properties of these oxides are responsible for the very high activity and selectivity involved in the insertion of oxygen. The chemistry of such elements as vanadium or molybdenum is dominated by the consequences of the 
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Oxidation of Aliphatic Hydrocarbons 307considerable extension of their d orbitals and positions of the d- electron redox potentials relative to the anion valence band edge [66]. In the octahedral coordination of oxide ions, in which d⅛p3 hybridized orbitals are used by the metal to form σ bonds, the remaining dxy, dyz, and dxz orbitals extend far enough to consider­ably overlap with the ττ-p orbitals of oxygen. As the result π bonds with oxygen atoms are formed and the cation becomes displaced from the center of the octahedron toward terminal oxygen atoms. The softness of the metal-oxygen potential is the cause of large cation displacement polarizabilities, which give rise to the high relaxation energy. As a result it becomes energetically more favorable for such an oxide to change on reduction the stoichiometry by the change of the mode of linkage between the coordination polyhedra instead of generating the point defects, the usual mechanism responsible for the nonstoichiometry of transition metal oxides. Namely, removal of

FIGURE 7.13 Selectivity of the oxidation of propene to acrolein, acetaldehyde, and CO2 on NiMoO4 and Ni3(PO4)2 as a function of temperature.
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308 Bielanski and Haberoxygen ions from the lattice group V, VI, and VII transition metal oxides results in the formation of ordered arrays of oxygen vacan­cies, followed by a very facile rearrangement of the layers of initially corner-linked metal oxygen octahedra into an arrangement of edge- linked Octahedra, resulting in the formation of a shear plane. The mechanism of such crystallographic shearing is illustrated in Fig.7.14, this phenomenon being responsible for the characteristic chemi­cal properties of this group of oxides [67]. It may be expected that on raising the temperature the rearrangement of the corner- linked metal-oxygen polyhedra into an edge-linked array proceeds more and more readily, in particular at the surface of the oxide, providing a facile and efficient route for the addition of a nucleo­philic lattice oxygen into the hydrocarbon molecule [64] without the generation of point defects which could be involved in the formation of electrophilic oxygen species and create a pathway for a stray reaction of total combustion. The mechanism of such nucleophilic insertion of oxygen is shown in Fig. 7.15. Results of experiments with different tungsten oxides [68] as well as quantum chemical

FIGURE 7.14 Formation of a crystallographic shear plane.
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Oxidation of Aliphatic Hydrocarbons 309calculations [42,43] supplied strong evidence for the conclusion that the ability of group V, VI, and VII transition metal oxides to form different types of bonding between the coordination polyhedra indeed plays an important role in determining the mode of their operation in nucleophilic addition of oxygen into activated organic molecules.The most widely used partial oxidation catalysts are based on MoO3 and its compounds. MoO3 has a layer structure, in which MoO3 octahedra are linked together by edges to form a double zig­zag chain; the chains are linked through corners into infinite sheets [69]. Each octahedron has one unshared corner, the free corners in one layer pointing down between those of neighboring layers. The idealized structure may be considered as fee oxygen packing with Mo in one-third of the octahedral interstices. The left side of Fig. 7.16 shows (010), (100), and (001) projections of the arrange­ment of octahedra, and the right side of Fig. 7.16 illustrates the idealized arrangement of molybdenum and oxygen atoms on the appro­priate crystal planes. On the (OlO) plane all molybdenum and oxy­gen atoms are Coordinatively saturated and therefore this plane, in the absence of defects, is inert in chemisorption processes. A clean (100) plane contains coordinately unsaturated Moθ+ ions with one bridg­ing q2^ ion missing from their coordination sphere thus acquiring the formal uncompensated charge +1. This plane also contains unsaturat­ed bridging θ2" ions with one Moθ+ missing and a formal uncompen­sated charge of 1—. A compensation of local charge difference is achieved by dissociative chemisorption of water with proton going to oxygen and a hydroxyl group being attached to the Mo6+ ion; this re­duces the formal charge to zero. Analogous considerations show that the charges Mθ+ and O%~ ions exposed on the (001) plane would be +2/3 and -2/3, respectively; hydroxylation reduces these charges

÷ C3H4O

FIGURE 7.15 Mechanism of the nucleophilic addition of oxygen to activated hydrocarbon molecule [64].
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FIGURE 7.16 Idealized structure of the (010), (001), and (100) crystal planes in MoO3 [60].
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Oxidation of Aliphatic Hydrocarbons 311to —1/3 and +1/3. It may thus be concluded that in acid-base interaction only (100) and (001) planes of MoO3 will take part. Indeed, studies of the transformations of methanol on MoO3 mono­crystals revealed that acid-base type reaction takes place on the (100), (001) and (110) planes, as described in Section VIII of Chapter 4. This also explains why in the course of preparation of the model catalysts containing Bi^+ ions supported on MoO3, which were described in Section III.B, the Bi^+ ions were deposited only on the (100) and (001) planes, where they could react with the acidic hydroxyl groups and replace protons. The dehydroxylation of these planes on heating leaves the Moθ+ ions Coordinatively un­saturated, acting as electron traps liable to interact with oxygen mol­ecules generating active electrophilic forms. This may provide a route for electrophilic oxidation to saturated aldehydes and finally to total oxidation.An entirely different situation exists on the (010) crystal plane. As mentioned before, in the strong σπ bond of terminal Mo=O∣ on the (010) plane there is sufficient transfer of electron density onto the metal orbitals to render the terminal oxygen O∣ only weakly basic. Conversely, the exposed bridging oxygens are more basic and their lone pairs are capable of performing a nucleophilic attack on an organic molecule. These electron pairs form the HOMO at the surface of MoO3. Its LUMO is the Mo 4d [71], but this orbital is relatively inaccessible to the reactants of the catalytic reaction be­cause it is screened by the close-packed surface oxygen atoms. The HOMO and LUMO of allyl species are illustrated in Fig. 7.17. The HOMO in the allyl cation is the bonding three-nuclear π orbital, the LUMO consists of the nonbonding π orbital. The reaction between allyl species and MoO3 to form a chemisorbed species is governed by HOMO-LUMO interactions, of which there are two possibilities: (1) an electrophilic attack by the catalyst Mo 4d empty orbital on the allyl radical and (2) a nucleophilic attack by the surface bridging oxygen lone pair orbitals on the empty π orbital of allyl. In view of the inaccessibility of the Mo 4d orbitals and the more pronounced electron acceptor properties of the allyl cation or allyl radical, path­way 2 seems to be more probable, all conditions of the swift reaction being fulfilled.Indeed, by comparison of the behavior of propene and allyl compounds over MoO3 crystallites of different habit [72], it was possible to separate the two elementary steps of the selective oxida­tion: activation of propene molecules to form the allyl species and nucleophilic addition of oxygen. The yield of acrolein from allyl compounds was found to be a linear function of the surface area of (OlO) crystal planes (Fig. 7.18), indicating that it is at this plane where the addition of oxygen takes place.Strong evidence hinting at the role of bridging oxygens was obtained from the ESR spectra of MoO3 in the course of its interaction 
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312 Bielanski and Haberwith different atmospheres [73]. As an example, Fig. 7.19a shows the ESR spectra of MoO3 after outgassing at the temperature of 430oC for 5 min (curve A) and 35 min (curve B). Analysis of the values of the g tensor reveals the appearance of two different Mo^÷ centers: type A, formed at the early stage of the reduction and characterized by rhombically distorted square-pyramidal surrounding of axial sym­metry along the σπ double-bonded oxygen, and type B, of distorted octahedral symmetry and appearing in strongly reduced samples. Comparison of these results with the situation at the surface of MoO3 crystallites (Fig. 7.19b) leads to the conclusion that the only surface oxygen ion which can be removed leaving reduced molybdenum cation in square-pyramidal surrounding with double-bonded oxygen in the

FIGURE 7.17 The (a) LUMO and (b) HOMO of allyl species [136].
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Oxidation of Aliphatic Hydrocarbons 313

FIGURE 7.18 Yield of acrolein obtained on interaction of allyl com­pounds with MoO3 as function of the surface area of the (OlO) crys­tal face [72]. о-iodide, ∆-bromide, □-oxalate. Correlation factor = 0.992.
opposite apex is the surface oxygen bridging two adjacent octahedra in the double string of edge-linked Mo-O octahedra. When concen­tration of vacancies increases, crystallographic shear takes place and Mo^+ cations assume octahedral coordination along the shear planes. These results are consistent with the assumption that the side crystal planes which contain the acid-base sites are responsible for activation of propene, whereas nucleophilic addition of oxygen takes place on the basal (OlO) face. A general conclusion emerges that different steps of the multistep catalytic reaction may proceed at active centers located on different crystal planes, the intermediate species being transported along the surface. As the result a pro­nounced structure sensitivity of reactions on oxide catalysts may appear.
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314 Bielanski and HaberA question may be raised as to what extent the idealized struc­ture of the surfaces of MoO3 crystallites represent the real structure of MoO3 samples used in catalytic research. A detailed study of MoO3 single crystals with many sophisticated physical techniques such as LEED, XPS, UPS, and EELS revealed [73] that the basic (OlO) crystal plane of the oxidized sample is indeed stoichiometric and shows the same periodicity as that of the bulk. Heating MoO3 in vacuum to 600 K reduces the surface region, the O/Mo atomic ratio decreasing to 2.85. On sputtering the MoO3 lattice disorders, oxygen is lost and the final product is MoO2, as determined by XPS and electron diffraction. Annealing above 770 K causes the reappear­ance of the LEED pattern of the (010) plane of MoO3, and the valence band structure becomes indistinguishable from that of stoichiometric MoO3. As the only source of oxygen to replenish the surface is the bulk of the sample, so oxygen diffusion must be rapid. Re­cently it was claimed that very thin steps on the (010) plane of MoO3 platelets may be visible by the electron microdiffraction tech­nique [70].

(a) (b)FIGURE 7.19 (a) ESR spectra of MoO3 after outgassing at 430oC for 5 min (curve A) and 35 min (curve B); (b) Section of MoO3 lattice [ 8 ].
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Oxidation of Aliphatic Hydrocarbons 315E. Formation of AcroleinNucleophilic addition of oxygen to the allylic species results in the first step in the formation of a σ-bond between the allyl initially π-bonded to the metal cation and the lattice oxygen, situated at the surface of the catalyst. This adsorbed complex must now get rid of one hydrogen atom linked to the carbon atom of the C—O group, before it can be desorbed in the form of acrolein. In earlier studies [50] it has been postulated that the second abstraction of hydrogen precedes the addition of oxygen so that the latter step is directly followed by desorption of acrolein and formation of an oxygen vacancy at the catalyst surface. These two possible routes may be described by the following scheme:

Studies of the reaction of 2D- and I8O- labelled allyl alcohols enabled the discrimination between these two reaction pathways.It has been shown in the experiments [74] (Table 7.7) using l,l-d2-allyl alcohol in the presence and absence of pyridine, that on MoO3 and Bi2Mo3O∣2 catalysts the alcohol molecules react on Bronsted acid sites. What results is diallyl ether formation with scrambling of deuterium atoms via carbonium ion mechanism, and also on oxidizing sites, where scrambling also takes place via the formation and inter­conversion of two isomeric l,l-d2- and 3,3-d2-allyl alcoxides (Fig. 7.20) but is accompanied by the production of l-d- and 3,3-d2" acrolein, respectively. Accordingly, on unpoisoned MoO3 containing considerable number of Brbnsted acid centers at its side faces (100), (001), and (110) (see Section III.D), a very rapid isomerization of l,l-d2-allyl alcohol molecules takes place resulting in uniform distri­bution of deuterium atoms between carbon atoms 1 and 3. Allyl ether is formed on acid centers, whereas on oxidizing centers both isomers are oxidized to appropriately labeled acrolein molecules.
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TABLE 7.7 Product and Isotopic Distribution for Pulse Reaction of Allyl Alc0h0l-d2 and Pr0pene-d2 at 320oCa.
Catalyst Diluentc AA

Percentage yields*5 Acrolein (%)d AA (%)d

AA: solvent C3= Acrolein AA HD PhH AE l-d1 3,3-d2 l,l-d2 3,3-d2

MoO3 n-Octane 1,i-d2 1.7 4.4 30.1 38.2 7.1 1.5 19.0 41.8 58.2 56.7 43.3

MoO3 2-MPyr i,i~d2 1.7 0.6 27.4 64.5 6.9 0.0 0.8 56.0 44.0 72.2 27.8

MoO3 Pyr 1,1"d2 0.4 0.0 48.8 46.5 4.7 0.0 e 57.0 43.0 77.3 22.7

Bi2O3 ∙3MoO3 n-Octane 1,i-d2 1.7 25.1 37.0 30.2 3.8 3.1 0.8 52.0 48.0 73.0 27.0

Bi2O3 ∙3MoO3 Pyr i,i-d2 1.7 19.8 35.1 38.8 4.5 1.3 0.4 69.8 30.2 82.3 17.7

Bi2O3 ∙3MoO3 Pyr 1,1~d2 0.4 20.4 44.2 29.5 5.4 0.5 0.0 66.8 33.2 f f

Bi2O3 ∙3MoO3 Pyr l,l∕3,3-d2g 0.4 26.9 54.0 10.3 8.9 0.0 0.0 31.6 68.4 f f

Bi2O3 ∙ 3MoO3 Pyr 1,l∕3,3-d2g>h 0.4 6.0 20.0 70.4 3.6 0.0 0.0 f f 55.7 44.3

Bi2O3 ∙3MoO3 — C3=-l,l-d2i — 91.5 8.5 0.0 0.0 0.0 0.0 29.4 70.6 — —

a0.25-sec contact time, 0.7 catalyst, AA ÷ solvent = 32 μmole total, unless otherwise stated. 
*5Cβ= = propene; AA - allyl alcohol; HD = 1,5-hexadiene; PhH = benzene; AE = diallyl ether. 
c2-MPyr = 2-methoxy pyridine, Pyr = pyridine.
^Ratios by NMR.
eMasked by pyridine peak.
fNot enough collected to analyze by NMR.
£55:45 (l,l-d2:3,3-d2) mixture used.
^Contact time - 0.025 sec, 0.07 m^ catalyst.
5Feed = 24.5 μmole Cβ2^-l,l-d2; 3.0 cm^ (2.48 g, 4.2 m^) Bi2O3∙3MoO3: 15-sec contact tinme. 
Source: Ref. 74.
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Oxidation of Aliphatic Hydrocarbons 317When acid centers at the surface of MoO3 become poisoned by pyri­dine, allyl ether disappears from the products whereas the yield of acrolein remains unchanged indicating that oxidized centers have not been affected. Deuterium is no more uniformly scrambled between Ci and C3 atoms, and the ratio 77:23 of l,l-d2- and 3,3-d2-allyl alcohol reflects the operation of oxidizing centers, which simultane­ously isomerize the alcohol molecules and convert them to acrolein. It is noteworthy that the same ratio is observed in the case of Bi2Mo3O12 catalyst both in the absence and in the presence of pyri­dine. This is understandable in view of the fact that no acid cen­ters have been observed on the surface of this catalyst. Compari­son of the behavior of labeled 1,1 d2-propene with that of allyl alcohols indicates that only in the case of using the 1:1 mixture of l,l-d2- and 3,3-d2-allyl alcohol molecules is the ratio of the l-d∣-
Isomerization on acid site

1,1-d2 allyl 
alcohol

3,3 -draltyl 
alcohol

ISOMERIZATION ON OXIDIZING SITE

ABSTRACTION
OF SECOND HYDROGEN

D atom H atom
kD abstracted kH abstracted

HO ∣ z0H 
xMo

FIGURE 7.20 Reactions of deuterated allyl alcohol molecules at the surface of MoO3 catalyst [74].
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318 Bielanski and Haberand 3,3-d2 acrolein molecules produced similar to that obtained from l,l-d2-pr0pene. This observation is consistent with the conclusion that π-allyl species are formed in the first step of propene oxidation, the direct formation of the σ-bonded allyl alcoxide being impossible. There is equal probability that nucleophilic addition of oxygen will take place on either side of the allyl species, producing the two isomeric precursors of acrolein in 50:50 proportion.

Because of the kinetic isotope effect, the abstraction of H being more facile than abstraction of D, the theoretical ratio of rate constants amounts to ⅛∕k]} = 2.13. The observed ratio of l-d^- and 3,3-d2 acrolein is in agreement with these predictions.Our discussion of the consecutive steps in the oxidation of pro­pene may be now summarized in form of a mechanistic scheme, shown in Fig. 7.21, in which Bi2O3-MoO3 catalyst was taken as the example. In the first step, dissociative chemisorption of propene takes place through α-hydrogen abstraction by bridging the O%“ ion of basic character and formation of a ττ-allyl complex, linked to the bismuth ion. The allyl radical thus generated undergoes a nucleophilic attack by another bridging oxygen ion, that forming either the Bi-O—Mo or Mo—O—Mo bridge depending on the surface structure of the catalyst, and becomes σ-bonded to this oxygen ion as an allyl alcoxide (2). The allylic hydrogen of the latter now becomes split
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Oxidation of Aliphatic Hydrocarbons 319

FIGURE 7.21 Mechanism of the oxidation of propene on bismuth molybdate catalysts.
by the adjacent bridging oxygen ion in the concerted reaction result­ing in the desorption of acrolein and formation of an oxygen vacancy and an OH group (3). Dehydroxylation restores one of the Bi—O— Mo bridges, generating another oxygen vacancy. In an efficient catalyst the oxygen vacancies rapidly diffuse into the bulk and react with gas phase oxygen at some other surface site, the processes of generation of vacancies in the course of the catalytic reaction and their annihilation by reaction with gas phase oxygen are separated in time and space.
E. Ammoxidation of PropeneAmmoxidation of propene, i.e., its oxidation in the presence of ammonia,

CH9CH=CHo + NH9 + 3∕2Oo о Zo Z
400 460oC-sι ch2=chcn + 3^0 

shows a number of similarities to oxidation in the basic elements of its mechanism [75] (Fig. 7.22). Both reactions produce the same relative rates and isotopic distribution of allylic products of oxygen or nitrogen insertion, respectively, obtained from propenes D-Iabeled either in allyl or vinyl positions, indicating the k∩∕kj) value of 1.82 [50], which is nearly the theoretical maximum at this reaction tern-
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320 Bielanski and Haber
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FIGURE 7.22 Comparison of oxidation and ammoxidation over Bi2Mo3O12 catalyst at 460oC [75].
perature. Moreover, both reactions have the same overall activation energy. These observations indicate a common rate-determining step, which is the α-hydrogen abstraction, described in detail in Section III.B. This is followed by nucleophilic attack of NH^" species on the π-allyl.Ammoxidation must usually be carried out at temperatures higher than oxidation. At 320oC the oxidation of propene to acrolein pro­ceeds with high conversion and selectivity of almost 100%. The addition of ammonia at this temperature causes a dramatic decrease in conversion, indicating that the surface becomes poisoned. The poisoning effect disappears at higher temperatures, so that at 430oC conversion remains high independent of the increasing ammonia pro­pene ratio, and selectivity to acrylonitrile increases slightly with this ratio.It should be borne in mind that the nucleophilic attack of NH^- species on the ,ττ-allyl results in the formation of an intermediate allyl σ-bonded to the NH^-. Its conversion to nitrile requires re­moval of three hydrogen atoms. At the surface populated by NH^" ions the removal of two hydrogen atoms may be carried out by the adjacent NH^” ion to form an NH3 molecule, with the last hydrogen being taken away by an O^“ ion, diffusing from the subsurface layer to fill the vacancy left by desorbed ammonia. It may then be expected that ammoxidation would require two ammonia molecules per 
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Oxidation of Aliphatic Hydrocarbons 321propene molecule. At constant propene pressure the ratio of acrylo­nitrile and acrolein in the products should thus be proportional to kjQτ NH^∕kθ TQ, where км and ko are the rate constants of the nucleophilic addition of NH^ " and O^" to the allylic species, respec­tively, and τjQH an^ τO are the surface coverage with NH^” and q2“ ions. As indicated by the results of Table 7.8, т^н + τO ~ 1> the ratio of acrylonitrile to acrolein should thus be proportional to the pressure of ammonia or, at constant propene pressure, also to the ratio of ammonia and propene pressures. Indeed the acrylonitrile- acrolein product ratio obtained on the multicomponent molybdate catalyst is a linear function of the (NH3)2∕C3Hθ ratio [75].Interesting results were obtained by comparing the results of ammoxidation of D-Iabeled allyl alcohol and allyl ammine [74]. Both l,l-d2- and 3,3-d2-allyl alcohols gave the same nitrile product com­position containing 70% of 3,3-d2- and 30% of do-acrylonitrile mole­cules. The authors point out that the formation of a common inter­mediate of the π-allyl type must be postulated in which equal prob­ability of C—N bond formation on either side of the allyl species occurs, which is similar to C—O bond formation in propene oxida­tion. In this case, however, the process requires the rapid migra­tion of the carbon bond from oxygen to nitrogen at the catalyst surface, and then the rapid isomerization of the allyl species σ- bonded to NH^" ions, through a π-allyl intermediate.

TABLE 7.8 Interaction of Propene and Ammonia Pulses over Bi^+∕MoO3 CatalystaTime lag between NH3 and C3Hg pulses(s) Yield (%) Conv. (%) Selectivity (%)C2H3CHO C2H3CN C2H3CHO C2H3CN3 — 6.92 7.9 — 87.615 2.64 4.44 8.0 33.0 55.525 4.36 2.81 8.0 54.5 35.140 5.95 1.70 8.1 73.5 21.060 5.95 1.71 8.0 74.4 21.2aCatalyst: BiQ 5∕MoO3. Conditions: 450oC, 1 ml NH3, 0.3 ml C3Hθ.Source: Ref. 60.
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322 Bielanski and HaberF. CatalystsA great number of different mono-, bi-, and multicomponent oxide systems have been studied as catalysts in allylic oxidation of propene and many of them have been patented. The most important are those based on two component oxides, one of these components being bis­muth, uranium, tin, or iron oxide, and the other component the oxide of molybdenum, tungsten, or antimony. These systems may form definite chemical compounds of the oxy salt type as bismuth molybdates and uranium antimonates, or they may constitute solid solutions as in the case of tin-antimony oxide. By far the most extensively studied are the catalysts based on Bi2O3 and MoO3, which serve as the basis for many of today’s highly active and selective commercial catalytic systems.1. Bi2O3~MoO3 SystemBismuth molybdate catalysts display extremely high activity and selectivity in both oxidation of propene to acrolein and ammoxidation of propene to acrylonitrile. As was described in Section III.B, the bismuth oxide component is responsible for the activation of a hydro­carbon molecule, whereas the role of the molybdate sublattice is to perform the nucleophilic addition of oxygen or nitrogen. The two oxides form several compounds of varying composition, but it has been established that superior catalytic properties appear only with­in the Bi/Mo composition range 2:3 and 2:1 [1]. Three different compounds exist in this composition range, which can be described by chemical formulas Bi2(MoO4)3 (phase α), Bi2Mo2Og (phase β), and Bi2MoOθ (phase γ). Upon heating the latter undergoes several polymorphic transformations. The γ phase has the layer structure of the orthorhombic koechlinite [76], made up of (Bi2θ2)∏^+ and (MoC>2)n2 units connected through O^“ ions. The idealized structure of the MoO2 sheet may be viewed as a two-dimensional ReO3-type layer of corner-sharing octahedra. The presence of layers provides low-energy pathways for the diffusion of oxygen vacancies, which makes the reoxidation of the catalyst to proceed with the activation energy of only 8—9 kcal mol"l.The α-phase Bi2(MoO4)3 crystallizes with a structure which can be derived from the scheelite structure (CaWO4) [77]. In the ABO4- type scheelite, the A cation is usually divalent and is eight-coordi­nated by oxygen, while the B cation is hexavalent and present in the structure in the form of discrete BO4 tetrahedra. When molyb­date or tungstate of tri valent metal cations crystallize with a schee­lite structure, three of the divalent A cations are replaced by two trivalent cations producing a cation vacancy in the structure. These vacancies may be disordered or ordered into different substructures. Thus, the α phase of bismuth molybdate is more accurately described 
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Oxidation of Aliphatic Hydrocarbons 323as Bi2∕3α1∕3MoO4, where □ represents a vacant cation site. The vacancy ordering in the α phase is such that some of the oxygen atoms are bonded to only one Mo cation at a distance of 1.68 A, which corresponds to an Mo=O double bond. All (MoC^)^" ions occur as pairs, Mθ2θg. Each Bi3+ secures its eightfold surrounding, all oxygens being shared with Mo anions.In the structure of the β-phase elements from the scheelite and koechlinite structures are combined [78]. The structure is built of square clusters of four MoO4 tetrahedra, Mo4O4β, bound together by Bi ions located halfway on the axis passing through the centers of the squares [87]. Some Bi cations are surrounded by eight oxygen ions from the MoO4 tetrahedra; in the coordination sphere of others oxygen associated only with Bi is also present. Thus, the structure may be visualized as composed of rows of oxygen ions, connected only to Bi cations, running parallel to the (Mo4O1θ)--Bi— (Mo4O∣β) units. These resemble the ribbons of Bi2O from the Bi2O2 layers in koechlinite. As emphasized by Matsuura [79], not all Bi sites are filled, but one in every four sites is empty. The structure may be thus represented by Bi(Bi3 □O2) (Mo4O∣θ), the first Bi being associated only with the (Mo4O∣β) units, and the Bi cations in parentheses being bonded to the oxygens associated only with Bi as well as to those shared with the (Mo4Oχβ) units. Schuit [87] drew attention to the fact that the changes occurring in the structure on passing from Bi2MoOθ through Bi2Mo2O9 into Bi2Mo3O∣2 are indi­cated by three features:1. Change in the Bi coordination, which in Bi-rich compound is essentially determined by the Bi2O2 layer structure, whereas in Mo-rich compound all oxygens of the cubic arrangement are shared by Bi and Mo.2. Change in the degree of clustering of the Mo-O polyhedra, which passes from an infinite two-dimensional ReO3 structure via Mo4Oiβ to Mθ2θg clusters.3. Gradual appearance of vacant cation sites.These differences are summarized in Table 7.9.One of the methods of characterizing the reactivity of oxygen in oxide lattices is the measurement of the rate and activation energy of the reduction of these oxides, with hydrogen often being used as the reducing agent. Figure 7.23 shows the kinetics of the reduction of α-, β-, and γ-bismuth molybdate as well as Bi2O3 carried out at 440oC in 29 Torr of hydrogen [88]. A linear dependence of the amount of hydrogen consumed on time was observed in all cases. The highest rate of reduction is observed in the case of Bi2O3, the reduc­tion of the γ phase is slower, and the β and α phases are the slowest. The reduction of MoO3 under these conditions is Unmeasurably slow.
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324 Bielanski and HaberTABLE 7.9 Structural Peculiarities of Bismuth Molybdate
Formula Number of oxygens bound only to Bi (per formula) Number of Bi3+ vacancies Degree of clustering of MoO4B12Mo3O12 1 2
bi2m°2°9 1 1/2 4BigMoOg 2 Infinite

FIGURE 7.23 Kinetics of the reduction of Bi2O3 and bismuth molyb­dates in 29 Torr of hydrogen at 440oC. I-Bi2O3, II-Bi2Moθ6, III- Bi2Mo2Og, IV-Bi2(MoO4)3 [88].
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Oxidation of Aliphatic Hydrocarbons 325Reduction may be described by the general equation:
9-

Oδ γ + Ho ---------- > H0O + V^surf 2 20where Vq is the oxygen vacancy. As the reaction was proceeding under quasi-isobaric conditions, the linear dependence of the degree of reduction on time indicates that the surface concentration of O^“ ions remained constant, i.e., the rate of diffusion of oxygen through the lattice must have been much higher than the rate of consumption at the surface. Under these conditions the rate equation simplifies to
-red ~ —^^H2

in agreement with the observed first order of the reaction with respect to hydrogen. The rates at 440oC and the activation energies of the reduction of Bi2O3, MoO3, and the three bismuth molybdates are Summerized in Table 7.10 [88]. It can be seen that the activa­tion energies differ considerably whereas the rates assume values of the same order. This indicates that the compensation effect takes place. In fact, the linear relation between the logarithm of the pre­exponential factor and the activation energy is well obeyed (Fig. 7.24).
TABLE 7.10 Rates and Activation Energies of the Reduction in Hydrogen at a Pressure of 29 TorrRate at 440oC
Catalyst cm3H (NTP)----------- :------- 10zg ∙mm ¾ct(kcal mol"l)B12°3 6.35 21.5Bi2MoO6(γ) 4.09 19.4Bi2Mo2Og(β) 2.90 29.0Bi2(MoO4)3(α) 2.36+3.04++ 32.6+27.1++MoO3 — 21+-Slow step; ++-rapid step. Source: Ref. 88.
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326 Bielanski and HaberSince in the course of the reduction oxygen ions are removed from the surface of the oxide, their bonds with the surface must be disrupted. The activation energy may be thus represented by the relation:E=E + a.q—act —o - ÷)where c[o is the energy of oxygen to surface bond, broken in the course of the reaction. The activation energy of the reduction with hydrogen may thus be taken as a measure of the oxygen bond strength in the catalyst. The data summarized in Table 7.10 indi­cate that the activation energies differ considerably for the three molybdates, suggesting differences in the strength of the oxygen bonding. Indeed, Bi2MoOβ with its layer structure has oxygen less tightly bonded than in the other two molybdates.Measurements of the rate of the reverse process of oxidation of prereduced oxides may in turn supply information on the mobility of
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FIGURE 7.24 Logarithm of the rate of reduction of Bi2O3 and bis­muth molybdates in hydrogen at 440oC as a function of the activation energy of reduction [88].
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Oxidation of Aliphatic Hydrocarbons 327oxygen ions in the oxide lattice. For mildly reduced bismuth molyb­dates the rate of reoxidation decreases in the order γ > β > α. At low levels of reduction, when oxygen vacancies are confined primarily to the surface, the energy barrier for reoxidation is 1—2 kcal mol"l. The values of the activation energy for reoxidation of more deeply reduced bismuth molybdates, summarized in Table 7.11 [89], show that the energy barrier for oxygen transport is much smaller in the γ phase than it is in the α or β phase.A large number of contradictory results were published concern­ing the catalytic properties of different bismuth molybdate phases. Margolis et al. [80] determined the specific rate constants for the formation of the major products in the oxidation of propene over α, β, and γ phase and found that the β phase was most active and selective, followed by α and γ phases. These results were essen­tially similar to those of Beres et al. [81] who also found that the β phase displayed superior properties, whereas the Dutch group
TABLE 7.11 Activation Energies for Catalyst Reoxidation (tempera­ture range = 320-460oC)
Catalyst Initial reduction (Atoms O × 1019 m2) Activation energy (kcal mol"l)Bi9Mo7O19 0.2 1.30.5 1.4 (430—460oC)1.4 24.5 (320—400oC)25.9B12Mo2O9 0.1 8.10.3 9.60.8 26.61.5 25.8Bi9MoOβZ о 0.2 1.20.5 0.7 (430—460oC)8.1 (320—380oC)1.3 7.9Bl3FeMo2O12 0.1 4.00.4 6.60.9 8.01.4 8.2Multicomponent catalyst 0.1 3.60.5 5.2 (430-460oC)27.1 (350—400oC)1.3 1.4Source: Ref. 88.
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328 Bielanski and Haber[82,83] obtained results indicating that the γ phase was equally good. In a more recent study Agaquseinova et al. (after ref. [137]) observed that in the oxidation of propene activity decreased in the order α > β > γ whereas the order of selectivity was β > α > γ . These results are at variance with those of Monnier and Keulks (after ref. [137]), who found the order of decreasing activity β > α > γ at approximately the same selectivity.It seems that these differences in assessment of the catalytic properties of the bismuth molybdate phases are due to the very high mobility of MoO3 on the one hand and to the considerable reactivity in the solid state of these phases on the other hand. As the result, dynamic changes of the surface structure may occur in the course of pretreatment and during the catalytic reaction. Indeed, the results of the photoelectron spectroscopic studies of the surface composition of the three bismuth molybdate phases after different vacuum and thermal treatments as well as after having worked in the catalytic reactor indicate [90] that on annealing in vacuum the surface layer of grains becomes enriched in molybdenum, whereas in the oxidizing atmosphere of the reacting mixture the composition of the surface remains the same as that of the fresh sample. There­fore the surface composition of the three molybdates will depend strongly on the redox properties of the gas phase, i. e., they may strongly depend on the conditions under which the catalytic reaction is carried out. This may be an important factor determining the catalytic properties of molybdate catalysts as indicated by the obser­vation that strictly stoichiometric molybdates are inactive in the oxidation of propene and the presence of excess MoO3 is necessary to render them active [79].As mentioned, ample experimental evidence was accumulated in recent years indicating that in the atmosphere of the reacting cata­lytic mixture the surface of bismuth molybdate catalysts shows the ratio of Bi/Mo to be about one independently of the composition of the bulk. This led Matsuura to postulate that bismuth molybdate multicomponent catalysts are covered by surface domains of Bi2Mo2O9 which constitute the catalytically active phase exposing the A-sites and В-sites responsible for the transformation of olefins [111]. As the abstraction of hydrogen from the hydrocarbon molecule and its desorption in the form of water or the insertion of oxygen from the catalyst surface into the hydrocarbon molecule take place at different sites than those at which the catalyst surface is reoxidized by gas phase oxygen, the efficient transport of oxygen between these two sites through the lattice is a condition of the operation of an active catalyst. Measurements of the rate of isotopic oxygen exchange between bismuth molybdates and cl^O2 indeed revealed that catalysts with high activity in oxidation also show high rate of oxygen exchange reaction, whereas exchange of oxygen hardly occurs with the cata-
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Oxidation of Aliphatic Hydrocarbons 329Iysts showing low activity in oxidation. The operation of such catalysts has been called by Matsuura a hydroponic type model [111].It should be borne in mind that the catalytic properties may be crucially dependent on the microstructural changes taking place at the catalyst surface in the course of its pretreatment or during the catalytic reaction. This may be of particular importance in the case of oxide catalysts, whose surface lattice oxygen ions are removed from certain surface sites in one step of the catalytic reaction and replaced by gas phase oxygen in another step of the reaction, not necessarily at the same surface sites. Such a redox-type mechanism requires a high mobility of lattice oxygen ions, which may facilitate the local restructuring of the surface.Important information concerning the microstructural surface transformations may be obtained by combining high-resolution elec­tron microscopy (HREM) with in situ dynamic studies as well as microanalytical methods (STEM and AEM) [91]. As an example, results may be quoted that were obtained by exposing the γ phase to C3Hβ in situ in the electron microscope. At around 400oC the formation of an ordered superstructure with spacing of 8.4 × 10.8 A was observed on the (001) plane of γ phase (Fig. 7.25). When the

FIGURE 7.25 In situ reduction sequence in C3H6 of γ-Bi2MoOθ: (a) sample at room temperature, (b) diffraction pattern, (c) sample at around 400oC with defects, (d) diffraction pattern showing supper­lattice. 1 MeV [91].
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330 Bielanski and Haber(010) samples of the α phase were analyzed in the same way, they also exhibited the superstructure with spacing of 8.4 × 10.5 A, simi­lar to that observed in the case of γ phase. Microanalysis indicated that this superstructure corresponded to a Bi/Mo ratio of 1:1. The diffraction patterns and the images of these superlattices were con­sistent with the diffraction patterns and images obtained in (101) projection of the β phase. Thus the appearance of the superstruc­ture may signify the formation of the β phase. The structure of this phase may be derived from the γ phase by removing Bi atoms and some rearrangement of cations, in the transformation of layers written as(Bi2)(Mo) > (B1M02∕3□1∕3)(M02∕3Bl∕3)
where (Bi2) represents the layer built of (Bi2O2) units and (Mo) the layer of (MoO2) units. The presence of vacancies may enhance oxygen mobility and activity.2. Bi2O3—Fe2O3—MoO3 and MulticomponentMolybdate SystemsIn the scheelite structure ABO4 either the A sites or the B sites may be occupied by more than one type of cations. Thus it was shown [92,93] that in the Bi-Fe-Mo-O system two compounds appear crystallizing in the scheelite structure: Bi3FeMo2O∣2 and Bi2Fe2Mo2O42∙ Both may be derived from the Bi2π(MoO4)3 formula. In the first compound, the trivalent ions substitute one-third of hexavalent molybdenum ions in the anionic sublattice. The resulting increase of the negative charge of anions (three negative charges per formula) are compensated by filling the cation vacancies with trivalent bismuth ions. The compound may thus be represented as Bi3(Mo2∕3Fe∣∕3O4)3. In the second compound the excess charge of anions becomes compensated by filling the cation vacancies with tri- valent iron ions. The compound is thus properly described as Bi2Fe(Mo2∕3Fe1∕3O4)3. The XPS determination of the surface com­position showed that it roughly corresponded to their bulk composi­tion. The two compounds are isostructural, giving identical X-ray diagrams and Raman as well as IR spectra [93], but Bi2Fe2Mo2O42 showed much higher catalytic activity in the oxidation of propene to acrolein [94]. This activity may be increased still further by intro­ducing other additives. In recent years a large number of multi­component molybdate catalysts have been investigated and patented. The patent literature implies that there are always several molybdate phases present comprising CoMoO4, NiMoO4, Fe2(MoO4)3, and Bi2(MoO4)3. The catalyst formulations also include alkali and alka­line-earth metal cations as well as such elements as phosphorus, arsenic, antimony, and vanadium. They are usually supported on 
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Oxidation of Aliphatic Hydrocarbons 331silica and operate at much lower temperatures than bismuth molybdate catalysts. The X-ray analysis of the multicomponent catalytic system Bi-Fe-Co-Mo-O showed [134] that it was composed of four separate phases: Fe2(MoO4)3 coherent with Bi2(MoO4)3, β-CoMoO4, and excess MoO3. Studies of XRD and Mossbauer spectra in situ in the course of the oxidation of propene revealed [135] that Bi2(MoO4)3 and β-CoMoO4 remained unchanged with the time-on-stream, whereas Fe2(MoO4)3 transformed into β-FeMoO4, its conversion being higher the higher the content of propene in the gas phase (Fig. 7.26).After several hours of reaction the X-ray reflexes of Fe2(MoO4)3 disappeared, but the presence of Mbssbauer lines indicated that it remained transformed in a highly dispersed phase. Figure 7.27 shows the temperature dependence of the isomeric shift of Fe2(MoO4)3 in the spectrum of multicomponent catalyst registered in air and in situ in the course of propene oxidation. When measured in air (curve 1) or under the conditions of catalytic reaction below 520 K (curve 2), the temperature dependence followed the theoretical relation. In this temperature range the total oxidation of propene was observed. Above

80
Co(MoQ4)

Bi2 (MoO4)3

60

40

Fe2(MoO4)3
—o---------- 1

TIME, HOURSFIGURE 7.26 Changes of intensities of X-ray lines characteristic for different molybdates in the course of the oxidation of propene in the C3Hβ∕O2 mixture of composition (1) 1:3, (2) 1:2, and (3) 1:1 [135].
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332 Bielanski and Haber520 K when selective oxidation of propene set in as indicated by a rapid increase in its rate (curve 4), an anomalous divergence from the theory was observed. After the reaction a linear dependence was again observed but with a different slope (curve 3). These results indicate that under the conditions of catalytic reaction the iron (III) molybdate transforms into a defect structure according to the equation:
Fe2M°3°12 > Fe2M°3θ12.χ□χ + y- O2 

where □ = anionic vacancy and x = nonstoichiometry factor. Ther­mal activation of vacancies □ = □3+ + β e” results in the appearance of the excess negative charge which polarizes the Fe—O bond in the molybdate. The Fe^+(3d^) state in the initial molybdate is trans­formed into the activated state 3d^+β intermediate between Fe(III)

FIGURE 7.27 Dependence of the isomeric shift on the Fe(III) molyb­date in the Mossbauer resonance spectrum (curves 1—3) and depen­dence of the rate of propene oxidation on temperature (curve 4) [135]. o-l, ∙-2, Δ-3, A-4.
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Oxidation of Aliphatic Hydrocarbons 333and Fe(II). The complete reduction to β-FeMoO4 takes place at the interface with the isostructural β-CoMoO^ where the energy of nucleation of β-FeMoθ4 is considerably lower. Theswitch from total to selective oxidation range taking place around 680 K is marked in Fig. 7.27 by an arrow. It corresponds to the change of normalized areas of Mossbauer peaks:
= [Fe2+]~ [Fe2+ + Fe3+]from 0.1 to 0.35 (reduction of 35% of Fe^+ to Fe^÷ ions). The role of different phases in the multicomponent catalyst may thus be explained as follows. Activation of hydrocarbon molecules and inser­tion of oxygen into the allyl species takes place at the surface of Bi2(MoO4)3. Oxygen molecules are activated at the surface of β- FeMoO4 and then oxygen is transported through the defected Fe2(MoO4)3 phase to replenish the reduced sites at the surface of Bi2(MoO4)3. The role of β--CoMoO4 consists of stabilization of β- FeMoO4 nuclei, and MoO3 is necessary to make the interconverstion of iron(III) and iron(II) possible:Fe9(MoOzl)2 ---------- > 2 FeMoOzl + MoO2 + O9Z x O x O ZIndeed, experiments showed [136] that substitution of β-CoMoO4 by isostructural manganese or zinc molybdate produces similar catalytic properties.

G. U3O8—Sb2θq. SystemThe phase diagram of this system indicates the existence of two compounds: USbO5 and USb3O∣Q [84,85]. They may be represented, similarly to bismuth molybdates, as layer structures, the USbO5 being composed of alternating uranium oxide or antimony oxide layers, whereas in USb3O∣0 every second uranium atom in the layer is sub­stituted by an antimony atom, so that every U atom is isolated by Sb atoms and there are no adjacent U—O—U elements:U Sb U U U USb Sb Sb SbSb U Sb U U USb Sb Sb SbU Sb U U U UU sb3010 USbO 5
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334 Bielanski and HaberThe USB3O10 phase is orthorhombic, belonging to the D2h”Fddd space group with Z = 8 and 112 atoms in the unit cell, analogous to UNb3O19 and UTa3O10.Figure 7.28 compares the catalytic activity in ammoxidation of propene, the intensity of the X-ray peak at d = 3.18 A characteristic for the USb3OiQ, and the intensity of the IR-band at 930 cm”1 also characteristic of this phase [84]. A distinct correlation may be seen between the catalytic activity in nitrile formation and the presence of the USb3O10 phase, the latter being responsible for the production of acrylonitrile. The USbO5 phase is also catalytically active but only in total combustion. It has been proposed that the active centers for the allylic oxidation are generated in the course of the dehydroxylation of the surface of the USb3O1θ crystallites [86].

There is not enough experimental data to formulate the detailed mechanism of the reaction at the surface of this catalyst. In parti­cular, no information is available as to whether the allyl species is generated at the uranium or antimony ion.
H. Oxidation of Propene and Acrolein to Acrylic AcidAcrylic acid is widely used as a monomer for the production of poly­acrylic acid and polyacrylates. Considerable research effort has been devoted to disentangle the mechanism of the transformation of propene into this acid. Two types of commercial processes have been developed: one-stage oxidation of propene directly into acrylic acid; and two-stage oxidation, involving the transformation of propene into acrolein in the first stage and then oxidation of acrolein to acrylic acid in the second stage.Examination of the patent data shows that on some catalysts, such as bismuth molybdate or tin antimony, only acrolein is formed (besides the products of the degradation of the propene molecule) whereas with other catalysts, e.g., cobalt and nickel molybdates, acrolein and acrylic acid are obtained in different proportions depend­ing on the experimental conditions. The ability to transform the aldehyde into an acid seems to be a more general property as indi­cated by the data of Table 7.12 which summarizes results [95] con­cerning the selectivity of these two groups of catalysts in the oxida­tion of о-xylene. On catalysts which oxidize propene only to acrolein,
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Oxidation of Aliphatic Hydrocarbons 335
(a)

FIGURE 7.28 Correlation between catalytic properties and phase composition: (a) yield of acrolynitrile in ammoxidation of propene, (b) intensity of X-ray line, and (c) intensity of IR band character­istic of USb3O10 [84].
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336 Bielanski and Haberо-xylene is oxidized only to tolualdehyde, whereas phthalic anhydride is formed only with those catalysts on which acrylic acid appears as the result of the oxidation of propene. Thus, it may be concluded that at the surface of the catalysts a special type of active centers must be present, which has the ability to transform the aldehyde groups into the carboxylic groups irrespective of the type of organic molecule.Studies of the behavior of transition metal molybdates led to the observation that the selectivity of these systems in the formation of acrylic acid may be related to the presence of excess molybdenum trioxide; this is illustrated by the results [96] presented in Fig. 7.29,
TABLE 7.12 Oxidation of O-Xylene on Olefin Oxidation Catalysts
Catalyst Temp. (oC) Conv. (%)

Selectivity (%)
Tolualdehyde Phthalic anhydride CO2Bi9Mo9Oq 370 5.5 54.4 — 52.8

Li Δ O 430 35.0 33.7 — 54.3470 49.5 29.9 — 52.9BioMoOβ 370 18.5 45.4 — 45.9Z и 430 52.5 34.7 — 54.5470 71.7 25.6 Trace 58.0Sn-Sb-O 390 7.5 45.3 — 49.3450 21.0 34.8 — 54.8Sn/Sb = 1:4 490 42.0 24.0 — 70.2CoMoO λ 390 30.0 12.0 10.6 60.0410 56.0 5.2 26.4 57.0450 94.0 Trace 36.4 48.0470 98.0 Trace 31.2 48.0NiMoO. 370 40.0 6.8 13.0 62.84 390 76.0 2.5 19.5 71.0410 93.0 1.0 29.0 62.4450 99.0 Trace 25.2 56.0MoOo 450 15.0 50.0 3.3 32.7O 490 30.5 51.1 2.3 30.8V O -TiO 350 29.0 14.5 34.8 32.4
O L 370 65.0 7.1 49.2 21.4V/Ti = 1:2 390 99.0 — 64.5 27.6Source: Ref. 95.
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Oxidation of Aliphatic Hydrocarbons 337in which the yield of acrylic acid obtained by the direct oxidation of propene and the selectivity of its formation are plotted as the function of the chemical composition of the NiO-MoO3 catalysts. It may be seen that acrylic acid appears in the composition range cor­responding to excess MoO3.Important information concerning the nature of centers responsible for the transformation of the aldehyde group into the acid group was supplied by studies of the oxidation of acrolein on heteropoly acids and their salts.Heteropoly compounds are composed of heteropoly anion, coun­tercation, and crystal water. The heteropolyanions of acid (H3PM 012θ4θ) an^ its salts from a structure called a Keggin unit (Fig. 7.30). The Keggin units together with countercations and water are arranged in a three-dimensional secondary structure. This secondary structure depends on the type of cation and changes readily upon dehydration-hydration processes. Water and alcohol molecules are quickly exchanged even at room temperature. When D2O was introduced at room temperature into H3PM012θ40> the ¾θ of the acid was exchanged completely with D2O within 1-2 min.In situ IR experiments showed [97] that the isotopic exchange of oxygen between H2^-^O and the Keggin unit was also rapid, with exchange of both the terminal Mo=O as well as the bridging Mo—O—Mo oxygen atoms (36 out of 40 atoms). Only the internal oxygen atoms bridging the central phosphorus atom with the Mo—O octahedra remained on their sites. This indicates that oxygen atoms

FIGURE 7.29 Yield and selectivity of acrylic acid obtained in the oxidation of propene over NiO-MoO3 catalysts of different composition. Reaction temperature 425oC [96].

http://chemistry-chemists.com



338 Bielanski and Haber
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FIGURE 7.30 Structure of the Keggin unit.
in the Keggin unit are very mobile. Experiments with pyridine showed that protons can be quantitatively replaced by pyridinium ions indicating the Bronsted acidity of all three protons. The tem­perature at which pyridinium ions were removed (>300oC) shows that these compounds are strong solid acids.The behavior of H3PM0^2θ4θ an<^ saIts in the course of reduc­tion and reoxidation depends on the type of countercation [98]. The acids and salts of such cations as Mg, which are soluble in water, decompose on reduction to give Moθβ-x and P2θ5∙ The degree of decomposition depends on the conditions of reduction and results in the irreversibility of this process. Although formally such a reduced sample may be completely reoxidized, the structure of the collapsed Keggin units is no more restored, and the samples are mixtures of initial H3PM012O40> ^2θ5, a∏d MoO3.Conversely, insoluble salts as K3PMo∣2O40 can be reduced rever­sibly if the reduction does not exceed about two electrons per Keggin unit. The in situ IR measurements showed that on reduction the intensity of the Mo-O-Mo band decreases whereas that of Mo=O band remains practically constant, which was taken as an indication that it is the bridging oxygen atom of the Keggin unit which is involved in catalytic oxidation [97].In the pulse reactor studies of the oxidation of methacrolein (MAC) it was found that when the O2 supply was stopped the oxidation of methacrolein to methacrylic acid continued to proceed at the same selectivity, although the conversion decreased. This clearly demon­strated that the lattice oxygen is used for oxidation. In line with this conclusion the rate of methacrolein oxidation could be expressed by the equation:
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Oxidation of Aliphatic Hydrocarbons 339d[MAC] = 0.6-1.0 0-0.2dt ^ ⅛IACeO2 ¾2O
A mechanism was thus postulated in which a geminal diol species was proposed as the first intermediate complex resulting from the inter­action of acrolein with the acid centers of the catalyst. This com­plex then undergoes dehydrogenation to form methacrylic acid and an oxygen vacancy in the Keggin unit, which is then refilled by oxygen from the gas phase:+H2O or H+R-CHO < ~~T÷-H2O or H+ RCH(OH)9 -H9or ------ ≤→ R-COOHRCH(OH)-O-Mo

Vital new observations contributing to our understanding of the detailed mechanism of the insertion of oxygen into the aldehyde group were obtained by studying the EPR and IR spectra in situ in the course of the oxidation of acrolein on 12-molybdophosphoric acid and its potassium salt [99]. In the temperature range 300—450 K the chemisorption of acrolein was observed accompanied by the appearance of an electron delocalized over 12 Mo+θ centers in the Keggin units. The IR spectrum registered in the course of adsorp­tion could be interpreted by assuming that the chemisorbed acrolein is present in the form of acrylate type species. Above 450 K de­sorption of an acrylic acid molecule takes place, the proton being recaptured by the acrylate ion. Diffuse reflectance IR spectra of the catalyst reduced in situ in acrolein vapor at different tempera­tures show that the Mo=Ot bond remains unperturbed in the course of the reduction, whereas the intensity of bands characteristic for the Mo—O]3—Mo vibrations markedly decreases (Fig. 7.31). This indicates that it is the bridging oxygen of the Keggin unit, to which acrolein becomes bonded and which is then removed on its desorp­tion. Subsequent reoxidation restores the original appearance of the IR spectrum. Desorption leaves an oxygen vacancy and two electrons, at least one of them becoming trapped at a neighboring Mo+θ to generate an ESR active Mo+^ ion, responsible for the asymetric EPR signal shown in Fig. 7.32.Thus, it may be concluded that chemisorption of acrolein proceeds with the transfer of two electrons and a proton to the Keggin unit, the resulting chemisorbed species of an acrylate type being attached to the bridging oxygen of the catalyst:
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340 Bielanski and HaberCH9=: CH 
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There are three different lattice oxygen environments present in the Keggin anion: terminal oxygen Oj-, two types of bridging oxy­gens O⅛, and an inner oxygen Op (Fig. 7.30). From among the two exposed oxygens, 0∣ and O]3, the bridging oxygens C⅛ are more basic and their lone pairs constituting the HOMO of the Keggin unit are capable of performing a nucleophilic attack on the hydrocarbon molecule. The LUMO of the unit is the Mo4d orbital but this orbital is relatively inaccessible to the reactants because it is screened by the close-packed surface oxygen atoms. The HOMO and LUMO of

1200 1000 800 600WAVENUMBERSFIGURE 7.3 1 IR spectrum of KPMo∣2θ40 after desorption of acrolein at different temperatures [99].
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Oxidation of Aliphatic Hydrocarbons 341the acrolein molecule are illustrated in Fig. 7.33 [99]. The HOMO is the lone pair of acyl oxygen (13a,), although the 2a” orbital (essentially the C=C π-bond) lies very close to it in energy. The LUMO consists of the first unoccupied orbital 3a” of the π system of acrolein; its largest coefficient is associated with the carbonyl car­bon. The reaction between acrolein and the Keggin unit to form a chemisorbed species is governed by HOMO-LUMO interaction consist­ing of a nucleophilic attack by the surface 0]3 lone pair orbitals on the empty 3a” orbital of acrolein.
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FIGURE 7.3 2 ESR spectrum of KPMo∣2O4Q after desorption of acro­lein [99].
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-O-U

Charge distributionFIGURE 7.3 3 HOMO (a) and LUMO (b) of acrolein [99].
H. Oxidation of Propene to AcetoneAs discussed in Section III.B, the activation of the propene molecule to form allyl species may be considered as an acid-base process, involving the participation of surface O^" ions of base character. A different type of propene activation will take place on surfaces containing Bronsted acid centers, where carbonium ion mechanism may operate, resulting in the formation of propoxide type adsorption complex. In the presence of water the complex decomposes to pro­duce isopropyl alcohol and regenerated surface Bronsted acid centers. When redox centers are also present at the catalyst surface, dehydro­genation of isopropyl alcohol may follow its formation on acid centers, resulting in the appearance of acetone. This reaction was discovered in 1968 [100,101] and since then is known as oxyhydration. Many mixed transition metal oxides containing MoO3 have been shown to be active in the oxyhydration of propene. The best catalysts found so far are SnC^-MoO3 and Co3O4--MoO3. In both cases the highest activity was observed for samples containing no more than about 30% of MoO3, the reaction being carried out in the temperature range
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100—200oC. In the case of the SnO2~MoO3 catalyst with the Sn/Mo ratio of 9:1, propene was converted at 135oC to acetone with the selectivity of 90%. The participation of the OH groups has been con­firmed by isotope labeling. It was shown [100], for example, that the H-D exchange between propene and D2O, which is practically nonexistent in the presence of MoO3 and slow on SnO2, becomes extremely rapid in the presence of the Snθ2-MoO3 catalyst (Table 7.13). On the other hand, experiments with H2^0 proved [102] that oxygen atom in the product acetone comes from water as ex­pected by the carbonium ion mechanism and not from molecular oxy­gen. The kinetic studies of the oxidation of propene to acetone on SnO2~MoO3 at 130oC confirmed that the initial step in the formation of acetone involves the hydration of propene to give isopropanol with an initial selectivity of almost 100%. In the next step dehydro­genation of isopropanol follows yielding actone. The presence of acetone in the feed hindered the oxidation of propene.
TABLE 7.13 Reaction Rate Constant for H—D Exchange between Propene and D2O
Catalyst Surface area(m2 g-l) Rate constant (mmol∕h ∙m^ ∙ atm)MoO 3 9 5SnO2 21 55SnOg—MoOg 4.6 2500Source: Ref. 100.
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344 Bielanski and HaberIV. OXIDATION OF BUTENESA. IntroductionButenes, like propene, contain hydrogen atoms in the α position with respect to the double bond which are more reactive than other hydrogen atoms and are readily abstracted to form an allylic moiety. However, at variance with propene, this allylic moiety may react with oxygen along several different reaction pathways. The majority of oxide surfaces, particularly those used as supports, contain acid centers. In their presence isomerization of but-l-ene to but-2-ene takes place. Indeed, on many oxidation catalysts this is the reaction pathway prevailing at lower temperatures. At higher temperatures, the surface oxide ions which exhibit basic properties abstract hydro­gen atoms from the α position in both but-l-ene and but-2-ene to form allylic species and OH" groups, which are then removed from the surface in the course of its dehydroxylation. The allyl species, thereby generated at the surface, have several possibilities of further transformations. The simplest is the repetition of the hydro­gen abstraction from the α position, but now in respect to the allylic bond, i.e., at the C4 atom. This results in the formation of buta­diene, which may be desorbed or react further. The allyl species may also undergo a nucleophilic attack by lattice oxygen ions when the surface of the catalyst has the ability to perform such an attack. Depending on the properties of the catalyst, the nucleophilic addi­tion of the C)2" ion may take place either at the C3 position to form methyl vinyl ketone, or at the Cl position, leading to the appearance of crotonaldehyde. When electrophilic oxygen species are simultane­ously present at the catalyst surface, they may react with butadiene to form furan, reacting further to give maleic anhydride. When only electrophilic oxygen species are present at the surface, an electro­philic attack on the double bond of but-2-ene may take place, re­sulting in the Oxygenolysis of this bond and formation of acetalde­hyde or acetic acid. The possible reaction pathways are shown in Fig. 7.34. In the presence of electrophilic oxygen further consecu­tive reactions can take place, essentially all the intermediate com­pounds being liable to undergo combustion to CO, CO2, and H2O. The steps leading to total oxidation were omitted from Fig. 7.34 to avoid unnecessary complication of the reaction network. In the case of isobutene the properties of the allyl species resemble those observed in the case of propene. The nucleophilic ^ addition may be performed only at two equivalent terminal carbon atoms of the three-atom chain, giving methacrolein as the final product.Thus, the mechanism of the reaction is similar to that described in the case of propylene oxidation.
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FIGURE 7.34 Reaction network of butenes at oxide surfaces.
B. Oxidative Dehydrogenation of n-Butenes to ButadieneThe major turning point in this important industrial process was the observation that butadiene and other diolefins may be obtained from C4 and higher alkenes by oxidative dehydrogenation over bismuth molybdate catalysts [104]. This stimulated an intensive research effort which resulted in the development of many active and selec­tive catalytic systems. To illustrate the broad spectrum of oxides used, Table 7.14 summarizes some of the commercial catalysts operat­ing in the oxidative dehydrogenation of butene to butadiene.A relatively large number of studies were devoted to bismuth molybdate catalysts. Oxidation of butene-1 over this catalyst pro­ceeds toward butadiene with a very high selectivity ranging as high as 90-95%, even at very high conversion [54]. The butene-2 molecules are less reactive than butene-1. An experiment in which mixtures of butene-1 and ^^C-labeled cis- and trans-butene-2 were passed over bismuth molybdate catalysts showed that but-l-ene is the primary source of butadiene [105]. Over a very wide range of temperature the reaction rate can be expressed by the equation:

r = к pM8 P 0O 2
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346 Bielanski and HaberTABLE 7.14 Selected Commercial Catalysts for Oxidative Dehydrogenation of Butene to Butadiene
Company Catalyst Temp. (oC) Butadiene yield (%) Selectivity (%)Dow Chemical CoNi phosphate + 2% Cr2O3 500 — 92
Japanese Geon Ltd. Mo-Bi-Te-Sb-P oxides 415 70.9 83.8
Petrotex Chem. Fe2O3 + Al2O3 621 26 76Inst. Franc, duPetrole 10% ZnO, 5% Fe2O3 ε-A1203 580 80 —
Phillips Petroleum P-Sn-Bi oxides 1000oF 87
Nippon Kagaku Ltd. Ni2.5c°4.5Fe3BiP3.5 k0.03m°12o54 on silica 305 88
Gul Res. MgCrFeO4 325 69 91

The conversion-selectivity data indicate the following reaction scheme [106]:
*1 kgbut-l-ene -----------> butadiene -----------> furan

CO2
Values for k3∕k∣ of 0.05 and for (k2 + k4)∕k∣ of 0.05 were found, explaining the very high selectivity.Comprehensive studies, carried out by Schuit and his school in the late 60s, considerably contributed to the understanding of many features of this reaction. They proposed [107] that the reaction starts by abstraction of the α-hydrogen and formation of a π-allyl complex:

o_ -C4H8 + Oz --------- > C4H7 + OH (a)
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Oxidation of Aliphatic Hydrocarbons 347The allyl species then loses the second hydrogen and desorbs as butadiene, whereas the two OH" groups recombine to desorb as water, leaving a vacancy at the catalyst surface:C,H∑ + O2' + Mo6+ ---------- > Mo4+ + OH' + C.Hc (b)
4 7 4 b2OH^ < ...... > O2^ + □ + H2O (c)

where □ denotes an anion vacancy. The vacancies then become filled by oxygen from the gas phase; the reduced Mo ions being simultaneously reoxidized. The kinetic data indicated that this latter step proceeds very rapidly.Reaction (a) simultaneously provides a pathway for isomerization, although the latter may also proceed by the carbonium ion mechanism if Bronsted acid centers are present at the surface [108].By recirculating but-l-ene∕helium mixture over Bi2O3, MoO3, and Bi2MoOβ at 530oC it was shown [109] that Bi2O3 was reduced to Bi and CO2 was mainly formed, MoO3 was reduced to MoO2 and iso­merization was the main product, whereas in the course of reduction of Bi2MoOβ butadiene was mainly produced and the rate of its forma­tion was the same as the rate of butene oxidation in the presence of gaseous oxygen. These results indicated that lattice oxygen was responsible for the abstraction of hydrogen, as assumed in the pro­posed scheme.Interesting results were obtained by studying the adsorption of butenes and butadiene on bismuth molybdates [110]. On fully oxi­dized catalysts neither oxygen nor water was adsorbed but their adsorption occurred on partially reduced catalysts and increased with the degree of reduction. Conversely, adsorption of hydrocarbons took place and two types of adsorption sites were found to operate: one involved in the single-site Langmuir adsorption isotherm and the other in dual-site Langmuir adsorption isotherm. They were called A sites and B sites. It was assumed that the A sites may be assigned to oxygen ion surrounded by two oxygen vacancies on Bi ion. The adsorption of butene or butadiene on B sites was found to be rapid and reversible, and as these adsorptions obeyed dual­site Langmuir isotherm, two adsorption centers must be involved in formation of the B site. It was thus postulated that this site com­prised an anion vacancy on a Moθ+ ion surrounded by corner-shared 02” ions.According to the authors [110], the active site for butene de­hydrogenation on the surface of Bi2MoOβ catalyst contains one A site and two B sites and, as represented schematically in Fig. 7.35, the transformation of butene starts by abstraction of the hydrogen atom from the α position, the H atom becoming located on one of the
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348 Bielanski and HaberOβ atoms, and the allyl group on the other. The second hydrogen atom, now in the α position to the allyl group, i.e., at C4, begins to interact with the Oβ atom of the second B site and is abstracted to form the OH group and a butadiene molecule, weakly attached to the B site. At that point two alternative ways exist: either the butadiene molecule is desorbed and the two protons migrate to Од and are desorbed as a water molecule, or the weakly adsorbed butadiene becomes strongly attached to Од and becomes further
Oxygen φ-Molybdenum Q-Bismuth

FIGURE 7.35 Mechanism of the transformation of butene into butadiene on B sites and A sites at the surface of Bi2MoOβ catalysts. Adapted from [110]. A site oxygen atoms are hatched.
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Oxidation of Aliphatic Hydrocarbons 349oxidized to furan and then to CO, CO2, leaving the catalyst reduced. The catalyst is then reoxidized at the A site either by diffusion of an O%~ ion from the bulk or by gas phase oxygen.A considerable number of studies were also devoted to the oxi­dative dehydrogenation of butenes to butadiene on spinel-type cata­lysts. Some of the catalysts used are given in Table 7.15. It may be seen that different types of zinc iron spinels operate with very high selectivity at a considerable conversion [120]. In addition, studies on the use of inverse spinels CoFe2O4 and CuFe2O4 have been reported [121]. The mechanism must involve a redox cycle, and it may thus be expected that the catalytic properties would be related to the ability of the catalyst lattice to withstand reduction and the facility of reoxidation. In the case of zinc chromium ferrite the redox cycle involving the Fe^+∕Fe^+ pair was confirmed by ESR spectroscopy [122]. It was postulated that the active site for adsorption of but-l-ene consists of an oxygen vacancy and an adja­cent adsorbed radical O" which is responsible for the hydrogen abstraction. During the desorption of butadiene, iron is reduced to Fe^÷ and desorption of water leaves the site empty for subsequent adsorption of oxygen in the form of an O” ion, Fe^÷ being simultane­ously reoxidized to Fe^+:

C. Oxidation of Butenes to Maleic AnhydrideAs discussed in Section III.E, in the series of elementary oxidative steps propene -----> allyl -----> aldehyde -----> acid the step involvingthe addition of the second oxygen necessary to transform the aldehyde
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350 Bielanski and HaberTABLE 7.15 Catalytic Properties of Some Spinels in the Oxidation of 2-Butene to Butadiene at 325oC
Catalyst Conversion (%) Selectivity (%)ZnCrFeO4 58 91ZnCr0.25Fe1.75°4 56 90ZnCr0.1Fe1.9°4 46 92ZnFe3O4 20 89ZnCr2O4 15 16MgCrFeO4 64 90MgFe2O4 53 86MgCr2O4 28 32Cl-FegOg 35 83Source: Ref. 120.
group into an acid group requires presence at the catalyst surface of separate active sites, so that the catalysts may be divided into those which form aldehyde and those which are able to carry the reaction series to the formation of acid. This division seems to be a general feature and apply also to the reaction series butene -----τ>butadiene -----> anhydride. Ample experimental evidence [112] indi­cates that catalysts for the oxidation of butadiene to maleic anhydride require different surface properties as compared to those of the catalysts for oxidative dehydrogenation of butene to butadiene. Butadiene is formed on a very wide class of molybdates, bismuth molybdate being the best known example, whereas only MnMoO4 and β--FeMoO4 possess the specific centers for furan and maleic acid synthesis. Other known catalysts include heteropoly acids of molyb­denum, tungsten, and vanadium, and vanadium-phosphorus mixed oxides, the latter being by far the most selective catalysts for this reaction [113—115].The increasing demand for maleic anhydride has stimulated the search for new, cheap feedstocks. The low-cost C4 hydrocarbon stream obtained from naphtha cracker is a very attractive source as an alternative raw material to benzene for producing maleic anhydride 
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Oxidation of Aliphatic Hydrocarbons 351on a large scale. Presently large-scale plants of maleic anhydride based on C4 fraction are already operated by many companies. Some patented catalysts are listed in Table 7.16.An interesting conclusion concerning the participation of different types of oxygen species in the consecutive steps of butene oxidation were obtained from the comparison of Fe2(MoO4)3 catalyst in the pulse and flow catalytic reactor on changing the composition of the reacting mixture. Figure 7.36 shows [116] the dependence of the yield of different products when oxygen content in the feed of the flow reactor was changed. At very low oxygen concentration buta­diene was the main product, confirming that it is the lattice oxygen which is involved in the hydrogen abstraction step. X-ray analysis showed that under these conditions Fe2(MoO4)3 was transformed into β-FeMoO4. On increasing the oxygen content the yield of butadiene decreased and maleic anhydride appeared in the products, its yield attaining maximum and then decreasing. This was accompanied by the transformation of the catalyst to Fe2(MoO4)3 and rapid increase of the yield of CO2 + CO, which were the main products at an oxygen content higher than about 8%. This behavior may be com­pared [117] with that observed in the pulse experiments shown in Fig. 7.37. When pulses of pure butene were introduced on

0 5 10 15 20
Oxygen cone. %FIGURE 7.36 Oxidation of 1-butene on Fe2(MoO4)3 as a function of the oxygen partial pressure. Temperature 390oC, 1% (vol) of 1- butent, GHSV 4140 h^1 [116].
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352 Bielanski and HaberTABLE 7.16 Some Patented Catalysts for the Oxidation of C4 Unsaturated Hydrocarbons to Maleic Anhydride
Catalyst Temp. (oC) Yield (%) CompanyV-P-O 400 38 Mitsubishi Chem. Ind.Ltd.V—P—O/silica gel 200-420 45.7 Mitsubishi Chem Ind.Ltd.V—P—OZalumina (P∕V > 0.6) 450 62.4 Kuraray Ltd.
V-P-Zr (1:3:9.8) 61.8 Ube Industries Ltd.
V-P-Li5V-P-Cu + alkali metal(P∕V = 1:1.6) 480 87 Petro-Tex Chemical
V—P—Cu—Nb oxides (1:1.35:0.082:0.021) 20% on alumina 446 84 Petro-Tex Chemical
V—U—P—O (24% V2O5, V∕U = 9.9) 511 55.2 Gulf Res. & Dev.
W-P-Ti-O (3.2:1:0.5) 410 64 Kiraray Ltd.
MoO3—P2θ5 30.5 Mitsubishi Chem. Ind.Mo-Sn-O (1:1) 400 56 Ube Industries Ltd.
Mo—Bi—V—Fe—Co 70 Toyo Soda Mfg. Ltd.P-W—Ga-O (1:3.2:0.1) 460 58 Kuraray Ltd.
PMoi2Bio.36Feo.52c°0.8o40.0 350 37.5 Mitsubishi Chemical Ind.V—I—Zr-Bi-O (1:3:10:0.5) 360 57.5 Ube Industries Ltd.
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Oxidation of Aliphatic Hydrocarbons 353Fe2(MoO4)3 at 350oC total oxidation was observed in the first pulse, decreasing rapidly with the number of pulses, which was accompanied by a rapid increase of the butadiene yield. No traces of maleic anhydride were detected. Apparently the initial Fe2(MoO4)3 surface, at which total oxidation occurred, was reduced by the pulses of butene to β-FeMoO4, where butadiene was selectively formed. As in the presence of oxygen in the gas phase in flow experiments (cf. Fig. 7.36), maleic anhydride was formed on β-FeMoO4 as an important product, it may be concluded that it is the adsorbed oxy­gen which is involved in the oxidation of butadiene to maleic anhy­dride. When the temperature of pulse experiments is raised to 405oC only total oxidation is observed because the diffusion of oxy­gen in the Fe2(MoO4)3 lattice becomes so rapid that its surface can no longer be locally reduced to β-FeMoO4.The interplay of the two types of sites in the oxidation of butenes is well illustrated by the results presented in Fig. 7.38, in which the yields of butadiene and maleic anhydride are shown, as obtained by the oxidation of 1-butene on vanadium phosphorus mixed-oxide catalyst (1:1) in a flow reactor [118]. At low butene partial pressure maleic anhydride is the only product. On increas­ing the partial pressure of butene, butadiene appears in rising

FIGURE 7.37 Oxidation of 1-butene in a pulse reactor on Fe2(MoO4)3 at (a) 350 and (b) 405oC [112].
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354 Bielanski and Haberamounts whereas the formation of maleic anhydride becomes inhibited. The inhibition can be completely removed by increasing oxygen partial pressure, which restores the original activity in the formation of maleic anhydride and depresses the yield of butadiene. These results clearly demonstrate that different active centers operate in the formation of butadiene and its transformation into maleic anhy­dride. The selectivity of butadiene (considering the sum of buta­diene formed and butadiene converted to furan + maleic anhydride) is independent of oxygen concentration, whereas the selectivity to furan + maleic anhydride strongly depends on oxygen concentration. Moreover, butadiene is formed in a pulse reactor even without oxy­gen in the gas phase, the presence of the latter being necessary, however, for the synthesis of furan and maleic anhydride [119]. The rate of butene oxidation may be adequately represented by a Langmuir-Hinschelwood type of model assuming different sites for olefin and oxygen adsorption [118]. The volcano-shaped curve of the dependence of the formation rate for maleic anhydride on butene partial pressure may be satisfactorily explained in terms of a surface

1 butene, % volFIGURE 7.38 Amounts of maleic anhydride (open symbols) and buta­diene (full symbols) formed in the oxidation of 1-butene in a flow reactor on a vanadium-phosphorυs (1:1) mixed oxide catalysts as a function of the partial pressure of butene [112].
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Oxidation of Aliphatic Hydrocarbons 355reaction between adsorbed oxygen and butadiene as an intermedi­ate, adsorbed on two neighboring sites. The competition between 1-butene and 1,3-butadiene for the same kind of sites is the cause of the inhibition of the selectivity to maleic anhydride at high con­centrations of butene.
D. Allylic Oxidation of ButenesIn Section IV.A the mechanism of activation of butene molecules was discussed and it was shown that the allylic intermediate may either lose the second hydrogen atom and transform into butadiene, or undergo a nucleophilic attack by oxide ion to give the carbonyl compounds (cf. Fig. 7.34). Depending on the position in the allylic intermediate, in which the nucleophilic addition of oxygen takes place, either crotonaldehyde or methyl vinyl ketone may be formed. Thus it was found that 1-butene is oxidized to methyl vinyl ketone and 2-butene to crotonaldehyde on metal selenites and tellurites [129]. On the other hand, Cu2O was shown to be an active catalyst in the oxidation of both 1-butene and 2-butene to methyl vinyl ketone [130].In the presence of Snθ2~MoO3 (9:1) and CO2O4—MoO3 (9:1) catalysts, which convert propene to acetone at low temperatures, butene was found to be converted to methyl ethyl ketone with a very high yield of 83.5%.The limited number of experimental data does not yet permit discussion of the factors determining the selection of the reaction pathway by the reacting molecule at two steps where the reaction may be branched: allyl intermediate to butadiene or carbonyl com­pounds, and the addition of oxygen to Cl or C2 carbons. One of the parameters which may play an important role is the surface structure of the catalysts. This is illustrated by the behavior of the CuO-CU2O—MoO3 system.The subsolidus phase diagram of the Cu2<3-CuO-MoO3 system is shown in Fig. 7.39 [131]. Five chemical compounds were found to be formed; two of them are the Cu(II) molybdates CuMoO4 and Cu3Mo2O9, two are the Cu(I) molybdates Cu2Mo3O40 and CuθMo4O∣5, and the nonstoichiometric phase Cu4-xMo3O12 composed of Cu(II) and CU(O), its formula being Cu3IICu(i-x)θMo3VIθ12∙ On reduc­tion of Cul⅛oVIθ4 the Cu⅛qVI compounds are formed, but not the Cu⅛lo^, further reduction leading to the formation of metallic copper and MoO2.Figure 7.40 shows the conversion and Selectivities to different products when 1-butene pulses were introduced on Cu2Mo3O∣Q and CuβMo4O∣5 catalysts, respectively [132,133]. In the case of Cu2Mo3O4Q the majority reaction is isomerization of 1-butene to 2- butenes, cis- and trans-butenes being the main products obtained. The considerable amount of butadiene which is also formed indicated 
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356 Bielanski and Haberthat on interaction of 1-butene with the surface of Cu2Mo3O∣0 allyl species appear as intermediates. On the other hand, experiments carried out with 3,3-dimethylbutene-l showed that 2,3-dimehtyl- butene-2 is formed indicating that isomerization at least partially proceeds also through the carbonium ion mechanism with participa­tion of the surface Bronsted acid centers.Different behavior is observed in the case of CugMo4O45. Here the majority product of the reaction is crotonaldehyde, formed with a selectivity of about 70%. The most striking feature is the complete absence of isomerization. Thus, although both Cu2^Mo3^Iθ∣0 and Cuβ⅛o4VIθ15 are composed of the same chemical elements in the same valence state, they show an entirely different catalytic behavior: The former is active in isomerization and dehydrogenation, whereas the latter mainly inserts oxygen into the organic molecule.

FIGURE 7.39 Subsolidus phase diagram of the Cu2O-CuO-MoO3 system [131].
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Oxidation of Aliphatic Hydrocarbons 357

FIGURE 7.40 Conversion and Selectivities to different products as a function of the number of pulses of butene-1 on (a) Cu2Mo3OlQ and (b) Cu6Mo4O15 at 370oC [133].
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An interesting behavior is shown by CuMoO4 containing a small excess of MoO3, of which the example is shown in Fig. 7.41. The fresh CuMoO4 + 0.05 MoO3 catalyst, when exposed to pulses of pure butene-1, at first showed high selectivity in isomerization, the only other important product being CO and CO2. Progressively as the surface became more and more reduced by pulses of butene, more and more oxygenated products, i.e., crotonaldehyde and methyl vinyl ketone appeared and after 20 pulses of butene the selectivity of the formation of crotonaldehyde reached a level of about 30% and that of methyl vinyl ketone 10%. When pulses of the mixture of butene and oxygen were injected after pulses of pure butene, the seletivity to crotonaldehyde and methyl vinyl ketone remained high at a high conversion of 70%. Results of these experiments show that in the case of the Cu2θ-Cuθ-MoO3 system, in which different redox and phase equilibria may be established at the surface, different
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358 Bielanski and Haber

Number of pulsesFIGURE 7.41 Conversion and Selectivities to different products of the interaction of butene-1 and the mixture of butene-1/oxygen with CuMoO4 + 0.05 MoO3 as a function of the number of pulses [133].
active centers may be generated which can selectively direct the transformation of butene molecules either to dehydrogenation or to oxygenation. It has not yet been possible, however, to answer the question of which is the structure of these active centers and which parameters are responsible for their operation.
V. OXIDATION OF PARAFFINSOne of the few examples of industrial utilization of a paraffin through a catalytic oxidation reaction is the selective oxidation of n-butane. The use of n-butane for the production of maleic anhydride has enjoyed wide interest in recent years because it is considered more favorable than the traditional process from benzene. Two factors are being taken into consideration: a substantial price difference between benzene and n-butane feedstocks in favor of the latter, and the possibility of avoiding pollution of the atmosphere with benzene, which is subjected to strict control because of its high toxicity.
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Oxidation of Aliphatic Hydrocarbons 359Most catalysts for this reaction contain mainly vanadium and phosphorus oxides in a P/V atomic ratio near 1.0. Many preparation procedures have been described in the literature [123,124], differing in the solvent utilized (water or an organic solvent), the source of vanadium (V2O5, NH4VO3, or VOPO4), the reducing agent, and the P/V ratio.The crucial factors in determining the phase composition, i.e., the final characteristic features of V-P-O catalysts, are the P/V ratio during precipitation, which defines the type of precursor formed, and the gaseous atmosphere during calcination. When, say, ammonium salts are used, ammonia diffuses in the course of calcination into the pores and reduces V^+ to V^÷ (when P/V < 1:1) or to V4+ and V3+ (at P:V > 1:1). Generally, well-crystallized phases may be obtained only after prolonged thermal treatment at or above 450oC in an inert or oxidizing atmosphere. Several phases have been fully character­ized: a—VOPO4 and β-VOPO4, (VO)2P2θ7> VPO5 ∙2H2O, VO(PO3),and VO(H2PO4)2—but the existence of many others has been postu­lated by different authors [124].The structural features of the solid phases in the P—V—O sys­tem are similar to those observed in V2O5 and its suboxides in spite of the presence of PO4 tetrahedra and P2O7 units. The layer struc­ture of these phases results from the alternation of short covalent σπ bonds in the vanadyl group V=O and long bonds in the direction perpendicular to the natural cleavage planes. The low symmetry of the vanadium environment is thus expected to remain unchanged at the surface.Pure VOPO4 crystallizes in two forms, α and β, isostructural with the α and β-VOSO4. Their main characteristic feature is a layer structure. VO(O)5 Octahedra share corners with PO4 tetra­hedra giving ribbons or sheets in the (001) plane for the α form and the (OlO) plane for the β form. (VO)2P2O7> in which vanadium is four-valent, has the space group C2v^. In the plane parallel to (010) the framework is composed of pairs of VO(O)5 octahedra shar­ing an edge (the two vanadyl groups being in trans position) and linked together by phosphate tetrahedra (Fig. 7.42). The layers are held together by asymmetric V=O------- V bonds similar to thosein V2O5 and P—O-P (bent) bonds of P2O7 pyrophosphate groups in the b direction [125]. The XRD patterns of spent reduced catalysts revealed additional interesting features. Frequently, the texture is cross-hatch-oriented; superstructures, microdomains, and antiphase boundaries can be seen. Streaking along (OOl) or (011) is often observed, indicating that disorder occurs in these directions.TheVO(PO3)2 phase appearing when P/V > 1.6 is composed of infinite chains of metaphosphate anion and VO(O)5 octahedra.Studies of the oxidation of n-butane as a function of the composi­tion of the P-V-O system have shown that the conversion is very
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360 Bielanski and Haber

FIGURE 7.42 Crystal structure of (VO)2P2O7; the (010) plane [125].

FIGURE 7.43 Total n-butane conversion at 623 K as a function of the P∕V ratio on the P-V-O catalysts [126].
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Oxidation of Aliphatic Hydrocarbons 361low for samples of P/V < 1 (Fig. 7.43) and sharply increases by an order of magnitude when P/V > 1 [126], whereas the specific surface area remained practically constant. Also the selectivity of the oxida­tion of n-butane to maleic anhydride changes in the same manner Fig. 7.44) [127].These and many other observations lead to a general consensus that it is the (VO)2P2θ7 phase which is responsible for the catalytic properties of the P-V-O system in the oxidation of n-butane. This phase may be obtained by a rapid reduction of α-VOPO4, or directly from the appropriate precursor by heat treatment. It has been found that on using the VOHPO4 ∙0.5H2O compound as precursor one can convert it by a topotactic reaction into (VO)2P2θ7 of particular morphology, having a strong laminar structure [125]. This is a result of the pseudomorphic relations between the starting and final
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P/V (at.ratio)FIGURE 7.44 Selectivity of the formation of maleic anhydride from the oxidation of n-butane as a function of the P/V ratio in P-V-O catalysts [127].
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362 Bielanski and Haberproducts obtained by a topotactic transformation. This modification has been called γ-(VO)2P2O7.The hydrated vanadyl phosphate VOHPO4∙O.5H2O may be also obtained by precipitation from the solution of V2O5 and H3PO4 in the mixture of higher alcohols. The alcohol molecules trapped be­tween the layers of the phosphate structure may generate in the course of the thermal treatment various kinds of defects in the layers of the resulting vanadyl pyrophosphate, which may have a pronounced influence on the catalytic properties. As an example, Fig. 7.45 com­pares the specific rates of the formation of maleic anhydride from butene and butane as a function of the reaction temperature, using the (VO)2P2θ7 prepared from precipitates obtained in water and in the mixture of isobutyl and benzyl alcohols [128]. Two important conclusions can be drawn from the analysis of these results. The rate of the oxidation of n-butane to maleic anhydride is many times higher on preparations obtained by precipitating in the organic medium than on those precipitated in water. At the same time, no great differences between these two preparations are found in their

FIGU R E 7.45 Comparison of the specific rate of maleic anhydride formation from n-butane (filled-in symbols) and from 1-butene (open symbols) as a function of the reaction temperature for active phases prepared in an aqueous medium (∆,λ) and in an organic medium (o,∙) [128].
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Oxidation of Aliphatic Hydrocarbons 363activities in the selective oxidation of 1-butene. The first step in the selective oxidation of n-butane is its oxidative dehydrogenation to an intermediate, which under particular conditions in which its successive total oxidation can be avoided can be desorbed as butenes, or react further to form butadiene, furan and maleic anhydride. The dramatic influence of the texture of the catalyst on the rate of the oxidation of n-butane but not that of 1-butene suggests that the specific nature of the active phase mainly affects this first step of paraffin oxidation, i.e., the activation of the paraffin molecule. Structural analysis indicates that in both cases the same γ- (VO)2P2θ7 phase is present in the catalysts. It is also noteworthy that the surface ratio (P∕V)s as determined by the XPS is directly proportional to the bulk ratio (P∕V)]3 only in the region of (P∕V)j3 < 1. At higher values the surface ratio remains constant (Fig. 7.46) [126]. The (P∕V)s values are twice higher than expected on the basis of bulk composition. It was suggested that phosphorus acts
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FIGURE 7.46 Surface versus bulk P∕V ratio in P-V-O catalysts after drying (0) and reaction (a) [126].
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364 Bielanski and Haberas a diluent on the surface, isolating V ion sites and thus increasing the selectivity. The EXAFS data are in line with the presence of a tetrahedral oxygen coordination around phosphorus and the excess of phosphorus has no structural effect on its coordination. This would suggest that a special modification of the surface is responsible for the increased rate of the activation of n-butane molecules. It was suggested that the surface defect structure caused by the pre­sence of alcohol molecules in the course of the formation of the layer structure may consist of the local inversion of the trans into a cis arrangement in the pair of VO(O) 5 edge-linked octahedra in the presence of oxygen vacancies or in the modification of the V—O bond strength. The studies of the reducibility of the catalyst sys­tem led to the conclusion that the stabilization of V(IV) against its oxidation to V(V) is one of the important factors rendering the cata­lyst selective in the n-butane oxidation and the presence of excess phosphorus hinders this process. A high rate of V(IV) to V(V) oxidation causes over oxidation of the surface of the catalyst. This enhances the oxygen attack on the activated n-butane intermediate as well as increases the rate of consecutive oxidations of other intermediates and maleic anhydride to CO2, drastically decreasing the yield of maleic anhydride.
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8

Selective Oxidation of 
Aromatic Hydrocarbons

I. INTRODUCTIONProcesses of partial oxidation of aromatic hydrocarbons in the vapor phase represent an important class of catalytic reactions, many of which are of great importance in chemical technology [ 1 ]. The ox­idation of aromatic hydrocarbons obtained by pyrolysis of coal is one of the first organic gas phase oxidation processes introduced into industrial practice. Now oxidation of naphthalene or o-xylene to phthalic anhydride, anthracene to anthraquinone, acenaphthene in naphthenic anhydride are operated on a large scale in the chemi­cal industry.Commercial production of phthalic anhydride was started in 1872 based on the liquid phase catalytic oxidation of naphthalene. The method was steadily improved until 1917, when it was replaced by the vapor phase oxidation of naphthalene over vanadium oxide catalysts, although catalytic oxidation of aromatic hydrocarbons in the vapor phase over a vanadium oxide catalyst was reported in the scientific literature as early as 1895 [2]. In the last three decades a dynamic growth of phthalic anhydride production has been ob­served, from 695,000 t∕a in 1961, to 2 million t∕a in 1972, to 2.7 million t∕a in 1976, due to its wide use in the manufacture of phthalate plasticizers, polyester and alkyl resins, paints, lacquers, insecticides, and numerous other industrial products [3,4]. Until 1945 naphthalene was the only raw material used commercially to produce phthalic anhydride. Since then о-xylene has been intro­duced in increasing amounts so that at present about 75% of world production of phthalic anhydride is based on o-xylene.
371
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372 Bielanski and HaberCatalytic vapor phase oxidation of benzene was commercialized in the 1930s as an efficient and economic route to maleic anhydride, with the production level in the 1950s and 1960s increasing rapidly in view of the rising consumption of maleic anhydride used as a feedstock to make polyesters, paints, and varnishes. In the last decade catalytic oxidation of C4 aliphatic hydrocarbons has become an increasingly important route to maleic anhydride.Two classes of aromatic oxidations can be distinguished:The side chain oxidation of alkyl aromatics and, in particular, methyl aromatics, which yields aldehydes and acids or anhy­drides without affecting the π-electron system of the aromatic ring. They belong to the nucleophilic type oxidation.The more severe oxidation involving destruction of the aromatic nucleus to form acid anhydrides and proceeding along the electrophilic oxidation route.It is remarkable that the V2O5-based catalysts introduced originally in the first industrial processes are still used today and remain superior to any other type of catalyst. The result is that de­pending on the type of additives and support they may function in both electrophilic and nucleophilic oxidation. In the first type of process, e.g., oxidation of benzene to maleic anhydride, they are modified by mixing with MoO3 and adding some promoters, and are usually supported on alumina [5]. For the nucleophilic process, as in the oxidation of 0-xylene to phthalic anhydride, V2O5 is usu­ally supported on an anatase modification of TiO2. The problems connected with the manufacture of phthalic anhydride are presented in [6]. Earlier literature concerning the oxidation of aromatic hy­drocarbons has been reviewed in several articles [7-10].
II. OXIDATION OF BENZENE TO MALEICANHYDRIDEA. Introductory RemarksWith most transition metal oxide catalysts benzene is completely ox­idized to CO, CO2, and H2O [11]. The only notable exceptions are the oxides of V > Mo > W on which benzene can be oxidized selec­tively, with the selectivity decreasing in the above order [12]. Hence the catalysts for the selective oxidation of benzene to maleic anhydride are based exclusively on the V2O5-MoO3 system. Usually they contain about 30 mol % MoO3 and various promoting additives, e.g., the oxides of P, Na, Ni, etc. With such industrial catalysts benzene is oxidized with 67—72% of the theoretical yield of maleic anhydride.
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Selective Oxidation of Aromatic Hydrocarbons 373The mechanism of selective catalytic oxidation of benzene is fairly complicated and the results published in the literature fre­quently involve various discrepancies. An additional complication is the fact that the V2O5-MoO3 system is very labile and, depending on conditions, the working catalyst may contain a number of differ­ent phases produced in the course of interactions of the catalyst with the feed [13].
B. V2O5-MoO3 SystemA V2O5-MoO3 phase diagram is shown in Fig. 8.1 [14-17]. A vast region of solubility of MoO3 in solid V2O5 (α phase) and a congru­ently melting intermediate compound (β phase) are seen in the dia­gram. However, there is no appreciable solubility of V2O5 in MoO3. The solubility limit of MoO3 in V2O5 reaches a value somewhat less than 30 mol % at the eutectic temperature (about 610oC) but it de­creases with decreasing temperature [17] and at 350oC is between 10 and 15 mol % MoO3.V2O5 and α phase are built of layers parallel to the (010) plane (Fig. 8.2). Within the layer each V atom is situated in a de­formed square pyramid of oxygen atoms. The pyramids partly di­rected above and partly below the layers are joined either by the

FIGURE 8.1 V2O5-MoO3 phase diagram [15].
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374 Bielanski and Haber

FIGURE 8.2 Structure of the layers parallel to the (OlO) plane in V2O5 crystal lattice.
common corners or by common edges. The length of oxygen-vanadi­um bonds is shown in Fig. 8.2. The shortest and hence the strong­est bond is formed between vanadium atoms and oxygen atoms situ­ated at the free apices of the pyramids. It is considered to be a double V=O bond and is characterized by a stretching frequency of about 1025 cm" 1 in the IR spectrum. The neighboring layers are situated in such a way that the doubly bonded oxygen atoms from one layer occupy positions below the square bases of pyramids in the next layer as shown in Fig. 8.2. Hence the coordination num­ber of vanadium in the lattice is completed to six. V2O5 and (M0xV1-x)2O5 solid solutions with x £ 0.2 are orthorhombic but at x ~~0.28-monoclinic [18]. The difference between the structures consists of the different displacement of metal ions from the centers of the irregular octahedra. In the orthorhombic structure all metal 
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Selective Oxidation of Aromatic Hydrocarbons 375ions within an ReO3-type slab are displaced in the same direction whereas in the monoclinic structure they are shifted pairwise in the opposite directions. In both structures metal ions in the edge-shar­ing octahedra are displaced in opposite directions to minimize the electrostatic repulsions.Vanadia-Inolybdena solid solutions when dissolved in H2SO4 re­duce certain amounts of KMnO4. This is due to the fact that they contain vanadium (IV) atoms as can be proved by EPR measure­ments [19,20]. The formation of V(IV) is evidently the result of doping vanadia with hexavalent molybdenum, which can be repre­sented by the equation:2MoO„ ÷ 2Mo' + 5Or. + 2e^ + ∣ O9, . (8.1)
O V O L ½Kg)in which Krbger-Vink symbols are used. Electrons are localized on vanadium atoms in the vicinity of Mo(VI) atoms, thus forming VlV-O-MovI donor centers.The structure of the intermediate compound (β phase) in the V2O5-MoO3 system was studied by Eick and Kihlborg [21] and Magneli and Oughton [22], who ascribed to it the V2Moθ8 formula. The authors described the structure of this compound as a shear structure of octahedra forming ReO3-type slabs which are infinitely long in the b and c directions but only three octahedra thick. Such slabs are jointed by component octahedra having common edges across the plane x = 1/4 and x = 3/4 which can be described as the shear planes. This structure may be considered as the second member of a homologous series of structures with the general formu­la Mnθ3n-χ (n = 2,3,...). Eick and Kihlborg, who prepared their samples Ъу heating equimolar mixture of oxides at 630 and 580oC, found β phase with the same small amounts of α phase, which ac­cording to them justified the V2Moθ8 formula. However, Munch and Pierron [23] detected pure β phase as the only .one at the composi­tion 3V2O5 ∙ 4MoO3 (samples heated at 600oC for 2 weeks). When the composition was changed there always appeared either an α or a MoO3 phase. Considering that the intermediate β phase was al­ways oxygen-deficient, the authors proposed the V9MθβO4θ formula. Similar results were obtained in [15] where the samples were ob­tained by the fusion of appropriate mixtures of oxides and a dis­tinct maximum on the Iiquidus curve was observed at a 3:4 molar ratio of V2O5 and MoO3 (Fig. 8.1). Eon et al. [24] suggested that the β phase may change its composition within limits corresponding to the formulas V2MoOg and V9MθβO4θ. The controversy between the two formulas seems to be solved by more recent work by Jarman et al. [25,26], who confirmed that prolonged heating of 3:4 molar mixtures of V2O5 at 600—700oC results in the formation of β phase 
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376 Bielanski and Haberas the only phase; in the case of a 1:1 molar ratio α phase appears along with β phase. On the other hand, when a sample with V: Mo atom ratio 0.93 was prepared by the evaporation of a solution of ammonium vanadate and molybdate and calcined at 500oC, only β phase was detected without α-phase or MoO3 contamination. Hence the authors conclude that β phase always has M3Og composition but the limits in which the ratio of V and Mo atoms can vary depends on the calcination temperature. The molybdenum-rich phase limit is close to (Vθe5MθQ 5)3θ8 at 500oC but as the temperature rises the following reaction occurs:
0.5 + v 20.5 ,∙v0.5mo0.5^308 > ('V0.^yMo0'.5-y^3°8 + 6УМоОз(8.2)At 600oC у = 0.1 and V9MθβO4Q composition is obtained.The portion of the phase diagram corresponding to the higher content of MoO3 than in VgMθβO40 represents a typical two-com­ponent phase diagram without the formation of solid solution in the usual orthorhombic modification of MoO3. However, it should be mentioned that Grussenmeyer [27] showed that the samples which initially contained the mixture of V9MθβO40 and orthorhombic MoO3 reinvestigated after 15 years changed their phase composition: the β phase vanished and instead a solid solution of V2O5 in hexagonal MoO3 appeared which evidently is more stable at room temperature.The magnetic, optical, and electrical properties of the V2O5- MoO system were investigated in [19,28,29].The phases appearing in the V2O5-MoO3 system can easily be reduced, which may occur also in the atmosphere of air saturated with benzene vapors under the conditions of catalytic reaction. Moreover, Bielanski and Inglot [30] showed that a certain degree of reduction is necessary to activate the catalyst. Their catalysts obtained by fusing the mixtures of both oxides in the atmosphere of air when fresh were practically inactive in benzene oxidation at 350oC and acquired activity only in the course of their reduction. Figure 8.3 shows Arrhenius plots corresponding to a series of ex­periments carried out with a sample of undoped V2O5 which has been stepwise reduced with a benzene vapor-air mixture. After each state of reduction a catalytic run was carried out over a range of temperature, a small amount of catalyst taken for chemical analysis and reduction—catalytic test—and chemical analysis cy­cles repeated several times. It is seen that after the first treat­ment, resulting in the reduction of 55.1% of to , the catalyst became active (curve I in Fig. 8.3); the second treatment
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Selective Oxidation of Aromatic Hydrocarbons 377

170 180 190 yτ ι03FIGURE 8.3 Arrhenius plots for the catalytic oxidation of benzene on V2O5 catalyst after successive stages of reduction with air­benzene vapors (curve I) or nitrogen-benzene vapors (curves II— IV) at 350oC. Bo and B, concentrations of benzene in the gas en­tering and the gas flowing out of reactor, respectively; T, tempera­ture of experiment; To, correction factor allowing for the change of volume of the gases’ due to heating them to various tempera­tures [30].
(curve II) gave still higher activity and in this case chemical analy­sis indicated 90% of and 10% of V^. Further reduction result­ed in a certain decrease of activity (curve III and IV). It can be clearly seen that the best activity was reached when the composition of the catalyst sample corresponded roughly to V2O4, which must have been the predominant phase. Similar enhancement of activity was also observed in all catalysts containing MoO3 additives. How­ever, the process of reduction of such samples is more complicated because it is accompanied by the segregation of elements occurring at least in the external layers of catalyst grains. This was shown by Bielahski et al. [31] by carrying out under an electron scanning microscope quantitative analysis with the X-ray microprobe at fixed points of the catalyst surface. The ratio of the numbers of char­acteristic X-ray quanta of molybdenum and vanadium Njyjo/Nv was taken as the relative measure of molybdenum concentration. The 
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378 Bielanski and Haberanalyses were performed with the fresh sample after oxidizing it at 450oC and reducing it with benzene vapors at the same temperature. Owing to the scanning microscopic photographs it was always possi­ble to carry out the analysis at the same points of the flat surface of the chosen microcrystallites. The results are given in Table 8.1. It is seen that both treatments resulted in distinct changes in Mo concentration in the near-to-surface layer penetrated by the elec­tron beam. In all cases oxidation led to a decrease in the Mo/V atomic ratio, while reduction led to an increase. The effect was stronger in the case of sample A containing only α phase and sam­ple β containing α and β phase than in the case of sample C con­taining only β phase. Najbar and Niziol [32] showed that both treatments can locally result in such enrichment in Mo that the β phase separates from the α phase. Further experiments enabling a deeper insight into the process of new phase formation upon the reduction of model samples were carried out by Najbar and Bielan- ska [33]. In this work small samples cut off from the body of a previously fused oxide mixture after exposing them to the action of a reducing agent were embedded in the epoxy resin. Subsequently, thin slices (600—700 A thick) were cut parallel to the flat surface of the sample using an ultramicrotome. Crystallites from the layer about 2000 A thick were transferred on a grid and investigated un­der electron microscope working with a scanning attachment and X-ray spectrometer. The apparatus enabled the investigators to carry out electron diffraction and also X-ray quantitative analysis on the same crystallite. It should be observed that this method renders it possible to detect, identify, and analyze the phases present in the near-to-surface layer in amounts too small to be detected by the usual X-ray analysis. In the case of ’’mild” re­duction (benzene vapors at 350oC) of the sample containing 10 mol % MoO3 and originally containing only the α phase, the crystal­lites of V9MθβO4θ appeared in the most external layer besides which α phase was present. The latter was the only phase in the second and the following deeper layers. However, the X-ray microanaly­sis showed that the Mo/V ratio was the highest in the first and the second investigated layers, and then decreased in the direction of the bulk of the sample.A much more pronounced segregation was reached when reduc­tion of the sample in benzene vapors was carried out at 450oC [33] (Table 8.2). In this case only the oxides of molybdenum MoO3 and Mo17O47 were detected in the most external layer. The intermedi­ate compound and both molybdenum oxides were present in the second and third layers. The former was the only or the predomin­ant phase in the fourth, fifth, and sixth layers. Vanadium oxides were detected first in the fifth (V3O7) and sixth ( α phase) layers at a distance of the order of 10,000 A from the catalyst grain sur­face.
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Selective Oxidation of Aromatic Hydrocarbons 379TABLE 8.1 X-Ray Microprobe Point Analysis of V2O5-MoO3 Samples
Sample Site

nM<√nVFresh sample After oxidation After reductionA 1 0.036 0.025 0.0642 0.049 0.028 0.0623 0.047 0.024 0.060B 1 0.082 0.081 0.1452 0.084 0.078 0.1173 0.104 0.082 0.140C 1 0.667 0.610 0.6492 0.733 0.625 0.6673 0.746 0.625 0.676A: 10 mol % MoO3. B: 30 mol % MoO3. C: 56.8 mol % MoO3. Source: Refs. 31 and 34.
It is of interest to compare these results with those obtained with an industrial catalyst which was working in an industrial re­actor for 16 months [34]. This catalyst initially contained α and β phases as well as sodium-vanadia-molybdena bronze. As the data in the Table 8.3 show, in this case strong segregation of elements took place and the formation of similar phases occurred as was ob­served in the case of the ’’strong" reduction of the model sample. The data in Table 8.3 concern catalyst sample taken from the upper part of the reactor tube (gas inlet) where temperature is the high­est and so also is the concentration of benzene vapors. The catalyst from the lowest parts of the reactor tube remained prac­tically unchanged and in the laboratory exhibited unchanged activ­ity. The catalyst from the upper part of the tubing has lost an ap­preciable amount of molybdenum, which was considered to explain the observed drop it its activity. The data in Table 8.2 suggest that the departure of molybdena from the catalyst is due to the segregation of elements leading to the formation of volatile moly­bdenum oxide the vapors of which are taken off by the flowing reaction gases.
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380 Bielanski and HaberTABLE 8.2 Chemical and Phase Composition of Consecutive Layers of V2O5-MoO3 Solid Solution Reduced in Benzene Vapors at 450oC
Number of layer Total number of identified crys­tallites Phase identified Number of crys­tallites of phaseI 6 MoO 3 4Mo17O47 2II 8 Mo17O47 1MoO3 2V9Mo6O40 5III 3 V9Mo6O40 3IV 2 V9Mo6O40 2V 7 VgMo6O40 6V3O7 1VI 11 VgMo6O40 4V2θ5 3Mo5Oi4 4Source: Data from Ref. 33.

All of the above results clearly indicate that the catalysts for selective benzene oxidation represents fairly complicated system, the chemical and phase composition of which may differ consider­ably from those of the fresh samples. The changes in the original catalytic mass occurring when the catalyst is working depend strongly on the conditions and this may be the source of discrepan­cies with the results obtained in different laboratories.The mechanism of the segregation of cations in the solid α and β phases can be interpreted as the ’’demixing” process described by Schmaltzried [36], who showed that in the binary oxide solid solu­tions exposed to the oxygen potential gradient the segregation of elements occurs which is connected with different mobilities of both cations. In our case the surface of the catalyst is always exposed to a different oxygen chemical potential than the bulk of crystal­lites. The direction of the observed segregation indicates that the mobility of vanadium atoms is greater then that of molybdenum atoms [31]. The diffusion of cations is also induced by the removal of oxygen from the surface layer by reduction. Faster diffusion of
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Selective Oxidation of Aromatic Hydrocarbons 381TABLE 8.3 Chemical and Phase Composition of an Industrial Catalyst for Benzene Oxidation Determined After 16 Months of Work­ing in the Industrial Reaction
Number of layer Total number of identified crys­tallites Phase identified Number of crys­tallites of phaseI 11 Mo5Ol4 1MOO3 1M()17O47 4V9MoeO4O 3V6Mo4O25 2II 23 MC>17O47 8MOO3 6МО4О11 1v6o13 1VgMo6O4O 7III 11 v9Moθo40 5V6Mo4O25 4v6o13 1Na2O. V2O4-SV2O5 1Source: Data from Ref. 34.
vanadium results in the enrichment of the surface layer in moly­bdenum. In the oxidation the outward diffusion of vanadium re­sults in the enrichment of the surface layer in this latter element. The reversibility of these effects was studied in [32].Najbar and Stadnicka [37] studied the structural relationships in the evolution of vanadia-moIybdena catalysts. They pointed out that in V2O5 interstitial cavities with a diameter of about 2.2 A exist which are linked by the windows of about 1.4 × 2.2 A along the directions (OOl) and (010). The diameter of the interstitial positions is much larger than the diameter of the Mo6+ (1.24 A) and v5÷ (1.18 A) ions. Such rows of interstitial cavities repre­sent the most plausible easy diffusion paths. When comparing the crystal structure of V2O5 and α phase with that of the intermediate compound, the authors arrived at the conclusion that there exists 
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382 Bielanski and Habera crystallographic fit between (OOl) planes of both phases and also between (001) plane of V2O5 and the (100) plane of the intermediate compound. This enables the formation of ’’hybrid" crystals during the reduction in which an epitaxial layer of intermediate compound develops on α-phase crystallites. If (001) planes of both phases fit one another the easy diffusion channels run in the same direc­tion and the epitaxial layer does not prevent further reduction.On the other hand, a (100) epitaxial layer of intermediate compound on the (001) plane of the α phase would hinder the reduction be­cause of the fact that easy diffusion channels would not run in the same direction. In the same way Najbar [38] investigated the forma­tion of epitaxial layers of MoO3 on the (001) face (best developed) of the intermediate compound.The anisotropy of cation diffusion in α and β phase was con­firmed by the same author [39] in a series of experiments carried out in the following way: A small amount of pulverized sample pre­pared by fusing the mixtures of both oxides was placed on the sticky strip subsequently fastened to a scanning microscope holder. The platelet-like crystals elongated in the [010] direction (width 5—6μm, length several tens of μm) were stuck to the strip by their best developed (001) face. Using an optical microscope silver glue was placed by thin needle on the (010) or (001) face of the chosen crystals and on the strip thus connecting electrically crystals to the holder. The holder was then introduced into the microprobe X-ray analyzer. The electron beam entering in the [001] direction was used simultaneously as the second electrode and as the probe for chemical analysis. The electrical field imposed between the elec­tron beam entering the crystal and the silver electrode was assumed to influence the chemical composition of analyzed areas. In neither case did the concentration of vanadium in the area of beam penetra­tion significantly change with time if the electric field was imposed in the [100] direction in which no easy diffusion channels exist in α and β phase. However, the changes were distinct when the electrical field was applied in the [010] direction parallel to which easy diffusion channels run.
C. Interactions of Oxygen and Benzene withV2O5 and V2O5-MoO3 SurfaceOwing to the lability of the V2O5-MoO3 system, the discrimination between the chemisorbed and the lattice oxygen from the most ex­ternal layers of crystallites is difficult. The only study of oxygen chemisorbed species was possible in the case of silica-supported V2O5. Shvets and Kazansky [40] showed that adsorption of oxygen at —196oC results in the formation of ion radicals. The EPR signal of this species decreased after heating the sample to —78°C 
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Selective Oxidation of Aromatic Hydrocarbons 383when the O" signal appeared. The latter could also be obtained after chemisorption of N2O at room temperature. This species ex­hibited rather high thermal stability and could still be observed at 350oC. That is why the authors suggested that it may be the ac­tive species in the catalytic reaction of benzene. The oxygen anion radicals are stabilized close to vanadium ions as was indicated by the hyperfine structure of the EPR spectra. Signals of V^÷ ions in the prereduced V2O5∕SiO2 were observed only at liquid air tempera­ture but vanished at room temperature, indicating the tetrahedral coordination of vanadium. Yoshida et al. [41] when investigating the same type of V2O5∕SiO2 prereduced catalyst showed that the O-ZO^ ratio of peak intensities increased with the increasing reduc­tion degree, i.e., with the availability of electron donor centers. In their experiments the total amount of paramagnetic oxygen spe­cies O" and C>2 was less than 10% of the total amount of adsorbed oxygen, thus indicating the predominant adsorption of oxygen in the form of the species nonvisible by EPR as O2 or O%~. Good accordance with the Langmuir isotherm for nondissociative adsorp­tion was considered to support the possibility of molecular neutral adsorption.Different results concerning the forms of chemisorbed oxygen were obtained with nonsupported V2O5 and V2O5-MoO3. Dyrek [42] and Bielahski, Dyrek and Serwicka [43] did not observe any EPR signals upon adsorption of oxygen on slightly reduced V2O5, which indicated that oxygen was incorporated into the external layers of crystallites in the form of O^" ion. In these samples the concen­tration of v4+ detected by EPR in the initial samples was always lower than that calculated on the basis of chemical analysis. This justified the conclusion that besides V4+ ions detectable by EPR there were also present non-Kramers V^+ ions which do not give an EPR signal. The confirmation was found in the fact that the in­tensity of V4+ signal passed over maximum in the course of oxygen chemisorption at temperatures up to 200oC, thus showing a two- step oxidation:V3+ -----> V4+ ---- > V5+ (8.3)in which only surface or near-to-the-surface V atoms participated. Above 300oC a monotonous decrease of intensity was observed indicating nearly complete disappearance of γ4÷, which must have been connected with the diffusion into the bulk of CrystalUtes. In a series of similar experiments carried out with slightly reduced V2O5-MoO3 solid solutions, Dyrek and Labanowska [44] observed two maxima on the curves showing the intensity of the EPR signal as a function of the amount of oxygen consumed. The position of 
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384 Bielanski and Haberthe first of them did not change with the changing concentration of molybdenum. On the other hand, the second one shifted toward shorter adsorption times upon increasing content of molybdenum. Such a result indicated that two kinds of oxygen adsorption centers were present in the samples, attributed to the reduced vanadium ions stabilized by oxygen lattice vacancies and the other to the re­duced vanadium ions stabilized by Moθ+ ions incorporated into the crystal lattice.Although no O^ or species was detected on the nonsupported vanadia and fast irreversible formation of O^" was observed, Dziembaj [45] detected by TPD-type experiments the presence of loosely bonded oxygen on this oxide. The desorption peak of this presumably molecular oxygen was observed at 130oC and under vacuum conditions. The TPD curves indicated also the evolution of oxygen from V2O5 above 450oC. This was the departure of lattice oxygen. The subsequent study of the equilibria in the system V2O3-O2 led to the conclusion that at O < x < 0.02 [46,47] and 575 — 615oC the nonstoichimetric V2O5 phase exists. However, further departure of oxygen results in the formation of a lower oxide (in the reversible reaction):
3v2θ5 ≠ v6θ13 + 02 (8.4)

The Iabihty of V2O5 phase renders the determination of oxygen ad­sorption isobars questionable [48].The adsorption of benzene on V2O5 and V2O5-MoO3 catalysts has been tackled in a few studies. Jones et al. [49] studied ben­zene adsorption on alumina-supported V2O5 and V2O5-MoO3 samples at 288—381 K, conditions which are not very interesting from the catalytic point of view. The authors determined the differential ad­sorption heats, which decreased from the values of the order of 60 kcal mol"l for small coverages to a value corresponding to the vaporization heat of benzene at coverages higher than a monolayer. More recently, Belokopytov et al. [50] studied the thermoprogrammed desorption of benzene from V2O5-MoO3 catalyst. Two TPD peaks were observed: a strong one at 422 K and a much weaker one at 516 K. The desorption in the former case followed the first-order law, which indicated that it was a monomolecular process and dis- Sociatively adsorbed oxygen departed from the surface. The activa­tion energy determined for this process was only 50 kJ mol"l. The reaction order determined for the second peak was two and hence in the desorption act characterized by the activation energy 143 kJ mol"l two chemisorbed species were involved. The authors suggest­ed that the formation of two forms of adsorbed benzene was due to the presence of two different types of surface centers, e.g., Mo
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Selective Oxidation of Aromatic Hydrocarbons 385and V atoms. Following the suggestion of Ioffe and Wolkenstein [51] they considered the possibility of formation of benzene surface com­plex with the dissociation of either a σ or a π bond in the CθHθ molecule. In either case the molecule would be oriented perpendicu­larly to the surface. However, it should also be observed that the flat orientation of the adsorbed benzene molecule on the surface should be taken into account. In such a case benzene would be bonded by its π-orbitals in the same way as it occurs in sandwich type complexes such as di-benzene chromium ∕CβHθ∕2Cr, or in the "piano stool" type molecule of benzene-tricarbonyl chromium /CgHg/Cr ∕CO∕3. Easily accessible vanadium atoms are present at (OlO) face of V2O5. Assuming coordination of such atoms as fifefold one could expect the formation of the complex ∕CgHβ∕VO5 in which all oxygen atoms are lattice oxygen atoms.
D. The Mechanism and Kinetics of the Oxidationof Benzene on V2O5-MoO3 Catalysts1. Reaction PatternsThe main products of the catalytic oxidation of benzene on vanadia- molybdena catalysts are maleic anhydride and carbon oxides. Al­ready in the early investigation it has been understood that the lat­ter can be produced either by the direct oxidation of benzene or by the oxidation of maleic anhydride. This led Hammar to accept the following reaction scheme [52]:

(8.5)
which subsequently became the basis for most of kinetics studies. However, the fact that besides maleic anhydride some amount of benzoquinone was also detected along with, less frequently reported, hydroquinone (the presence of which is questioned by some authors) and traces of formaldehyde and diphenyl [53] led to the reaction schemes postulating different intermediate products of the transfor­mation of benzene to maleic anhydride. Germain and Peuch [54] proposed the following scheme:
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386 Bielanski and Haber

In the case of a catalyst in which the V:Mo atomic ratio was 6 and at low conversion of benzene the ratio of reaction rates was estimat ed to be уру2:уз = 1:0.53:0.08. Scheme (8.6) was considered by the authors to be equivalent to the "rake" scheme:
Gas phase BQM1Ψ tΨ 14∙ (8.7)Adsorbed phase B ---- > Q---- > M---- > C CO + COg

Reaction 1 of scheme (8.6) corresponds in (8.7) to a fraction of quinone (Q)5 the molecules of which were oxidized without desorp­tion, while reactions 3 and 6 correspond to the quinone molecules which were readsorbed after desorption. This mechanism was sup­ported by the experiments carried out by Beydoun et al. [55] who observed maxima on the reaction yield versus contact time curves for both quinone and maleic anhydride (M). Quinone was oxidized to maleic anhydride with the selectivity of 90% while benzene only in 60%. This observation confirms the existence of a direct path (re­action 2 in 8.6) of the total oxidation of benzene. It should be noticed that the latter reaction predominates in the case of fully oxi­dized catalyst, and the selectivity to maleic anhydride distinctly in­creases with the reduction of the catalyst [55,30].A more developed reaction scheme was proposed by Ahmad et al. [56] who were using V2O5—MoO3 and СГ2О3—V2O5 catalysts and fluidized bed reactor. Kinetic investigations and especially the study of the effect of contact time gave the authors the basis for the formu­lation of the following scheme of consecutive and parallel reactions:
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Selective Oxidation of Aromatic Hydrocarbons 387
Benzene _ 300-500oC

Phenol--------------------------------------ΨQuinone÷ кMaleic anhydride^— 8----÷ кCarbon oxides <------------- 9------- (8.8)
Taking into account a high excess of air throughout the study, the authors assumed zero order reaction with respect to oxygen and simultaneously first order of reactions of the particular organic rea­gents. Consequently, the rate constants k^-kg could be evaluated. It should be emphasized that activation energies obtained for partic­ular reactions are definitely low: 4-6 kcal mole^l for V2O5-MoO3 with the exception of 17.3 kcal mole" 1 for reaction 8) and 2—6 kcal mol^l for СГ2О3—V2O5 catalysts (with the exception of 12 kcal moΓ^ for reaction 5). Such values clearly indicate that the reactions were diffusion-controlled, i.e., they occurred within the narrow pores of silica-supported catalyst. This circumstance might be the reason that Ahmad et al. obtained an exceptionally high yield of quinone and phenol in comparison with that of maleic acid. For ex­ample, at 400oC the following proportion of products was found: P.∙Q.∙M.∙CO2 = 0.010:0.016:0.414:0.560.Recently the problem of the participation of particular reaction paths in the overall oxidation of benzene was also tackled by Inglot who studied on the same vanadia-molybdena catalyst (30 mol % MoO3) kinetics of the oxidation of benzene [57], maleic anhydride [58], phenol [59], and р-benzoquinone [60]. The main results can be summarized as follows: on the undoped catalyst the participation of route 1 in the scheme (8.5) in the total conversion of benzene at 322oC was 0.62 while 0.38 corresponded to the direct oxidation to CO and CO2. The ratio kj ∕k13 amounted to 1.29 thus indicating a distinct overoxidation of maleic anhydride. However, the doping of V2O5-MoO3 catalyst with 0.5—5 mol % of P2O5 resulted in a de­crease of k3 by a factor of 2 and the overall selectivity increased to about 60%. In Inglofs experiments phenol was oxidized to maleic anhydride and quinone with Selectivities of 10 and 12%, re­spectively, while the selectivity of benzene oxidation was 60%. This indicated that under the conditions of his experiments the reaction route of selective oxidation of benzene via phenol as intermediate can play only a minor role (1—3%). On the other hand, analysis of kinetic data led to the conclusion that quinone can be the main in­termediate product in the transformation of benzene into maleic an­hydride .Krylova et al. [61] showed that besides the products already mentioned, a very small amount of side products of much more com-
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388 Bielanski and Haberplicated molecular structure can be formed in the course of catalytic oxidation of benzene on the industrial catalysts. These products were identified Chromatographically and mass spectroscopically in the residue after extraction from an aqueous solution of crude tech­nical maleic anhydride. In particular they detected phthalic anhy­dride, р-benzoquinone, 2-piron, benzaldehyde, pirocatechine car­bonate, benzoic acid, anthraquinone, and 1,4-naphthoquinone. The authors also proposed the hypothetical scheme of side reactions leading to all these products.2. Kinetics of the Catalytic Oxidation of BenzeneAs mentioned in Section II of Chapter 4, Mars and van Krevelen in their now classical paper on the catalytic oxidation of aromatic hydrocarbons [62], assumed that such reactions comprise two inde­pendent steps, i.e., reaction between hydrocarbon molecules and oxygen atoms at the surface of catalyst, and reoxidation of the partly reduced surface by oxygen from gas phase. Assuming that the former step is a first-order reaction with respect to the partial pressure of the substance to be oxidized pr, one can express the oxidation rate vr by the equation:⅞ = -ι⅛θ (8∙9) based on the supposition that the reaction rate is proportional to the degree of occupation of the surface by oxygen atoms participat­ing in the reaction ( θ ).The rate of reoxidation of the surface was assumed to be pro­portional to a certain power m of oxygen partial pressure and to the catalyst’s surface area not covered by active oxygen (1 — θ):
⅜ = ⅛pS (1 - θ)^j2 z-υ2 (8.10)

In the steady state of the reaction the rates of both processes, re­duction and reoxidation, are equal, and if for one aromatic molecule β molecules of oxygen are required we can write:
β-l¾θ ^ ⅛1 e)

and
, . i mβ-l≡R + - 2≡O2 (8.11)

http://chemistry-chemists.com



Selective Oxidation of Aromatic Hydrocarbons 389From (8.9) and (8.11) we find that the overall reaction rate is:1—R ι∕ι , λ л m1-1⅛ βz⅛δ2 (8.12)
The validity of the equation with m = 1 for the oxidation of benzene was verified by Mars and van Krevelen. An important argument for the correctness of their reaction scheme has been found in the fact that the value of the rate constant k2 of the reoxidation process studied on a V2O5-MoO3∕Al2O3 catalyst was identical when deter­mined in the catalytic oxidation of benzene, naphthalene, and anthra­cene. Mars and van KrevelenfS model does not specify which kind of surface oxygen participates in the catalytic reaction: chemisorbed or lattice oxygen. However, the authors believed that it is doubly bonded terminal oxygen in V=O groups. They also observed that in the steady state of the reaction a certain degree of surface reduc­tion must always be present. Otherwise the reoxidation process would be stopped.The Mars and van Krevelen equation (m = 1) was also applied by Germain et al. [63]. Tufan and Angkerman [64], who examined 11 theoretical models and corresponding kinetic equations, proved the best applicability of Eq. (8.12) with m equal to 1 or 1/2. A similar result was obtained in [65] where seven different kinetic equations were tested. The applicability of Eq. (8.12) limited only to the initial period of the catalytic reaction was observed in [66]. The author recommended instead an equation based on the Houghen- Watson model in the general form:

⅛ 1 + ∑p.k.
-1—1

(8.13)
based on the assumption that the reaction rate was controlled either by the adsorption of benzene or maleic anhydride (k rate constant, k1∙ adsorption coefficient of the reactant i).Generally speaking, the steady-state kinetic equation adequately describes the rate of overall benzene consumption and the values of apparent activation energies determined by different authors are in most cases in reasonable accordance. However, this equation can only be taken as an empirical one giving the first approximation. The model on which it is based does not take into account the fact that in reality catalytic oxidation of benzene comprises a rather complicated pattern of parallel and consecutive reactions, the sim­plest representation of which is given by the scheme of Hammar [Eq. (8.5)]. Ioffe and Liubarskii [67] determined the rates of all three reactions mentioned therein when studying the oxidation of benzene 
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390 Bielanski and Haberon V2O5-MoO3∕Al2O3 catalyst in a circulating flow reactor where the rate of benzene conversion and maleic anhydride formation could be determined either in the presence of maleic anhydride in the gas phase at the stationary state of reaction or in the situation where maleic anhydride vapors were removed by freezing them out. The rate of transformation of benzene into maleic anhydride [reaction 1 in scheme (8.5)] and the rate of direct degradation of benzene (re­action 3) in the absence of maleic anhydride in the gas phase could be given as:r1 = k1[B]0∙78 (8.14)
and

0 71r3 = k3[B]υ∙'i (8.15)
Both equations are valid independent of the partial pressure of oxy­gen. The order of reaction with respect to maleic anhydride (reac­tion 2) has been determined separately [68] as equal to one:

r2 = k2[M] (8.16)
Much more complicated was the dependence of reaction rate on the concentration of oxygen in the gas phase. At [O2] < 4 × 10"3 mol liter" 1 reactions 1 and 3 were of the order two with respect to oxy­gen. However, at [C>2] > 4 × 10"3 mol liter"l reaction was zero order with respect to oxygen. The change of reaction order with the changing oxygen partial pressure was also observed by Ger­main et al. [69].Ioffe et al. also showed that the rate of benzene consumption in both reactions 1 and 2 is inversely proportional to the concentration of maleic anhydride in the gas phase raised to the 0.74 power in­dependent of oxygen partial pressure. The rate of benzene con­version can therefore be represented by the equations:

9[O2] ( 0 78 0r~ = ¾ + ⅜ = -^74 j⅛[B]°∙78÷ ⅛≡1
for [O] < 4 × 10 8 mol liter 1 (8.17)

£ = ¾ + ⅛ = O 74⅛√b1°'78 + ⅛≡1° (
[M]υ∙'4 ( 1 j )

for [O2J >4 x 10^3 mol Hter'1 (8.18)
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Selective Oxidation of Aromatic Hydrocarbons 391Inhibition of the reaction by the presence of maleic anhydride strongly suggests that both reagents B and M are chemisorbed on the same sites on the catalyst surface.The kinetic model of the catalytic oxidation of benzene based on reaction scheme (8.5) represents a good approximation at high conversions of benzene, i.e., when the formation of products such as quinone, phenol, etc., can be neglected. However, more elaborate studies must also take into account the formation of these secondary products. Most such studies comprise not only the kine­tics of benzene oxidation but also oxidation of maleic anhydride, quinone, and phenol as was done by Ahmad et al. [56] and Inglot [57-60], as was already mentioned in Section II.D.1. It should here be mentioned that the former authors gave the most complete set of kinetic equations from which rate constants of processes indicated in scheme (8.8) could be calculated. However, their detailed pre­sentation seems outside the scope of this text.3. Molecular Mechanism of the Catalytic Benzene OxidationIn the two last sections dealing with the reaction patterns and kine­tics of catalytic benzene oxidation the problem of molecular mechan­ism of benzene transformations was not raised. The main question is the nature of the first attack: H abstraction or O addition [70]. Dolgov [71] proposed a highly hypothetical but chemically feasible sequence of reactions consistent with the H-abstraction mechanism:

(8.19)Since no clear evidence of 1,2 or 1,4 oxygen addition to olefins and diens exists, Germain [70] proposed that the first step is a nuclear H abstraction followed by the second identical process in the para position, and an O addition to these radicals, all τr-bonded to a sur­face cation.The addition of an O2 molecule to the benzene ring was suggest­ed by Dmuchovsky et al. [72]. It was proposed that in the rate­limiting step benzene can add molecular oxygen either in 1,2 or 1,4 fashion to yield an activated complex in the form:
(8.20)
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392 Bielanski and HaberThe idea of a peroxy intermediate is strongly supported by the recent papers of Waugh et al. [73-75] and Haber et al. [76,77]. The first group of investigators carried out a series of TPD experi­ments with a mass spectrometer on-line in which adsorption of ben­zene and maleic anhydride over alumina-supported V2O5-MoO3 catalyst was studied. On the same catalyst the oxidation of ben­zene, quinone, and hydroquinone was also investigated. The main results obtained by the authors can be summarized as follows:1. Adsorption of maleic anhydride on the catalyst was definite­ly poor and never exceeded 6 × l(P-2 molecules per cm^. This sug­gested that maleic anhydride was adsorbed on the defects present on the surface, e.g., anionic vacancies. The DTA experiments showed two desorption peaks:At 220—250oC E4 = 138-148 kJ moΓ1 ∆H = -79.9 kJ moΓ1—des —andAt 340-350oC E, = 171-181 kJ moΓ1 ∆H = -1024 kJ moΓ1 —des —The high values of the activation energies of desorption Ejes and high values of adsorption enthalpy show that chemisorption of maleic anhydride is strong and that the desorption of maleic anhydride can be the rate-limiting step in the oxidation of benzene. Such a con­clusion is in accordance with the already mentioned kinetic Eqs.(8.17) and (8.18) given by Ioffe according to which the rate of ben­zene oxidation is slowed down by the presence of maleic anhydride in the gas phase.2. Similarly to the case of maleic anhydride, the concentration of benzene adsorbed on the same catalyst is small and never ex­ceeds 4 × K)!! molecules per cm^. Benzene chemisorbed was partial­ly transformed into maleic anhydride desorbing at the same tempera­ture as in the experiments in which the latter was directly adsorbed from the gas phase. Waugh concluded that maleic anhydride was produced on the same sites at which its precursor, benzene, was adsorbed. Both molecules are considered to be not mobile on the surface and the transformation CβHgζajs) ÷ C4H2O3ζajs) is very easy. It occurs with activation energy as low as 31.4 kJ mol^l. The immobility of both organic molecules suggests that it is oxygen species participating in the reaction which must be mobile. It seems unlikely that such mobility can be exhibited by lattice oxy­gen; rather it is chemisorbed oxygen, e.g., O 2 species, which is migrating.3. Catalytic experiments show that the selectivity of quinone oxidation to maleic anhydride was very small (3—5%), while that of
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Selective Oxidation of Aromatic Hydrocarbons 393benzene and hydroquinone was high ( M50%) and equal for both lat­ter reagents. Therefore Waugh accepted that hydroquinone is the intermediate in the selective oxidation of benzene and quinone the intermediate in the nonselective oxidation. The logical consequence of accepting hydroquinone as the intermediate was to accept the previously mentioned suggestion of Dmuchovsky that the first pro­duct of oxygen attack on the benzene molecule is a peroxidic adduct. The reaction scheme proposed by Waugh is represented by the scheme (8.21) in a somewhat simplified form. It should also be ob­served that, according to the experiments carried out by Inglot [60], quinone can be oxidized to maleic anhydride with much high­er selectivity (up to 60%) than was observed by Waugh et al. That is why in scheme (8.21) a dotted line has been introduced by the authors of this book indicating this latter possibility. Waugh et al. also showed that all the steps proposed in their reaction scheme are symmetry-allowed.
(8.21)

The ideas developed by Waugh et al. found strong support in the quantum-chemical calculations carried out by Broclawik et al. [76,77]. These authors assumed three main reaction paths as most probable for the reaction between benzene and dioxygen molecules (Fig. 8.4):1. The reaction path is in the plane of the benzene ring; the O2 molecule is approaching with its axis parallel to the side of the ring.2. The reaction path is in the plane of the ring; the O2 molecule is approaching with its axis perpendicular to the ring.3. The reaction path is directed perpendicular to the center of the benzene ring; the O2 molecule approaching with its axis paral­lel to the diagonal of the ring.The proposed mutual positions of CθHθ and O2 molecules are fairly reasonable considering the fact, mentioned in Section II.C of this chapter, that we can expect two positions of a CθHθ ad­sorbed molecule, parallel and perpendicular to the surface, and also
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394 Bielanski and Haber

FIGURE 8.4molecule [77].Chosen paths for the reaction of benzene with oxygen
the fact, mentioned in Section I.C.2 of Chapter 2, that dioxygen can also be oriented ’’side-on” and ”end-on” to the surface.Figure 8.5 shows the dependence of the potential energy of the quantum-chemical system in path 1 on the distance of both mole­cules. In the case when O2 molecule is in the triplet ground state (curve a) a monotonous increase of the energy occurs upon the approach of the O2 molecule to the C-C bond. The calculations also indicate that no change in the O-O bond length occurs and the
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FIGURE 8.5 (A) Potential energy curves for reaction path 1.(a) starting Rq-O = 1∙2θ (b) starting Rq-O = 1∙49 A.(B) optimalgeometry for the O2 + CθHθ system corresponding to the minimum on curve b [77].
charge transfer from benzene to oxygen is small. On the other hand, stretching the initial 0—0 bond distance to 1.49 A (a value not very different from that in the case of O^ ion equal to 1.28 A) results in the appearance of a potential curve of attractive charac­ter (curve b) exhibiting a minimum at the reaction coordinate 2.5 A at which the distance between the C-C and 0—0 bonds is 1.239 A. The optimal geometry of the complex forming from CθHθ and O2 molecules, then, is close to the geometry of the o-dihydroxybenzene presented at the right side of Fig. 8.5. The presence of dihydroxy­benzene in the products of catalytic oxidation was postulated in [61] as the intermediate product of traces of double-ring aromatic com­pounds. However, in no case has it been detected experimentally. The fact that the reaction route including formation of this species was not confirmed experimentally may be taken as an indication that chemisorption of oxygen "side-on” on V2O5 occurs only exception­ally.The potential energy curve calculated for reaction path 2 and presented in Fig. 8.6 is composed of three distinct sections appar­ently belonging to three different states. The first section corre­sponding to high values of the reaction coordinate is repulsive; the
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FIGURE 8.6 (A) Potential energy curves for reaction path 2.Full line corresponds to the energy curve obtained on decreasing reaction coordinate; dashed lines describe energy curves obtained when the optimal geometries at the reaction coordinate equal to 1.7 and 2.3 A, respectively, were taken as the input and the reaction coordinate was increased. (B) Optimal geometry of the complex corresponding to the minimum on curve 3 [77].
second and third sections are attractive. The system represented by the intermediate curve 2 can be considered as composed of the deformed benzene ring with Cl and C2 carbon atoms pulled strongly apart and the oxygen molecule with a considerably elongated O-O bond. Curve 3 refers to the situation in which oxygen atoms al­ready far apart interact strongly with Cl and C2 carbon atoms pulled together with their hydrogen atoms away from the remainder of the benzene ring. At the reaction coordinate 1.7 A, correspond­ing to the minimum of potential energy, the benzene molecule becomes split into two fragments, represented on the right side of Fig. 8.6, which are expected to be highly reactive intermediates of complete oxidation of the aromatic molecule to water and carbon oxides.Figure 8.7 shows that in the case of reaction path 3 potential energy curve a, corresponding to the oxygen molecule in its ground state, the interactions are repulsive. However, a shallow local minimum appears when the starting 0—0 bond length is 1.49 A. At the minimum the 0—0 bond becomes strongly stretched and the charge on oxygen atoms is increased. This suggests the formation
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FIGURE 8.7 (A) Potential energy curves for reaction path III.a and d, initial value of Rq_q = l∙20 A. b and e, initial value of Rq_q = 1.49 A. c and f, initial value of Rq_q = 3.9 A. Curves a, b, c refer to the system O2 + CgHg, curves d, e, f to the sys­tem 02^ + CgHg. (B) Optimal geometries of the O2 + CgHg complex for the value of Ro2-CgHg = 1∙4 A (minimum on curve b), and Rθ2~CgHg = θ∙2 A (close to the minimum on the reaction path c) [76].

(B)

of a metastable intermediate in which the oxygen molecule is bridge-like bonded to the diagonal 1,4 carbon atoms of the benzene molecule. The geometry of such a complex is shown at the right side of Fig. 8.7. It corresponds fairly well to the CgHg-O2 adduct proposed by Dmuchovsky [72] and Waugh et al. [73,74], already presented in this section.The elongation of the stretching 0—0 bond to 3.8 A results in the potential energy curve c. Here the situation is completely dif­ferent from two previous cases. The energy of the CgHg-O2 sys­tem decreases monotonously at first and then reaches a minimum for a hydroquinone-like complex. Oxygen atoms displace hydrogen atoms at the diagonal 1,4-carbon atoms and assume a position inter­mediate between carbon and hydrogen with a C-O distance of 1.37 A and an H-O distance of 0.95 A e.g., the value virtually equal to that of typical H-O distance in organic molecules. The configuration of this complex is shown on the right side of Fig. 8.7. A significant charge transfer is observed from benzene to oxygen. It can be con­cluded that in this case reaction between benzene and oxygen re­sults in the formation of σ bonds between the oxygen and carbon atoms whereas in the case of curve b a π-like complex is produced. It is seen that quantum chemical calculations fully confirm the pos-
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398 Bielanski and HaberSibility of the first two steps postulated by Waugh and also indicate a plausible mechanism of the direct degradation of benzene. The es­sential result of quantum mechanical calculations is the conclusion that selective oxidation of benzene occurs via the formation of a bridge-like adduct between adsorbed benzene and dioxygen species which then rearranges into hydroquinone. This sequence of elemen­tary steps may be then repeated with the second oxygen molecule again forming a bridge-like intermediate with hydroquinone, the latter finally rearranging to give an adsorbed molecule of maleic an­hydride as is shown in (8.21).However, it is necessary to notice that there also exists in the literature a different approach accepting that it is the doubly bond­ed terminal oxygen atom in the V=O group which participates in the catalytic oxidation of benzene. This was suggested by Tarama [78], who postulated it on the basis of structural considerations. As shown in Fig. 8.2, such atoms are exposed and easily accessible on the (OlO) face generally best developed in V2O5 crystallites. Al­though the V=O bond is the shortest and hence the strongest of all vanadium-oxygen bonds in V2O5, this oxygen atom was considered, apparently for geometric reasons, to be the most reactive one. Tarama’s hypothesis was accepted in many later papers. Weiss et al. [79] proposed a mechanism of the selective oxidation of ben­zene in which CθHθ molecules are adsorbed in the first stage of re­action on doubly bonded oxygen atoms. On the other hand, Bielan- ski and Inglot [80] when investigating the IR spectra of V2O5 and V2O5-MoO3 catalysts obtained by fusion of the oxides stated that the fresh catalysts exhibiting a distinct peak at 1025 cm“l charac­teristic of the V=O bond showed only weak catalytic activity and were nonselective. In contrast, the same catalysts when reduced by benzene vapors and not exhibiting a 1025 cm” 1 peak were active and selective, thus showing that the presence of the V=O group is not necessary for the selective oxidation of benzene.More recently, Inomata et al. [81—85] when studying the reaction between NO and NH3 occurring on the surface of V2O5 with the formation of N2 and H2O proposed the following mechanism for this process:
5+ 4+NO + NH9 + ° V=O ---- > N9 + H9O + V-OH (a)O Z ZO9 or lattice oxygen24+V-OH —----------------------------- ÷ 25+V=O + H2O (b)

The first step is the reduction of the catalyst surface; the second one the reoxidation either by oxygen from gas phase or by the dif­fusion of bulk oxygen to the surface with the reproduction of V=O groups. Both processes (a) faster and (b) slower in the absence 
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Selective Oxidation of Aromatic Hydrocarbons 399of oxygen in the gas phase can be separated. In this way, accord­ing to the authors, the number of surface oxygen atoms participat­ing in the reaction assumed to be the doubly bonded oxygen can be determined [83]. Using their analytical method the authors stat­ed an approximately linear correlation between the number of active oxygen atoms supposed to be bonded in V=O groups and the ac­tivity of titania-supported V2O5 catalyst in the oxidation of benzene [85].The assuption that InomatafS reaction occurs on the surface V=O centers was seriously questioned by Gasior et al. [86], who showed that this reaction occurs with the participation of ammonia adsorbed on Bronsted acid sites in the form of NH^ ions and loose­ly bonded NO molecules. According to the latter authors, InomatafS process can be described by the overall reactions:5+V-OH + NH„ ---- > 5+V-O∙∙∙NH. (c)
O 4

and 25+V-O∙∙∙NH4+ 5+V-O-V + 2NO ---- > 2N2 + 3H2O
+ 5+V-OH + 4+V-□-4+V (d)where □ represents an oxygen vacancy at the surface of V2O5. In the absence of gas phase oxygen the reduced surface sites are rapidly regenerated to their initial state by the diffusion of oxide ions from the bulk of crystallites, the reaction being in fact not catalytic but stoichiometric, whereas in the presence of gas phase oxygen the lattice becomes reoxidized according to the equation:4+V □4+V + I O2 ---- > 5+V-O-5+V (e)

The argument of Gasior et al. is based on the following experi­ments carried out with monocrystalline and powdered V2O5 samples differing by the habitus of crystallites, which was characterized by the morphological factor f introduced by Zidlkowski and Janas [87] [f = I(IOl)ZI(OlO) i≡ *hθ ratio of X-ray intensities of the (IOl) and (OlO) reflections].1. The XPS study of the exposed (OlO) planes of V2O5 monocrys­tals besides V2p doublet found only a simple line at 529.6 eV corresponding to the Ols characteristic of lattice oxygen in
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400 Bielanski and HaberV2O5. There were no changes in the XPS spectrum after ar­gon sputtering the surface. On the other hand, the spectrum taken from the exposed (100) plane exhibited, in addition to the 529.6-eV line, a line at 532.2 eV typical of OH groups in transition metal hydroxides and oxides. On sputtering the in­tensity of this latter line decreased while that of 529.6 eV as­signed to lattice oxygen increased.2. The IR study of NH3 adsorption indicated only the presence of NH3 bonded on Bronsted acid sites as NH4 ions, the coordina- tively bonded NH3 on Lewis acid sites being absent. The in­tensity of the 1416 cm^l peak corresponding to deformation vi­brations of NH^ ion was distinctly increasing with the increase of morphological factor, i.e., with the decreasing ratio of sur­face area of (010) plane (at which V=O groups are present) to the surface area of planes perpendicular to it: (101) and (100).3. Increasing with the morphological factor was the amount of N2 obtained in the reaction between NO and NH3 over powdered V2O5 catalysts.All the above facts clearly indicate that Inomata1S reaction does not occur on the (010) plane and hence the yield of N2 can not be taken as a measure of the concentration of surface V=O groups.It should be noted that Inomata et al. [81] observed the de­crease of the 1025 cm"l IR peak intensity in the course of the reac­tion between NO and NH3, and this was considered as confirmation that V=O groups really participate in this process. However, Gasi- or et al. stated that V2O5 is reduced to V2O4 by ammonia at tem­peratures well below 300oC. This was also observed in [89]. Tak­ing into account the fact that IR spectra reflect primarily the be­havior of the bulk of Crystalhtes, the decrease in the intensity of the 1025 cm^l bond should be linked with the disappearance of V2O5 phase due to reduction to V2O4, which does not contain doubly bonded oxygen in its structure.
E. Selectivity in the Catalytic Oxidation of Benzeneto Maleic AnhydrideSelectivity in the catalytic oxidation of benzene to maleic anhydride depends on a number of factors: phase and chemical composition of the catalyst, degree of reduction, degree of benzene conversion, temperature and other experimental conditions. No clear-cut dis­crimination between the particular effects can be done at present. However, looking over the literature certain correlations can be found.As was stated in Section II.B, fully oxygenated vanadia repre­sents a definitely poor and nonselective catalyst for benzene oxida­
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Selective Oxidation of Aromatic Hydrocarbons 401tion and quite appreciable reduction is necessary to activate it. Such reduced V2O5 frequently constitutes a mixture of lower oxides which may not only exhibit high activity but also good selectivity. The lower oxides of vanadium are catalytically active without a pre­treatment [90] and the highest activity is reached in the case of V2O4 [91]. All these oxides are nonselective catalysts. However, the selectivity of VβO∣3 and V2O4 could be strongly enhanced by doping them with MoO3. Facing the fact that particular lower vanadi­um oxides are not selective as catalysts, it is rather unexpected that the product of reduction of V2O5 in benzene vapors representing a mixture of different lower oxides may exhibit satisfactory selectivity as was observed in [90].The enhancement of selectivity by molybdena introduced into vanadium catalysts depends on the concentration of the dopant and the selectivity reaches a flat maximum at about 30 mol % of MoO3 [92­94]. One of the reasons for selectivity improvement by the addition of MoO3 may be the increase of oxygen bond strength which mani­fests itself by the retardation of the reduction observed in [95]. It was also observed that maximum selectivity was accompanied by maximum catalytic activity [5,94]. Selectivity is generally poor at low benzene conversion.The selectivity reached in two-component vanadia-molybdena catalysts is not fully satisfactory for industrial purposes and a num­ber of promoters—the oxides of Ag, Ti, P, Co, Na, Li, K, B, Ni, Ta, and Sn—were mentioned in the patent literature [5]. However, the information concerning the physicochemical effects and the mechanism of modification of V2O5-MoO3 catalysts with such additives is scarce.Bielanski et al. [96] and Inglot [97] studied the effect of P2O5 additive and showed that small amounts of promoter (1—5 mol %) im­proved the selectivity simultaneously decreasing the activity of the catalyst containing 30 mol % MoO3. Further increase of P2O5 con­centration was accompanied by the decrease of selectivity and the appearance of an increasing amount of amorphous (glassy) phase. No new crystalline phases due to the presence of P2O5 were de­tected.The effect of Ag2O additive strongly depends on its concentra­tion. According to [98], 1.02 mol % Ag2O improved the selectivity of vanadia-molybdena catalyst (30 mol % MoO3) from 29.5 to 63.3%. On the other hand, when the content of Ag2O was increased to 12.1 mol % and the predominant phase was Ag-V-Mo-O bronze, the cata­lyst completely lost its activity. Later on it was shown that vana- dia-molybdena catalysts obtained by the fusion of the oxides can be rendered more selective by impregnating them with small amounts of AgNO3 solution and subsequently calcining them at 700 K [99]. Selectivity enhancement was strongest (from 27.3 to 49.5% at prac­
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402 Bielanski and Habertically unchanged activity) when catalyst containing 28.5 mol % MoO3 was doped with 5.9 × 10^2 mol Ag per g of catalyst. This optimal concentration corresponded to 1 Ag atom per 1000 (V + Mo) atoms. The XPS spectrum of such catalyst did not contain peaks characteristic of silver. This indicated that Ag atoms were either incorporated into the subsurface layers or were present in the form of a small number of aggregates which might be missed during XPS experiments. The subsequent scanning microscope and electron probe examination did not uncover any silver aggregates.The addition of 0.89 mol % of sodium oxide to the fused V2O5- MoO3 catalyst resulted in a distinct decrease in catalytic activity. Increasing its content to 9.4 mol % gave catalyst composed almost exclusively of Na-V-Mo-O bronze and still less active and selective. Such result seems to be in contradiction to the fact that numerous industrial catalysts contain sodium as the promoter. This problem was studied by Najbar et al. [100], who investigated an industrial catalyst obtained by the evaporation on the sintered corundum sup­port of an aqueous solution of ammonium vanadate, molybdic acid, oxalic acid, phosphoric acid, as well Na, Ni, and Ta promoters in­troduced in the form of chlorides. After calcination in air at 320oC, the X-ray analysis indicated both in fresh catalyst and in the catalyst which was used for 16 months in an industrial reactor the presence of sodium-vanadium bronzes as the only detectable phase. However, the IR spectrum of the fresh catalyst, besides having the bands characteristic for bronze, also contained a 1010 cm~l band which was taken as an indication of the presence of V2O5- MoO3 solid solution. This was confirmed by an electron diffraction study of the crystallites in thoroughly powdered catalyst. The crystallites of the intermediate compound were also present. They were all of too small size O100 A) to be detected by X-ray analy­sis. In the catalyst studied, after the use in industry, besides bronze forming relatively large crystallites strongly dispersed pro­ducts of the reduction and phase segregation of the V2O5-MoO3 solid solution and the intermediate compound were detected by elec­tron diffraction as listed in Table 8.3. It has been hence con­cluded that in this fairly complicated catalytic system the nonactive bronze phase stabilizes the dispersion of the catalytically active phases.It was already mentioned that selectivity in the catalytic oxida­tion of benzene also depends in some measure on the conditions of the experiment. First of all when temperature is raised selectivity passes over a flat maximum at 350—400oC [5]. Its decrease at tem­peratures above maximum seems to be connected with the increased degradation of maleic anhydride, the primary product of the reac­tion. Chrzaszcz et al. [5] also studied the effect of catalyst bed length (0.3—3.0 m) on the conversion and selectivity in the produc-
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Selective Oxidation of Aromatic Hydrocarbons 403tion of maleic anhydride using a flow reactor which corresponded in its size and heating conditions to a unit tube in the industrial reac­tor. In the initial section of the tube 1 m long about 90% of ben­zene was converted to yield %60% of maleic anhydride. Over the re­maining section of the tube the overall conversion of benzene and conversion to maleic anhydride increased to 98 and 74%, respective­ly, whereas the conversion to carbon oxides increased only from 20 to 24%. Thus it may be concluded that over this 2-m-long bed sec­tion the yield to maleic anhydride increased primarily at the ex­pense of some intermediates now being oxidized up. On the other hand, the slight increase in the oxidation to carbon oxides indicat­ed that the resulting maleic anhydride, most of which had already formed over the initial section of catalyst bed, is oxidized to a minor extent.
III. OXIDATION OF O-XYLENE TO PHTHALIC ANHYDRIDEA. V2O5-TiO2 SystemVanadium oxide does not form chemical compounds with TiO2. Thus, when vanadium ions are supported at the surface of TiO2 by im­pregnation or chemical deposition (grafting), a heterogeneous mix­ture is formed built of a layer of V2O5 enveloping the grains of TiO2. The catalytic properties of such a composite system depend on type of support, mode of dispersion of the active component, and conditions of the pretreatment. These factors may influence both physical properties (size and orientation of crystallites, porosi­ty of the resulting system) as well as the nature and extent of chemical interactions between the two phases. The latter in turn af­fect the catalytic behavior of the active phase, modifying the proper­ties of existing active sites or generating new sites.It has now been well established [101,102] that the catalytic properties of V2O5, both activity and selectivity, are considerably improved when it is supported on anatase, not rutile, although both of these polymorphic modifications of TiO2 are catalytically inactive in the oxidation of hydrocarbons. As an example, Table 8.4 sum­marizes results of the measurements of some physicochemical proper­ties and of selectivity of the oxidation of о-xylene to phthalic an­hydride on vanadia supported in different amounts on anatase and rutile, as obtained by Grzybowska-Swierkosz and Gasior [101]. For comparison the data obtained with pure V2O5 prepared by co­precipitation or decomposition of ammonium metavanadate are also given. It can be seen that the catalysts containing vanadia deposit­ed on rutile are much less selective in phthalic anhydride formation than vanadia deposited on anatase, irrespective of vanadia concen-
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∣. Comparison of Physicochemical and Catalytic Properties of V2O5-TiO2 Catalysts of Diffe: Iification
Vanadia content (mol %) Sp. surface area (m2 g-l)

Reduction degree % V2O4 Max. selectivity in oxygen 0- xylene ox. %
Isopropanol decompositionDehydrat. mol C3H4/pulse x 107 DehydroC3H4O/ χ 107Initial After reaction PA MA2.5 — 4.2 21.3 74 — 3 215.0 4.6 4.7 9.5 72 3.0 44 2610.0 5.0 3.1 6.6 75 4.0 30 2120.0 5.2 3.2 6.2 69 3.5 38 202.5 6.5 5.2 27.1 29 — 47 65.0 — 5.3 37.5 44 10 124 610.0 — 4.7 25.6 47 10 124 520.0 6.5 2.8 23.6 45 11 123 2100 2.1 1.2 13.2 60 9 130 2100 4.6 1.0 7.2 56 5 — —sthod; coprecipitation Iecomposition.Ief. 101.
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Selective Oxidation of Aromatic Hydrocarbons 405tration. Both series show also completely different behavior in isopropanol decomposition, which may be used to differentiate be­tween the acidic and redox sites at the catalyst surface [103], namely, for catalysts deposited on rutile the main reaction of iso­propanol is its dehydration to propene, similar to the case of pure vanadia, indicating high acidity of the surface, whereas catalysts containing anatase show much smaller amounts of propene (i.e., much lower acidity) and also exhibit activity in dehydrogenation to acetone, characteristic for redox sites. In the same conditions pure anatase and rutile showed practically no activity in the reaction with isopropanol, which supports the argument that the observed changes are due to different properties of the vanadia phase deposited on the two modifications of TiO2. It may thus be concluded that deposi­tion of vanadia on anatase drastically reduces its acidity. The re- ducibility of vanadia in the course of the reaction is much higher in the case of samples supported on rutile than on anatase.Figure 8.8 shows the conversion of 0-xylene to phthalic anhydride as a function of the content of vanadia in V2O5-anatase samples. It can be seen that the conversion rises from a small value at low vanadia content to almost 100% at 2% of vanadia and then remains high on further increase of the vanadia content. In addition, se­lectivity also rises attaining for the 2% vanadia sample a value of about 60%. It is noteworthy that pure vanadia shows much lower conversion and lower selectivity. The amount of vanadia required to achieve a monolayer of the surface vanadia species on the sur­face of anatase grains may be estimated from the area occupied per vo2.5 unit °f bulk V2O5 which is 0.105 nm2. For the anatase used in the discussed experiments this amount would correspond to about 1% mol of vanadia in V2O5-TiO2. The level of almost 100% conver­sion of о-xylene on vanadia-anatase catalyst is attained for the sam­ple containing 2% mol of vanadia. Thus a conclusion can be formu­lated that the improvement of the catalytic properties of vanadia in oxidation of о-xylene is due to the formation of a surface monolayer of vanadia on anatase grains. This conclusion was confirmed by Bond and Briickman [104], who prepared catalyst composed of a monolayer of vanadia deposited by grafting on anatase grains. Analysis of the laser Raman spectra showed that after approximately a monolayer of the surface vanadia species has been formed on the anatase surface, crystallites of V2O5 begin to grow [105]. The amount of vanadia which can be accommodated at the surface of the anatase support depends on its surface area.The structure of the V2O5-TiO2 system and the mechanism of the promotion of catalytic properties of vanadia by supporting it on anatase has recently been the subject of intensive studies [114-116]. At loadings lower than that corresponding to the monolayer coverage,
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FIGURE 8.8 Conversion of о-xylene as a function of the content of V2O5 in V2O5∕anatase catalysts [101].
the structure of the layer depends on the method of preparation. When grafting, i.e., chemical deposition in water-free conditions, is used, isolated monomeric vanadate tetrahedra become anchored at the OH groups of anatase. EXAFS and XANES measurements [113] showed that these isolated vanadate tetrahedra have two terminal oxygens with the bond length 1.65 A and two bridging oxygens (bond length 1.90 A). The bulk structure of anatase is built up of TiOg octahedra edge-linked to form zig-zag ribbons run­ning in a and b directions at two different levels and bound to­gether in such a way that each O%^ ion has three Ti^÷ neighbors. Boehm [117] advanced a simple structural model of the anatase sur­face. A clean (OOl) plane contains unsaturated Ti^÷ ions with one 02^ missing in their coordination sphere and two types of O^" bridging ions: those coordinating three Ti^÷ ions and those bridg­ing only two Ti^+ ion with the third one missing. Therefore formal­ly the unbalanced charges appear: +2/3 on Ti^÷ and —2/3 on un­saturated θ2". A decrease of these local excess charges could be achieved by dissociative chemisorption of water with a proton going to oxygen and OH group becoming attached to Ti^÷ (Fig. 8.9). The resulting formal charge would be +1/3 and —1/3, respectively. The hydroxyl density on the fully hydroxylated most prevalent (OOl) plane should be 14 OH groups per m∏2. A lower value of 9.3 OH∕nr∏2 was found with NMR [118], and the amount of vanadium which could be bound to the surface was found to be eight vanadium atoms per nm^. The simplest model which emerges from these re-
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Selective Oxidation of Aromatic Hydrocarbons 407

FIGURE 8.9 Anatase structure projected on (a) (001), (b) (100), (c) (010) plane; (d) shows VO4 polyhedra located on the (001) plane.
suits [114] involves bonding of vanadate ions to the surface through esterification of three hydroxyl groups as shown in Fig.8.9. Vanadium would in this case occupy roughly a position which another Ti^+ would occupy had the bulk structure continued. This should bring about almost perfect balance of local charges rendering the vanadium complex particularly stable. Indeed, the length of the V—О—V bond established by EXAFS to be 1.90 A is very near to the value of 1.93 A characteristic of the Ti-O-Ti bond in anatase. Thermogravimetric experiments showed that such a vanadate layer on reduction with H2, CO, or hydrocarbons gives off Stoichiometrically one oxygen atom for each vanadium polyhedron, this number being independent of the reducing agent and of the surface coverage of the carrier with vanadium ions for coverages less than monolayer. The reoxidation is fast and complete at low temperatures and the redox cycles are fully reversible.When deposition is carried out by impregnation from the water solution, two-dimensional polymeric clusters of VOθ octahedra are 
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408 Bielanski and Haberformed as revealed by the Raman spectra [105,110]. At vanadia loadings exceeding that corresponding to the monolayer capacity small crystallites of V2O5 form on the anatase support in addition to the monolayer of the surface vanadia species. The morphology of the supported vanadia phase also depends on the calcination tem­perature. At low calcination temperatures (100—200oC) the vanadia exists in the form corresponding to that prevailing in the impregnat­ing solution. At intermediate calcination temperatures (350—575oC) vanadia is present as a complete monolayer of surface vanadia spe­cies linked to the anatase support, and V2O5 crystallites. In this temperature range the anatase support experiences sintering mani­fested by a loss of surface area. The portion of vanadia present as crystalline V2O5 increases at the expense of the surface vanadia species in the monolayer, which is reflected in the changes of the appropriate bands in the Raman spectra [115] and the increase of the V/Ti peak intensity ratio in the XPS spectra [119]. At calcina­tion temperatures of 575oC and higher the TiO2 (anatase) support under the influence of vanadia undergoes a structural transforma­tion to rutile with simultaneous formation of a solid solution VxTii-xC>2 accompanied by further decrease of surface area and change of catalytic properties.Calcination temperature also influences markedly the catalytic properties of the V2O5-TiO2 (anatase) system in 0-xylene oxidation. Calcination at intermediate temperatures (350—450oC) yields active and selective catalysts, whereas calcination at high temperatures re­sults in inferior catalysts. Analyses of the spent catalysts showed that the monolayer of surface vanadia species remain intact and crystalline V2O5 is reduced by the reaction medium. However, as it is the monolayer of vanadia species at the surface of anatase grains which is the active phase in 0-xylene oxidation, the reduc­tion of crystalline V2O5 present in the catalyst does not affect the catalytic performance.A surface layer of vanadia on anatase can also be obtained by taking advantage of the phenomenon of wetting of an oxide by another oxide [129]. Spreading of a solid over the surface of another solid may result from surface diffusion of constituents of the lattice under the influence of the concentration gradient. Tak­ing into account the relatively high values of the lattice energy of oxides, one can expect surface diffusion to be slow in the tempera­ture range usually used for the preparation of catalysts. However, rapid surface migration may occur due to operation of the forces of surface tension as manifestation of the phenomenon of wetting. For such migration to proceed the overall free energy change ∆F of the process must be negative. ∆F is given by
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Selective Oxidation of Aromatic Hydrocarbons 409δ- - 7IZgfi-I 7IIZgfi-II + 7IZII fi-IZ∏where γj∕g and Y∏∕g are surface tensions of the oxide I which is migrating and oxide ∏ on which spreading occurs, in equilibrium with the gas phase g. γj∕jj is the interfacial tension at the inter­face of the two oxides, and ∆A are the respective surface area changes. As in the course of spreadingfi-ι = δΔπ = δδiziithe free energy change ∆F is negative if (γj∕g + yj/jj) < Y∏∕g∙Sim­ple recalculation shows that this condition is Tulfilled if Wj∕jj-- Wj > 0, where Wj∕jj is the energy of adhesion of the two oxide phases, and Wj is the energy of cohesion of the oxide I. It may thus be concluded that spreading occurs only if the phase moving adheres to the immobile phase more strongly than it coheres to it­self.Experiments showed [130] that the behavior of the two modifica­tions of TiO2 anatase and rutile with respect to wetting by V2O5 is completely different. Namely, when a V2O5 crystallite is placed on an anatase pellet and heated, vanadium ions migrate over the surface of anatase grains. XPS studies showed that a surface layer of vanadia is formed, its properties being strongly modified by in­teraction with the anatase support. Contrary to that no migration is observed on rutile. It may thus be concluded that V2O5 is wet­ting anatase but not rutile. It should be noted that because of the high value of the surface free energy of many solids used as sup­ports, the driving force of the surface migration may attain con­siderable value and spreading may take place at relatively low tem­peratures .The phenomenon of wetting of oxides by other oxides is of para­mount importance for the preparation of catalysts and their stability. Indeed, when a mechanical mixture of V2O5 and anatase was used as catalyst in the oxidation of о-xylene to phthalic anhydride [131], at the beginning it showed a poor performance, resembling that of pure vanadia. However, evolution of its catalytic properties took place with time-on-stream, manifested by a multiple increase of con­version and selectivity to phthalic anhydride, which finally attained values comparable with those characteristic for the best catalysts ob­tained by impregnation or grafting (Fig. 8.10). This is due to the spontaneous spreading of V2O5 over the grains of anatase, resulting in the formation of a surface layer. No such spreading occurs on rutile. Therefore, when vanadia was dispersed over the surface of rutile by grafting, the catalytic properties were in the beginning
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• TiO2(AN)ZbV2O5 
♦ TiO2(AN)∕IO V2O5 
□ TiO2(AN )/20 ½O5

0 5 10

TIME ( h )FIGURE 8.10 Conversion of 0-xylene in the gas phase oxidation at 633 K over V2O5 and its mechanical mixtures with anatase and rutile, as a function of the time on-stream [131].
fairly good, but rapidly deteriorated with time-on-stream because vanadia layer is in this case unstable and shrinks to form a heter­ogeneous mixture of V2O5 crystallites and rutile.
B. Mechanism of O-Xylene OxidationThe kinetics and mechanism of q-xylene oxidation were extensively studied because of the industrial importance of this reaction. The process is usually carried out in the temperature range 350—400oC with a maximum yield of 70—75 mol %. The main byproducts are carbon oxides besides smaller amounts of tolualdehyde and maleic anhydride. In the first step one methyl group is oxidized to form tolualdehyde as the main intermediate product, which is then ox­idized further to phthalic anhydride. Maleic anhydride is the side product made by direct oxidation of о-xylene, and phthalide a side product formed from tolualdehyde. Carbon oxides may be formed either directly from q-xylene, from any of the intermediates, or by oxidation of the final product. The reaction scheme is illustrated in Fig. 8.11. An important contribution to clarification of the reac-
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FIGURE 8.11 Reaction scheme of the oxidation of o-xylene.
tion network came from experiments in which labeled o-xylene (methyl-14c) and phthalic anhydride (-l4CO) were oxidized over V2O5 [120]. It turned out that maleic anhydride is formed only from carbon atoms of the nucleus. This seems to indicate that maleic anhydride is formed as the result of an attack by electro­philic oxygen on the π-electron system of the benzene ring.Oxidation of о-xylene in the presence of oxygen and in its ab­sence provided evidence [121] for the redox mechanism proposed by Mars and van Krevelen and discussed in Section II. D. 2 of this chap­ter. In the case of о-xylene it consists of two consecutive reduc­tion-oxidation steps in which о-xylene is stepwise oxidized by lattice oxygen of the vanadium catalyst. On the other hand, studies of the kinetics of 0-xylene oxidation on an industrial V2O5-TiO2 cata­lyst, carried out in an integral nonisothermal tubular reactor [122], were interpreted in terms of the Langmuir-Hinshelwood model. It should, however, be emphasized that both models lead to identical rate expression for the overall rate of reaction and the mechanisms cannot be distinguished simply by kinetic measurements.
C. Mechanism of Naphthalene OxidationNaphthalene is oxidized over vanadium oxide-based catalysts in a series of parallel and consecutive reactions. This is similar to the oxidation of benzene in that it belongs to the electrophilic-type ox­idations. Although naphthoquinone is the intermediate in the reac-
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FIGURE 8.12 Reaction scheme of the oxidation of naphtalene.
tion sequence, this is not the only route to phthalic anhydride [6]. The simplified reaction network is shown in Fig. 8.12.The reaction mechanism may be described by the redox model. The initial Selectivities are almost independent of temperature which implies that the activation energies of all steps have similar values. Steps 1—3 proceed with rates of the same order and approximately the same amounts of naphthoquinone and phthalic anhydride are ini­tially formed from naphthalene.The large exothermic effect due to the oxidation of naphthalene to the anhydride and to complete combustion of a portion of naphtha­lene feedstock requires that the reaction space be cooled with an ap­propriate cooling medium through the tubes of the reactor. Steam generators serve as a secondary heat sink. Furthermore, the ex­cess of air contained in the reaction gas stream is an additional heat-removing agent.
D. Active Sites at the Surface of V2O5-Based CatalystsThe crystal of V2O5 as already mentioned in Section II.A of this chapter may be considered to be built either from distorted tetra­gonal pyramids (five V-O bond lengths of 1.58—2.02 A) or dis­torted octahedra (the sixth V-O bond length of 2.79 A). Figure 8.13a shows ribbons of double tetragonal pyramids sharing edges and forming sheets by sharing corners with adjacent ribbons on both sides. All pyramids in one row of the ribbon point up and in the second row point down. The sheets form a three-dimensional network being stacked one over the other in such a manner that apices of pyramids of one sheet are positioned over basal planes of
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FIGURE 8.13 Idealized structure of V2O5: (a) projection of (OlO) and (b) (100) plane drawn as tetragonal pyramids; (c) (100) pro­jection drawn as idealized trigonal pyramids, ∙-vanadium. o-oxy- gen.
pyramids of the sheet beneath, thus completing the distorted octa­hedron (Fig. 13b). These weak V-O bonds give rise to perfect cleavage between the sheets. Figure 8.13c is the same projection as Fig. 8.13b but drawn as idealized trigonal bipyramids.Two types of crystal faces may be distinguished from the point of view of chemical bonding type [123]. The basal (010) plane is composed of terminal oxygen σπ-bonded to vanadium ions, two types of bridging oxygen ions and vanadium ions with all chemical bonds almost fully saturated, leaving a negligible excess positive charge of 0.04. The exposed vanadium ions in the adjacent rows of square pyramids in every two ribbons have empty dxz and dyz orbitals, which are LUMOs of the oxide and can play the role of Lewis acid sites. Oxygen ions bridging the ribbons have free electron pairs at the HOMOs and because of the displacement of V^+ ions toward the σπ-bonded terminal oxygens they acquire more negative charge 
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414 Bielanski and Haberand are rendered more basic. When a toluene or xylene molecule approaches this surface, the C-H bond of the methyl group reacts with the empty d orbitals of vanadium, the proton being shifted to the bridging oxide ion and the benzyl radical attached end-on to vanadium [123], as indicated by the in situ IR studies of toluene and о-xylene adsorbed at the surface of V2O5 [126,127]. The nu­cleophilic addition of the other bridging oxygen ion of the surface to the carbon atom of the — CH2 group of the adsorbed benzyl radi­cal may now be performed, resulting in the formation of a precursor of the aldehyde which is then desorbed after abstraction of the sec­ond hydrogen, generating a surface oxygen vacancy.Different interactions prevail at crystal planes perpendicular to the (OlO) basal plane, such as (100) or (001). Cleavage leaves on the (100) plane Coordinatively unsaturated vanadium ions with about +0.5 excess formal charge and oxygen ions with about —1.0 excess charge, as estimated from the bond strength model [124], and on the (001) plane Vcus and Ocus with excess formal charges of about +0.7 and —0.7, respectively. These planes should thus show a strong tendency to disSociatively adsorb water and to develop acid­base interactions with the reacting molecule. On heating at higher temperatures dehydration of the surface takes place, leaving coor- dinatively unsaturated V^÷ cations and O^" anions, on which con­siderable excess formal charge is accumulated. Such sites may in­duce a heterolytic bond scission in the adsorbed reactant molecules. Simultaneously, the reducing atmosphere of the hydrocarbon reaction medium usually causes some reduction of the catalyst surface so that V4+ ions are generated. Such ions may function as sites ac­tivating oxygen molecules to their electrophilic active forms, which may initiate the electrophilic oxidation route. Under the conditions of a heterogeneous catalytic process this route may end in total oxidation.Experiments in which the catalytic activity of V2O5 Crystalhtes of different crystal habit in the oxidation of о-xylene was studied permitted the location of active sites responsible for the different pathways of 0-xylene transformation [125]. The results of these experiments are shown in Fig. 4.24, in which Selectivities of the oxidation of о-xylene to phthalic anhydride and to products of total combustion are plotted as a function of the morphological factor f defined as the ratio of intensity of the (110) reflection to the in­tensity of the (010) reflection in the X-ray diffraction pattern of V2O5 crystallites. It may be seen that samples characterized by a low value of f, i.e., composed of platelike crystallites exposing pre­dominantly the basal (010), showed very high Selectiviiy to phthalic anhydride, whereas on crystallites of needlelike habit, characterized by higher values of f, i.e., exposing mainly (100), (001), and (110) planes, total oxidation became the predominant reaction pathway.
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Selective Oxidation of Aromatic Hydrocarbons 415TABLE 8.5 Concentrations (mol cm"2) of Adsorbed Benzene (B), Toluene (T), Pyridine (P), and 3-Methyl Pyridine (MP) on V2O5Temp. (oC) B T P (T + P) MP250 0.00 0.17 0.28 0.45 0.45350 0.00 0.17 0.03 0.20 0.19Source: Ref. 132.
Comparative studies of the adsorption of benzene (B), toluene (T)5 pyridine (P), and 3-methyl pyridine (MP) on polycrystalline V2O5 samples at 250 and 350oC [132] revealed that benzene is prac­tically not adsorbed as compared to other hydrocarbons (Table 8.5). This indicates that π electrons of the aromatic ring do not partici­pate in the adsorption bond and the other aromatic molecules are adsorbed end-on through their functional groups. The amount of toluene adsorbed does not change on raising the temperature, which indicates that it must be strongly held at the surface at variance with pyridine which is only weakly adsorbed. The sum of the amounts of toluene and pyridine adsorbed was equal to the amount of adsorbed 3-methyl pyridine, which was taken as an indication that toluene and pyridine are adsorbed on different crystal planes. It may be assumed that pyridine will be adsorbed on the highly polar non-(010) planes either on Bronsted or Lewis acid sites; toluene and—by analogy—0-xylene must be thus adsorbed on the basal (OlO) plane through the donor-acceptor interactions.The molecular mechanism of the oxidation of о-xylene discussed above was confirmed by quantum chemical calculations of the system composed of о-xylene and oxygen in different mutual geometric ori­entations, taking as reactants the ground state hydrocarbon molecule and oxygen activated to its reactive electrophilic forms, the hydro­carbon molecule activated by abstraction of hydrogen from one of the methyl groups and activated electrophilic oxygen, as well as the ac­tivated hydrocarbon molecule and the nucleophilic oxygen form " [128]. Several reaction pathways are possible as shown in Fig. 8.14. Results of the calculations showed that no reaction can take place with oxygen in its ground state and when oxygen is activated by stretching the 0—0 bond only the epoxide-type product is formed. When о-xylene is activated by abstraction of hydrogen, the type of product formed depends on the form of oxygen involved in the reac­tion. With activated electrophilic molecular oxygen unstable peroxide complexes are formed, whereas attack by nucleophilic O^^ ions results in the formation of alcohol or aldehyde depending on the direction
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1

FIGURE 8.14 Geometric models for the attack of oxygen on o- xylene [128].
of the attack. Tolualdehyde appears as the stable product if the θ2" ion approaches the — CH2 group of 0-xylene from the direction perpendicular to the plane of the benzene ring (reaction pathway 3-II in Fig. 8.14). Such mutual orientation of the о-xylene mole­cule adsorbed end-on and surface lattice ^ ion indeed prevails on the (OlO) plane of V2O5.The increase of selectivity of 0-xylene oxidation by supporting vanadia on ТЮ2 (anatase) can now be easily explained. As dis­cussed in Section III.A, the monolayer of vanadia on the surface of anatase epitaxially is oriented in such a way that the (OlO) crystal plane is exposed, on which the nucleophilic selective oxidation takes place, whereas the non-(010) planes, which in V2O5 are re­sponsible for total combustion, are practically nonexistent.
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9

Oxidation of Methane

I. INTRODUCTIONMethane is the major component of natural gas, often constituting more than 90% of the hydrocarbon fraction of the gas. At present it is primarily used as a fuel. In the chemical industry it is used as a basis for the generation of synthesis gas, production of hydrogen, and manufacturing of the halogen derivatives of methane, acetylene, hydrogen cyanide, technical carbon, and many other products [ 1 ]. The recognized deposits of natural gas are, however, large enough for methane to be considered as the raw material substitute for oil in the next century. Functionalization of methane to make it a useful reactant for organic synthesis is therefore of great prospec­tive importance. Since one of the processes used to functionalize hydrocarbon molecules is their partial oxidation, much research ef­fort is now being devoted to the conversion of methane to useful chemicals by partial oxidation [ 2 ] and oxidative coupling [ 3 ].Currently in the chemical industry methane is converted by the steam reforming process into synthesis gas [4]CH4 ÷ H2O -----> CO + 3H2 (9.1)
using the NiO∕Al2O3 catalyst promoted with K2O. The synthesis gas is then used to manufacture methanol over Cu∕ZnO∕Al2O3 cata­lystsCO + 2H9 ------> CH9OHZ о (9.2)

423
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Bielanski and Haber424which in turn may be subjected to oxidative dehydrogenation on silver or iron molybdate catalysts:CH3OH + i O2 ------> HCHO + H2O (9.3) 
to obtain formaldehyde as the important starting reagent for many technological processes. The steam-methane reaction (9.1) is strongly endothermic and involves the expenditure of considerable energy equal to 206 kJmol"l at 970—1100 K. It is accompanied by a water-gas shift reaction and a Boudouard reaction, which may cause carbon deposition. These disadvantages have stimulated intensive research efforts aimed at the development of active and selective catalysts for direct oxidation or oxidative coupling of methane.
II. THERMODYNAMICS OF METHANE REACTIONSSimple dehydrogenative coupling of methane is thermodynamically un­favorable [Eq. (9.4)], whereas all reactions involving oxygen such as, say, partial oxydation of methane to formaldehyde [Eq. (9.5)] or methanol [Eq. (9.6)] are thermodynamically favored. However, a much larger decrease of Gibbs free energy accompanies the total oxidation of methane to CO, CO2, and H2O [Eqs. (9.7) and (9.9)] and therefore one can expect that they will preferentially take place. The ∆G change of the oxidative coupling of methane [Eq. (9.8)] is comparable to that of its total oxidation; the main problem in up­grading methane is therefore the question of how to achieve high conversion without significant loss of methane in complete combus­tion. Because methanol and formaldehyde are more easily oxidized than methane, their subsequent oxidation as well as the parallel re-action of d irect oxidation of methane must be suppressed.

2CH4 ------ > C2H6 + H2
∆G700κ(kcal m°1 1)+71.0 (9.4)

ch4 + 02-----> HCHO + H2O -70.0 (9.5)
ch4 + 2θ2 —> CH3OH -22.0 (9.6)
ch4 + ∣o2 ------> CO + 2H2O -136.0 (9.7)2CH4 + l°2 ------> c2⅜ + H2° -159.7 (9.8)
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Oxidation of Methane 425CH4 + 2O2 ------> CO2 + 2H2O -189.0 (9.9)
III. OXIDATION OF METHANE TO METHANOL AND FORMALDEHYDEKinetic studies have shown [5] that the reaction which mainly con­tributes to the disappearance of HCHO isHCHO + ∣02 ------> CO + H2O (9.10)
In the gas phase the free radical mechanism operates [6]. Thus, to obtain higher yields of methanol and formaldehyde from the oxidation of methane the reaction products must be quenched immediately after leaving the reaction zone.At high pressures, high flow rates and low ratios of air-to- methane methanol prevail in the products. Low pressure and a low­er flow rate favors the production of formaldehyde.The catalysts most widely studied in the oxidation of methane to methanol and formaldehyde are those based on MoO3. Table 9.1 summarizes some of the results obtained at high pressures of 50 atm [7]. In order to obtain high selectivity to methanol the conversion of methanol was kept low and the products were rapidly cooled by injecting liquid water. Another oxide catalyst which seemed promis­ing was CuO-MoO3 [8]. The results were improved when small amounts of ethane were added to the feed. MoO3 when supported on aluminosilicate proved to be a selective catalyst for the production of formaldehyde [2]. Its yield increased with the CH4∕O2 ratio and was strongly dependent on the loading of the support with molyb- dena, as shown in Fig. 9.1. It is interesting that the addition of water strongly inhibited the production of CO but decreased the conversion of methane.Important conclusions concerning the mechanism of methane activa­tion could have been drawn from experiments in which N2O instead of O2 was used for the oxidation of methane over MoO3-SiO2 cata­lysts [10,11]. Selectivities to 60% of methanol were obtained at con­versions of 10%. On reacting at liquid nitrogen temperature CH4 with O" species obtained by decomposition of N2O on Mo^ sites methyl radicals were observed by ESR spectroscopy, whereas at room temperature methoxy groups were identified by IR spectroscopy. It was concluded that O" species formed at the surface of the cata­lyst were responsible for the activation of the CH4 molecule. The mechanism thus comprised the reduction of the catalyst surface due to the reaction of total oxidation:
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426 Bielanski and HaberTABLE 9.1 Activities of some MoO3-Based Oxide Catalysts in Methane Partial Oxidation

Source: Data from Ref. 7.

Conversion, % yield, %CH3OH HCHOMOO3 2.3 19 2ZnO. MoO3 2.3 51 8Fe2O3MoO3 2.1 65 8UO2MoO3 3.5 75 5VO2MoO3 2.6 49 4Temperature 430-500oC, CH4O2 = 97.3

FIGURE 9.1 Effect of loading of molybdenum on the yields and Selectivities of products of the partial oxidation of methane [9].
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Oxidation of Methane 4278Movl + 4O2^ + CH4 ------> 8MoV + 2H2O + CO2 (9.11)
generation of O" species by decomposition of N2O:V VI-Mov + N2O ------> Movi - O + N2
and the chain reaction:

(9.12)
VT -Mo 1 — O + CH. - 4 VI -—> Movi - OH + CH2-O (9.13)VI 2-CH3∙ +Mo O ---- → Movθ-CH Ô (9.14)MovO-CH^ + H2O —→ MovθH^ + CHqOHO (9.15)VI- V-MoviOH + MovOH V VT 2­------ > Mov + MoviOz + H2O (9.16)

Parallel to the generation of surface O" species by reaction (9.12) the decomposition of N2O may also proceed as the two-elec­tron transfer resulting in the reoxidation of the surface:V VI 22Mov + N2O ------> 2Movι ÷ N2 + Oz (9.17)
The type of product formed from methane thus depends on the rela­tive rates of reactions (9.12) and (9.17). They can be related to the influence of experimental conditions on the formation of O" ions from N2O adsorbed on reduced grafted MoO3-SiO2 and the role of these ions in surface charge transfer reactions [12].Recently, studies have been reported on the kinetics of the partial oxidation of methane with N2O over MoO3-SiO2 and V2O5- SiO2 catalysts in a broader temperature range [13,14]. At low temperatures methanol and formaldehyde seemed to be formed from the same intermediate by parallel processes, while at higher tem­peratures formaldehyde was formed in a consecutive step from methanol.Formation of formaldehyde requires two operations to be per­formed by oxygen atoms of the oxide surface: an electrophilic attack on the C-H bond to abstract hydrogen from methane and a nucleo­philic attack on the adsorbed methoxy group to abstract a proton. The rates of these operations will depend on the charge on oxygen atoms of the oxide surface and on the charge accumulated on the methyl groups, which in turn will also be determined by the charge on surface oxide ions. One can expect that the quantity of the 
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428 Bielanski and Habernegative charge on oxide ions of the metal oxide lattice would change depending on the electronegativity of the cations of the ox­ides, i.e., the more electronegative the cations, the more electro­philic the surface oxygens. They would increasingly withdraw the charge from the methyl group rendering hydrogen atoms more and more positive and therefore easier and easier to abstract. Simul­taneously, however, the surface oxide ions become less and less basic and therefore less active in abstracting protons from the ad­jacent methoxy groups. The volcano-shaped correlation between the rate of methane conversion and electronegativity should thus appear. Such a correlation was indeed found for various oxides supported on SiO2 as shown in Fig. 9.2 [15,16].
IV. OXIDATIVE COUPLING OF METHANEMethyl radicals generated in reaction (9.13), instead of reacting with surface oxygen to form methoxy species, may combine to give ethane, which readily undergoes dehydrogenation to ethylene. Activity in oxidative coupling will thus be determined by the rate at which methane is activated to methyl radicals, and the selectivity of C2 formation will depend on the relative rates of recombination of methyl radicals and their reaction with oxygen molecules to form superoxo radicals. As the latter is very rapid at the high tempera­tures required to generate methyl radicals, higher Selectivities to C2 hydrocarbons can be obtained only at a high methane/oxygen ra­tio when methane conversion is very low. A great variety of oxides

FIGURE 9.2 Conversion of CH4 as function of the electronegativity of metal cations in simple oxides [16].
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Oxidation of Methane 429have been shown to be effective catalysts in oxidative coupling of methane [35]. Some of them are listed in Table 9.2. In some cases these oxides are used in stoichiometric reactions with methane and then are regenerated in a separate consecutive oxidation step. In­teresting results were recently obtained with layered structures composed of infinite sheets of bismuth oxide interleaved with other layers [ 9 ].Using the matrix isolation technique direct evidence was recent­ly provided that gas phase methyl radicals may be the main interme­diates in the oxidative coupling of methane [17,18]. When the re­action mixture of methane and oxygen or N2O was passed over MgO in a special apparatus permitting the trapping of products in a solid argon matrix on a sapphire rod cooled to 13.5 K [19] and their analysis in the ESR spectrometer, ESR spectra shown in Fig. 9.3 were obtained. Signal a is the pure methyl radical CH3 ∙ spectrum, which also appeared when very-low-partial-pressure N2O or oxygen was the oxidant. At a large excess of oxygen the spectrum of methyl peroxy radical CH3O2 ∙ was observed as shown by signal b. Signal c is a mixture of the spectra of methyl and methylperoxy radicals and was registered in all reactions when O2 was present at measur­able pressures. The type of pretreatment of MgO had a significant

FIGURE 9.3 Radical ESR spectra: (a) pure methyl radical (CH3*); (b) pure methyl peroxy radical (CH3O2’); (c) mixture of methyl and methyl peroxy radicals.
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TABLE 9.2 Activity of Various Oxides in the Oxidative Coupling of Methane ⅛30 
Bielanski and Haber

Catalyst Temperature oC Conversion of CH4O 
'O

Selectivity to C2H4 + C2HgO "o Ref.BeO 750 9 22 29MgO 750 12 47 29CaO 750 11 55 29SrO 750 8 72 29BaO 750 14 70 29La2O3 725 9 47 24Li2OZCaO 750 14 72 29Na2SO4Z CaO 750 16 78 29Na2OZCaO 750 16 76 29Li2OZ Ce2O3ZMgO 700 23.5 98.4 34Li2O Z Pr2O3 Z MgO 700 44.7 43.9 34Li2OZNd2O3ZMgO 700 24.7 95.6 34PbMoO4 750 1 19 29PbCrO4 750 10 4 29PbSO4 750 8 63 29
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Oxidation of Methane 431effect on its initial activity in the production of methyl radicals, which were observed only when MgO was exposed to O2 at elevated temperatures, whereas after vacuum treatment no radicals were found. When CH4 and O2 were used as reactants at moderate or low flow rates, a steady state was reached and the activity showed no change in time. The stable products were ethane, ethylene, and methanol. Their distribution indicated that the primary reaction was the cou­pling of methyl radicals to form ethane, its amount being of the same order of magnitude as the amount of CH3 ∙ radicals that would have been collected under similar conditions.A dramatic increase in activity was observed when MgO was doped with lithium (Fig. 9.4) [21,22]. The X-ray diffraction pat­tern of the Li-doped samples indicated that two phases were present, MgO and Li2CO3, but ESR spectra registered after quenching the samples to liquid nitrogen temperature revealed the formation of [Li+O^] centers. The striking correlation between the amount of CH3 ∙ radicals formed and the amount of these centers indicates that

Li Concentration, WT%FIGURE 9.4 Conversion (curve I) and selectivity to C2 hydrocar­bons (curve II) in the oxidative dimerization of CH4 over Li-doped MgO catalysts as function of the Li concentration. Reaction temp. 650oC. (Based on data from [20].)
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432 Bielanski and Haberthey play the role of active sites in the generation of CH3∙ radicals. Detailed study of these centers showed [21] that the concentration of [Li+O^] centers increases with the temperature of annealing, the presence of oxygen being essential for their formation. In the case of powdered MgO they are thermally unstable at temperatures above 200 K. Studies of the Li-doped MgO and CaO monocrystals led to the conclusion [23] that gas phase oxygen is necessary to provide the positive holes at the crystal surface:
9- -O2 + 20 ------> 40 (9.18) 

which become associated with Li+ ions to form the [Li+O"] centers. The observation that Na+ ions were less effective in generating such active centers than Li+ suggests that the latter replace Mg^÷ cations in the MgO lattice. In order to maintain charge neutrality the sub­stitutional Li+ ions trap holes provided by molecular oxygen inter­acting with the MgO surface. These holes, i.e., the surface O" ions, are the active sites abstracting hydrogen from CH4:Li+O^ + CH4 ------> Li+OH^ + CH3 ∙ (9.19)
These sites are then regenerated by dehydration: + - + 9-2Li OH ------> bi2θ + H2° (9.20)and subsequent interaction with molecular oxygen: +2-1 + -Li2Oz + ∣O2 ------> 2Li O (9.21) 
thus closing the catalytic cycle.Recent results show [22] that centers of the type [M+O^], where M+ is a substitutional group IA ion, may also be generated in CaO and are active for the formation of CH3∙ radicals, being there­fore catalysts for oxidative coupling reactions. In pure MgO it is the cation vacancies which act as electron acceptor centers, the localization of an electron generating the V^ center and an adjacent hole in the form of an O" ion. This latter may then be effective in the abstraction of hydrogen from CH4.Kinetic studies demonstrated [20] that selectivity to C2 products increases with rising temperature and CH4 pressure, but passes through a maximum and then rapidly drops with rising O2 pressure. They also indicated that the dominant route to product CO and CO2 
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Oxidation of Methane 433is not the consecutive oxidation of C2 products, but parallel reac­tion of CH4. The following reaction scheme can thus be visualized:2CHq∙ ------> C9Hβ (9.22)о ZbC9Hc + O" ------> C9Hc∙ + OH^ (9.23)Zu Z эC2H5 ∙ + O2^ ------> o^c2h5 + e' (9.24)
O-C9H^ ------> C9H. + OH- (9.25)ZO Z 4⅛and formation of CO and CO2 by parallel routes:

9- -CH3∙ + O ------> O-CH3 ------> CO,CO2 (9.26)CH7- + O9 ------> CHqO9- ------> CO,CO9 (9.27)0 Z о Z ZEvidence has now accumulated indicating that surface O“ ions are not the only sites capable of abstracting hydrogen from methane. Namely, it was found that La2O3 has the ability to generate gas phase CH3 ∙ radicals [24] and therefore this oxide and several others of the lanthanide Sesquioxides show considerable activity in converting methane to ethane and ethylene [24,25]. Selectivities to C2 compounds as high as 70% were observed at low conversion, when a high excess of CH4 over O2 was present in the reactant mixture. On increasing the O2 content the conversion rose but the selectivity to C2 compounds dropped because more CO2 was formed. The ESR spectrum obtained after quenching the catalyst to —196°C contained no features which could be assigned to O" ions but revealed the presence of ions [26]. This may be taken as a hint that it is the superoxide ion formed on chemisorption of oxygen at the La2O3 surface which is responsible for the abstraction of hydrogen from methane:
CH4 + O" ------> o2h“ + CH3∙ (9.28)

although the possibility cannot be ruled out that transient O" spe­cies are formed by dissociation of and in the presence of CH4 they generate the CH3 ∙ radicals. Carbon oxides may be formed either by surface reactions:
9-CHq- + O ------> CO,CO9 (9.29)0 Z
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434 Bielanski and Haberor by gas phase reactions:CHq ∙ ÷ O9 o Z ------> CHqOq∙ ------> CO,COq o Z------ Z (9.30)
The equilibrium concentration of CH3O2 ∙, which leads to CO and CO2, decreases upon rising temperature. Thus, with rising tem­perature, under oxygen-limiting conditions, the amount of CO and CO2 decreases. The fact that simultaneously the selectivity to C2H4 increases as compared to C2¾ may be explained by consecutive reactions of C2Hβ as the primary product of coupling:Cq¾ + CHq ∙ ------> CH. + C9Ht- ∙ (9.31)Zo о ~e Z Oc2h5∙ + O2 ------> C2H4 + HO2. (9.32)
It should be emphasized that both M+-doped alkaline earths oxides as well as lanthanide oxides behave in these reactions as oxidation catalysts although they do not contain transition metal ions of vari­able oxidation states.Among many oxides tested as catalysts for oxidative coupling of methane lead oxide and lead oxy salts were found to be particularly effective [27,28,29]. As illustration Fig. 9.5 shows, the selectivi- ties to C2 hydrocarbons observed when CH4-O2 mixtures with large excess of O2 were passed over the PbO/ γ -AI2O3 catalysts with dif­ferent PbO content. It may be seen that Selectivities as high as 60% of ethylene+ethane were obtained at practically 100% conversion of 

FIGURE 9.5 Effect of PbO loading on selectivity in oxidative cou­pling of methane at 740oC [28].
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Oxidation of Methane 435oxygen. The activity and the Selectivities were strongly affected by the addition of alkali, which hindered the formation of CO.Kinetic analysis leads to the conclusion that methane reacts by dissociative adsorption to methyl species, which are then converted either to ethane by recombination or to carbon oxides by attack of oxygen. Since the generation of methyl species is the rate deter­mining step, the rates of formation of ethane and carbon oxides are direct functions of methane pressure. As C2H4 is formed by cataly­tic dehydrogenation of C2Hβ, it is necessary to take the sum of both to obtain the measure of the disappearance of methane. A following scheme of the reaction emerges from the kinetic measurements:
(9.33)

The evaluation of the integral kinetic data was carried out by using the power law rate equation for reaction pathways 1 and 2:
rj = kj pθ2m2,j (9.34)

Reaction orders P21,j and ∏12,j wθ**e found to depend on temperature, which was taken as an indication that the kinetically significant ele­mentary steps change with temperature.Comparison of the behavior of PbO with that of PbMoO4, which has much more mobile lattice oxygen, showed that the latter gives much poorer selectivity to but forms a significant amount of formaldehyde, which at high temperatures is an intermediate pro­duct on the route to carbon oxides. This confirms the conclusion that the reaction of methyl radicals with surface lattice oxygen to form methoxy species [Eq. (9.26)] competing with their recombina­tion to ethane is responsible for the decrease of selectivity. It is conceivable that due to the low ionization potential of Pb^÷ ions species may be formed as the result of adsorption of oxygen and abstract hydrogen from methane, generating CH3 ∙ radicals. De­pending on the character of oxide ions in the lattice either recom­bination of methyl radicals or their reaction with surface oxide ions is favored determining the selectivity of the reaction. It is note­worthy that lead oxy salts of anions with a high degree of covalency, such as phosphate and sulfate, show high selectivity to CrJ products 
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436 Bielanski and Habersimilar to PbO5 whereas this selectivity is very low in the case of PbMoO4, PbWO4, and PbCrO4. Very high selectivity to products was also observed in alkaline earth oxide catalysts, the selectivity being higher the more basic the material. BaO or SrO albeit highly selective were rapidly deactivated because of their facile transforma­tion into molten hydrated hydroxides under the influence of water formed as a reaction product, and CaO showed lower selectivity. It could have been promoted by the addition of alkali metal com­pounds. Indeed, Selectivities as high as 80% were observed on catalysts composed of CaO impregnated with sodium carbonate or sodium sulfate.In order to elucidate the role of different oxygen species the transient response was followed after the cut of oxygen feed when the steady-state mixed gas of methane, oxygen, and nitrogen was passed over the PbO-MgO catalyst [30,31]. The results are shown in Fig. 9.6. Conversion of methane to CO2 and ethylene decreased dramatically whereas the formation of ethane decreased only slowly, so that selectivity of C2 hydrocarbons was considerably improved.

FIGURE 9.6 Effect of stopping O2 feed on the conversion of methane at the steady-state on PbO-MgO catalyst at 750oC [31].
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Oxidation of Methane 437

FIGURE 9.7 Transient-response of CH4 conversion on PbO/MgO catalyst at 750o in three consecutive reduction-oxidation cycles [31].
It could be concluded that bulk oxygen of the catalyst was the spe­cies active in the formation of C2 hydrocarbons. This conclusion was confirmed by carrying periodic oxidation-reduction cycles. Figure 9.7 shows the transient response when nitrogen, air, and methane were passed consecutively over the catalyst. The oxida­tion-reduction cycles were repeated three times and the results were practically the same. Over all periods of the reaction ethane was the predominant product. XRD analysis of the catalyst in different moments of the periodic reaction showed that after the oxidation period the catalyst contained PbO, whereas after CH4 conversion metallic Pb appeared in considerable amounts. This indicates that PbO is reduced to Pb by reacting with methane and is reoxidized by O2, the oxidative coupling of methane being carried out by the redox cycle between Pb(O) and Pb(II). The fact that the presence of oxygen in the gas phase promoted the complete oxidation of CH4 and that this product was observed only in the early stage of the period­ic reaction suggested that adsorbed oxygen is the active species of the total oxidation. In the case of PbO∕Al2O3 catalysts with high surface area mainly total oxidation of CH4 was observed. This is consistent with the observation that the selectivity to carbon oxides in the mixed-gas reaction is higher the higher the oxygen partial pressure and the lower the temperature because adsorption of oxy­gen is then favored. The following reaction mechanism can thus be suggested:
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438 Bielanski and Haber

Ethane was assumed to be the primary product, which is then de­hydrogenated to ethylene. The reaction network is thus expressed by a set of equations:2CH1 + PbO —k9→ 2CHq∙(ads) + Pb + H9O (9.36)i о о Z2CH√ads) — k.→ CoHc (9.37)о 4 Z bPb + ⅜O9 —kc-→ PbO (9.38)
ZZ OPbO + ‰o —kc-> PbO-O9(ads) (9.39)ZZb ZPbO-O2(ads) + CH4 —k7-÷ PbO + COχ + H3O (9.40)

Assuming that generation of methyl radicals is the rate deter­mining step the rate of ethane formation may be expressed by the equation: k3k5f3^pCH4^f5fpO2^C k3f3(pCH.) + k5f5(pO 9) 4 2k6k7f6^po2^f7^pCH4^rOO kθfθ(po ) + k7f7(pcιl )
(9.41)
(9.42)

If the rate of oxidation (k5f5) is much larger than that of re­duction (k3f3), apparent orders of γq in respect to oxygen and methane vary between O and 1, and those of r^Q — 1 and 1, respec­tively, in agreement with the experimental data.
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Oxidation of Methane 439An alternative route of oxidative methane coupling was also proposed [32] consisting of the decomposition of methane into car­bene followed by its reaction with the second molecule of methane to give ethane. The existence of such a route was substantiated by experiments in which ethylene was added to the mixture of methane and oxygen passing over Li-MgO catalysts and the presence of cy­clopropane was detected in the products. Carbene species are known to react easily with olefins to form a Cyclopropanic ring. The proposed mechanism involves as the first step of methane activa­tion the abstraction of a proton on a strongly basic surface oxygen ion of the lattice in agreement with the observed activity of basic catalysts:
9- - -CHzl + CT = CHq ÷ OH (9.43)-I оfollowed by the hydride transfer with formation of carbene species, in good keeping with the promoting role of lithium:

Li+ + CH∑ = Li+H^ + CH9 (9.44)о ZThe carbene is then inserted into the C-H bond of methane:CH2 + CH4 = CH3-CH3 (9.45)
Carbene species may appear in two electronic states, either as a triplet (diradical-like structure) or as a singlet. In the triplet state carbene could abstract hydrogen from methane to form free radicals:CH2 + CH4 = 2CH3 ∙ (9.46)
This could be the source of the free radicals in the gas phase ob­served by ESR spectroscopy. Obviously, the question remains open as to the importance of these two reaction pathways.The formation of C2 hydrocarbons was found [33] to be con­siderably promoted by combining the coupling of methane with the reverse shift reaction of CO2 to CO over modified PbO-based catalysts :2CH4 ------> C2H6 ÷ H2 (9.47)CO2 + H2 ------> CO + H2O (9.48)
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440 Bielanski and Haber2CHyl + COo ------> CoHc + CO + HoO⅛ z Zo z G = -27 kJmol^1 (9.49)
In such a combined process the decrease of Gibbs free energy in the second reaction compensates its increase in the first reaction, making the overall process thermodynamically possible. CO2 is used here as an oxygen source which permits the elimination of the un­wanted parallel total oxidation competing with coupling in the pres­ence of gas phase oxygen.
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10

Homogeneous Catalytic 
Oxidation

I. INTRODUCTIONOne of the oldest applications of homogeneous catalysis in the chem­ical industry is the oxo reaction, catalyzed originally by cobalt car­bonyl, which even today remains one of the most important industrial homogeneous catalytic processes [1]. It involves hydroformylation, the reaction of an olefin with carbon monoxide and hydrogen to pro­duce aldehydes, e.g,, butyraldehyde from propene or propionalde­hyde from ethylene, and fatty alcohols from higher olefins:
CH9CH=CH9 + CO + H9 ----- > C9H7CHOo L Z о <RCH=CH9 + CO + H9 ----- r RCH9CH9CH9OH

Z Z ZZZ

(10.1)(10.2)
A major improvement in the catalytic oxo process was made by intro­ducing the production of butyraldehyde from xylene employing homo­geneous rhodium catalysts containing a phosphine ligand.An important breakthrough in the use of metalloorganic catalysis was the introduction of the Wacker process for production of acetalde­hyde from ethylene—the first industrial homogeneous oxidation. The oxidation is carried out using either air or oxygen, the oxidizing catalyst being an aqueous solution of cupric chloride and palladium chloride:

443
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444 Bielanski and HaberCHo=CHo + H0O + PdCl0 ----- -> CH0CHO + Pd + 2HC1ZZZ Z о (10.За)Pd + 2CuCl2 ----- > PdCl2 + 2CuCl (10.3b)2CuCl + ⅜O2 + 2HC1 ----- ⅛ 2CuC12 + H3O (10.3c)
1 Pd(II),Cu(II)CH2=CH2 + ⅜O2 ---- ----------- v > CH3CHO (10.3)

The Wacker process is now the main route for the production of acetaldehyde and has largely displaced the old methods based on ethanol or acetylene. The same type of homogeneous catalyst is used to produce vinyl acetate from ethylene and acetic acid:
CH0=CH0 + CH0COOH + ⅜Oo Pd(II)> Ch0=CHOCOCH0 (10.4)ZZo Z Z о
The largest commercialized homogeneous catalytic oxidation is the production of terephthalic acid, which is obtained by oxidizing p- xylene with air using soluble cobalt or manganese salts as catalysts. This and some other applications of homogeneous oxidation catalysis in the chemical industry are summarized in Table 10.1 [2]. It should be emphasized that homogeneous catalytic processes are particularly advantageous in the field of fine chemicals, where such factors as the loss of catalyst, choice of raw materials, recuperation of energy, etc., are much less important than in the case of the production of large volume petrochemicals. The most important requirements in transfor­mations of complex organic molecules are high selectivity and high specificity; these two features are well fulfilled by homogeneous or­ganometallic catalysts. In recent years more and more attention has been paid to stereo-specific transformations, for which homogeneous catalysis is particularly well suited. For a more complete review of oxidations catalyzed by transition metal complexes the reader is re­ferred to specialized articles and books [3-6].

II. CATALYTIC OXIDATION AND OXYGEN TRANSFER REACTIONSHydrocarbon molecules in liquid phase may become activated by ab­straction of hydrogen resulting in the formation of free radicals which then participate in chain reaction. For the last 20 years the studies of liquid phase slow chain reactions were the subject of continuous interest because of their technological importance [ 7 ]. Generation
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Homogeneous Catalytic Oxidation 445TABLE 10.1 Major Applications of Homogeneous Oxidation Catalysis in IndustryCH9=CH9 + O9 -----> CH9CHOZZZ оCH9CH=CH9 + ROOH o Z
÷ C-CcH11OH + c-CcH1 =O O Ii b IU

O2 or HNO3 ÷ adipic acid
÷ C-C19H99OH + C-C19H99=O --------- ½ dodecanedioic

JlZZo J-ZZZ acid
СНзЛ /Λch3 + 02 ÷ terephthalic acid and esters
n-C.H1f, + O9 ----- > CH9COOH4 J-U Z оCH3CHO + O2 ----- > CH3COOH
Source: Ref. 1.
of radicals may be accelerated by the presence of transition metal cations due to the reaction:

RCH9 + M-+ ----- > [RCH9]+ + M(-'1)+ (10.5)
O O[RCH3]+ ----- > rch2, + h+ (10.6)

The free radical interacts with dioxygen dissolved from the gas phase to form peroxy radicals:
RCH2- + O2 ----- > rch2o2* (10.7)

which enter into a chain reaction producing peracids, acids, alde­hydes and carbon oxides:RCH9O9- + RCH9 ----- > RCH9O9H + RCH9- (10.8)ZZ о ZZ Z
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446 Bielanski and HaberThese processes are called the autooxidation of hydrocarbons and are responsible for the degradation of many organic materials such as plastics, rubber, fibers, lubricating oils and fats, etc. The facility of electron transfer from the hydrocarbon molecule to the metal to produce the cation radical is related to the ionization potential of the organic substrate and the oxidizing power of the metal cation. As the low values of ionization potential are characteristic for alkylben­zenes, the liquid phase oxidation of p-xylene to terephthalic acid in acetic acid with dioxygen mediated by a cobalt catalyst was the first commercialized homogeneous catalytic oxidation:
CH

CH

COOH

[Co]

HOAc

COOH

(10.9)
Some organometallic complexes also have the ability to activate dioxygen and make it react with the organic substrate. Dioxygen in the ground state is a triplet and therefore its reactions with the organic compounds, which are singlets, are restricted by spin conser­vation rule. This may be overcome by forming an adduct of dioxygen with a metal complex [8]. If the adduct is formed reversibly, it may serve for transporting oxygen. Synthetic oxygen carriers are inter­esting because of their relation to natural oxygen carriers such as hemagiobin and myoglobin.As described in Chapter 1, the interaction of dioxygen with metal complexes can lead to successive transfers of electrons from the metal orbitals, giving superoxo and peroxo complexes:

2 +M ÷MM ------------ ⅛ MO9 -------------- > MO9M ------------- > 2M0 ------------ > MOML Z

Peroxo Superoxo μ-peroxo Oxo μ-oxoTable 10.2 [9] summarizes the metals which form different types of oxygen complexes and the main characteristics of these complexes.They may perform the addition of the oxygen atom to the organic
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Homogeneous Catalytic Oxidation 447

FIGURE 10.1 Mechanism of homogeneous catalytic oxidation in the presence of coordination compound as catalyst.
molecule which is being oxidized. Figure 10.1 illustrates the general mechanism of the oxidation processes involving metal peroxo com­plexes. In the first step dioxygen and substrate become coordinated at the same metal on two adjacent sites. The substrate is then in­serted into a metal-oxygen bond forming a peroxo metallocycle. The latter decomposes evolving the oxygenated substrate and oxo metal complex, which must be reduced to the initial metal state to close the catalytic cycle. Thus, for regenerating the reduced metal from the oxo metal complex a со-reducing agent is required. This co­reducing agent can be a hydrogen donor, water being produced in the course of the reaction, or the substrate itself which would be oxidized.The sequence of reactions shown in Fig. 10.1 and representing the process of homogeneous oxidation of an organic substrate S by gas phase oxygen to form a product P in the presence of an organo­metallic catalyst may be described by a following set of equations:

Cat + O % ----- > Cat.C>2Cat.O2+ S » Cat-O2-S Cat-O2-S ----- > Cat-O + PCat.O + Red ----- ⅛ Cat + F^O
(10.10)(10.11)(10.12)(10.13)
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TABLE 10.2 Transition Metal Dioxygen Complexes d(O-O)Complex Metal LigandO° II O Cr Py, DMFMo Mo HMPTo×l ∣∖ W PPh9OL L O
Pph3PPh9Ir 6PPh9OPPh2Et

Rh Ph2CH2CH2PPh2IrCo Ph2PCH=CHPPh2 π-bonding

X Structure v(O-O) (A)

Cl
O—

O 
1

V
 к

S 870
858

1.41.5

1.3BrICl
м/-—- -----

C
θ2 ----- * M□ -bondingM ----- > O2

)

862862

845909

1.361.51.46
1.411.481.42
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Pt
Co(CN)5O20 CoCoLPyO2 CoCoL(Bz Imid)O2 CoFeL(N Me Imid)O2 Fe

pph3
CN
t B salten ct^tPiVPP

Peroxo
(σ ÷ тт)

superoxo
(σ + тт)

830 1.46

1385
1.24
1.271.23

(CoL DMF Со Salen(L5Co)O2 Со NH3 1.351.65
μ регохо
(σ + тт)Source: Ref. 9.Abbreviations:Bz acen: (CβHc-C(θ")=CHC(CH9)=NCH9-)o О □ о ZZSalen: NN’bisethylene (salicylidene iminato)a^tPivPP: mesotetra ( ααααo-pivalamidophenylporphyrin)tB salten: NN’(1,1,2,2 tetramethyl)bisethylene(3 tert butyl Salicylideniminato)
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450 Bielanski and HaberThe mass balance equations have the form:
[Cat]θ = [Cat] + [Cat.O2] + [Cat.O2∙S] + [Cat.O] (10.14) and [S]o = [S] +[Cat.O2.S] + [P] (10.15)

The rate of change of the concentration of intermediate complex[ Cat. O2. S ] may be expressed by:
∑Cat.O2.s" ⅛[Cat.O2][S] - k4[Cat.O2.S] - k2[Cat.O2∙S] (10.16)The rate of appearance of the product P is:
v = k2[Cat.O2.S] (10.17)

Under steady-state conditions v^o^g = 0 and, assuming that de­composition of the intermediate complex (10.12) is rate determining and that (10.10) and (10.13) are very rapid, it follows from Eqs. (10.16) and (10.14) that
k1[Cat]θ[S][Cat.O2.S] = k1[δ] + (k,1 + k2) (10.18)

Substituting (10.18) into (10.17) we finally obtain the rate of forma­tion of the product: 
k2[Cat]θ[S] k2[Cat]θ[S]

- (⅛-1 + k2>⅜ + [S] = ⅛ + [S] (10.19)
where Kjq = (k-i ÷ k2)∕kj is the Michaelis constant, and Eq. (10.19), which expresses the rate of reaction, is called the Michaelis-Menten equation and is used to describe the rate of enzymatic and homogene­ous catalytic reactions. It was demonstrated by Schwab [15] that this equation is equivalent to the Hinshelwood-Langmuir equation used in heterogeneous catalysis.
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Homogeneous Catalytic Oxidation 451

oxygen.

TABLE 10.3 Single Oxygen Atom DonorsDonor Molecular weight ByproductH2°2 34 H2°t-BuO2H 90 t-BuOHMe3NO 75 Me3NNaClO 74 NaClNaClO2 90 (45) NaClNaClO3 106 (35) NaClNaBrO 119 NaBrNaBrO2 135 (68) NaBrNaBrO9O 151 (50) NaBrKHSOc- Э 152 KHSO4κ2s208 275 (135) κ2s04NaH2BO4 100 Na2B4°7NaIO9O 198 NaINaIO.4 214 NaIPhIO 220 PhINote: Figures in parentheses are molecular weights per active
Instead of using the coreducing agent in situ in the reaction mixture, dioxygen may be reduced in a separate operation to form molecules such as H2O25 t-BuO2H, NaOCl, etc., which can then be coordinated to the catalyst to perform the function of single oxygen donors. They are economically attractive and usually more acceptable environmentally. Oxidation reactions involving single oxygen donors may be classified as catalytic oxygen transfer processes: 
S + X-O-Y catalyst ÷ SO + XY (10.20)
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452 Bielanski and Haberwhere S = substrate, SO = oxidized substrate, X-O-Y = R-O-OH, Na-O-Cl, R3N=O, etc.The various commonly used oxygen donors are listed in Table 10.3 [6]. From the industrial point of view, the most important properties of single oxygen donors are the type of byproduct which should be easily disposable or recyclable and the molecular weight per active oxygen. The latter should be as small as possible because the weight of byproducts contributes to the costs of the production. Thus, commercially most attractive single oxygen donors are hydrogen peroxide, sodium hypochlorite and tert-butyl hydroperoxide.
III. MECHANISM OF OXYGEN TRANSFERThere are two pathways by which the oxygen transfer reactions may proceed [6]. They may be illustrated by a following scheme repre­senting the oxygen transfer from an alkyl hydroperoxide as single oxygen donor:

÷ M-O2R -⅛> MOR + SO
MX + RO2H (10.21)

-ROH ÷ M=O MX + SO
These two pathways are referred to as the охо-metal and the peroxo­metal pathway, respectively. In the case of охо-metal pathway the active oxidant is the same irrespectively of which oxygen donor is used whereas when the reaction proceeds through the pathway in­volving the metal-oxidant complex a different active oxidant is in­volved with each oxygen donor.Oxygen transfer reactions may be used in many different types of organic processes to obtain a variety of products. Some of these processes are summarized in Table 10.4. Since the epoxidation of olefins is by far the most important industrial application of homo­geneous oxidation, and paraffin functionalization the most prospective, these two types of reactions will be discussed in detail.
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Homogeneous Catalytic Oxidation 453TABLE 10.4 Homogeneous Catalytic OxidationsReaction Catalyst Oxygen donor ProductAllylic oxidation SeO2 t-BuO2H Alcohol, aldehydeVicinal hydroxy­lation OsO4 ^2°2R9NO, KClO9O O Glycol
Epoxidation .. VI ,„VIMo , W(P)Cr111 RO2H, H2O2PhlO Epoxide
Oxidative cleavage RuCl3, RuO^ NaClO3 Aldehyde, ketoneAcidR3N → R3NO VI VMo, V t-BuO2H Amine oxideOxidation of alcohols VI Mov=O H2°2 Aldehyde, ketone

IV. HOMOLYTIC AND HETEROLYTIC CATALYSISOne of the most important classes of single-oxygen donors widely used in organic synthesis is hydrogen peroxide and the hydroper­oxides [10]. Their reactions catalyzed by metal ions can be divided into two groups, proceeding by different mechanisms. The first group involves homolytic, one-electron processes in which free radi­cals appear as intermediates. The second group involves heterolytic, two-electron processes, the metal catalyst operating by increasing the electrophilic properties of the peroxide.The metal-catalyzed homolytic decomposition of alkyl hydroper­oxides formed as the result of reactions (10.5) to (10.8) is the most common further transformation taking place in the autooxidation of hydrocarbons. Two principal reactions of alkyl hydroperoxides with metal complexes may be considered, depending on the redox potential of the metal. When the latter has strong reducing properties, reduc­tion takes place:
RO2H + ------ > RO∙ + M-+ + HO^ (10.22) 

whereas with metals with oxidizing power oxidation occurs:
RO2H + M-+  > RO2- + + H+ (10.23)
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454 Bielanski and HaberThey are followed by further steps of the radical process of hydro­peroxide decomposition:
2RO2∙ ----- > 2RO∙ + O2R0∙ + RO9H ----- > RO9- + ROHZ Z

(10.24)(10.25)
As alkyl hydroperoxides are stronger oxidants than reducing agents, reaction (10.22) usually prevails. In the case of complexes of such metals as cobalt and manganese, which have two oxidation states of comparable stability, both reactions (10.22) and (10.23) proceed, which is equivalent to the catalytic decomposition of alkyl hydroper­oxide into alkoxy and alkylperoxy radicals:

2eo2h c,(∏)∕c<,(1∏) > κθ2. + ro. + (10.26)
These reactions are generally characterized by low selectivity and therefore are limited in their applicability. However, considerable efforts are devoted to finding means by which hydroperoxides could be stabilized for periods long enough to undergo selective reaction to more stable oxidation products.There is, however, a second possible reaction pathway, in which the hydroperoxide becomes coordinated to the metal complex in such a way that its terminal peroxy oxygen is rendered more electrophilic and, hence, more susceptible to reactions with π-electron systems of olefins. Oxygen transfer in a two-electron reaction of heterolytic cleavage of the 0-0 bond follows:

S + RO2H ----- > SO + ROH (10.27)
Such reactions being usually much more selective. Complexes of transition metal ions of group VA and VIA in high oxidation state are particularly efficient in these reactions.
V. EPOXIDATION OF OLEFINSInteraction of peroxidic species with metal complexes of groups IVA- VIA transition metals results in the formation of peroxo complexes. Acidic oxides such as WO3, MoO3, CrO3, V2O5, and TiO2 catalyze the reactions of hydrogen peroxide through the formation of peracids [11]. They resemble the organic peracids in that they react readily
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Homogeneous Catalytic Oxidation 455with nucleophiles with scission of the 0-0 bond. Therefore, similar mechanisms operate in the epoxidation of olefins by both organic and inorganic peracids:

O= Mo

H

However, when hydrogen peroxide is used, it reacts easily with the epoxide, the perhydrolysis being also catalyzed by molybdenum com­plexes and glycol appears as the final product:
C---- C + H9O9 Mo(VI) > C-C + H9O
∖ / 2 2 Il2O HO OH (10.28)

Therefore, alkyl hydroperoxide ROOH is used to form the peroxo complexes of molybdenum and to obtain high selectivity to epoxide.
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456 Bielanski and HaberOn the basis of kinetic evidence, structure-reactivity relationships, induction periods and inhibition by alcohol as the byproduct [12,13] a schematic mechanism for the molybdenum catalyzed epoxidation of olefins has been proposed:VI VIMovi + ROOH ----- > Movi(ROOH)Movi(ROOH) + >C=C< ----- > MoVI + ROH + >C—C<∖/ OMovi + ROH ----- ⅛ Movi(ROH)
(10.29a)(10.29b)
(10.29c)

Equation (a) represents the initial formation of catalytically active species by interaction of the hydroperoxide with Mo(VI) complex; Eq. (b) describes the rate-determining step of the transfer of the oxygen atom to the olefin molecule. The coordination site at the Mo(VI) complex may be blocked by coordination of the product alco­hol [Eq. (c)] which thus inhibits the reaction. The intermediate complex MoVI(ROOH) formed in reaction (a) may, however, also un­dergo a homolytic reaction resulting in the appearance of radicals:VI V +Movi(ROOH) ----- > Mo + RO2- + H
V VTMov + ROOH ----- > Movi + RO- + OH (10.29d)(10.29e)

and a decrease in selectivity of epoxidation which is determined by the relative rates of reactions (b) and (d). Reaction (b) consists of the nucleophilic attack of the olefin on one of the oxygen atoms of the peroxidic group. The principal function of the catalyst, a Lewis acid, is to withdraw electrons from the peroxidic oxygens, rendering them more susceptible to this nucleophilic attack. Reaction (d) be­comes more facile as the oxidation power of the metal complex in­creases. The high activity of Mo(VI) complexes as epoxidation cata­lysts is due to the fact that MoO3 shows high Lewis acidity but is at the same time a very weak oxidant. The Lewis acidity of transi­tion metal oxides decreases in the order CrO3, MoO3, WO3, TiO2, V2O5, UO3. Cr(VI) should also be a good catalyst for reaction (b). However, because Cr(VI) is also a strong oxidant which accelerates reaction (d), it is consequently a poor epoxidation catalyst.The mechanism of the nucleophilic attack of the olefin molecule on the peroxidic oxygen in reaction (b) may be described by the following scheme:
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Homogeneous Catalytic Oxidation 457

Recently a different mechanism of the epoxidation of olefins by Mo(VI) complexes was suggested [9] on the basis of the very high activity and selectivity of complexes of composition Mo^⅛(O2)2L2 synthesized by the interaction of organic bases (amides, phosphines, aromatic amines, etc.) with a solution of MoO3 in hydrogen peroxide. In this mechanism (Fig. 10.2) it is assumed that in the first stage of the reaction the ligand L is displaced by the olefin which then forms a five membered ring with the side bonded dioxygen. Rearrange­ment of bonds results in the formation of the epoxide leaving the complex with one vacant coordination site which may again accommo­date an olefin molecule that reacts then with the second dioxygen. Finally, MoO3 which results from these reactions interacts with hydro­gen peroxide and the organic base to regenerate the initial peroxo complex.In like manner, other nucleophilic reagents can undergo oxygen transfer reactions with metal hydroperoxide systems. Examples are the oxidations by tert amyl hydroperoxide in the presence of molyb­denum catalysts of the following molecules:nitrogen heterocycles
(10.30)
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458 Bielanski and Haber

-L Il +t

FIGURE 10.2 Mechanisms of the epoxidation of olefins by peroxo-metal complexes [ 9 ].
nitrosamines
R

(10.31)
r; (10.32)

N “ NO >

>
R

Aniline is oxidized to nitrobenzeneArNH9 ----- ⅛ ArNO9L L
(10.33)
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Homogeneous Catalytic Oxidation 459and sulphides are oxidized to sulphoxides and sulphonesBuS2 ----- > Bu2SO ----- > bu2so2 (10.34)
By properly modifying the coordination sphere of the metal com­plex steric constraints can be imposed on the reaction permitting regioselective and stereoselective control. Thus, geraniol is regio- Selectively epoxidized to a monoepoxide with tert BuO2H∕ VO(acac)2 system

(10.35)

An example of a stereoselective reaction is epoxidation of the homo­allylic alcohol to syn-epoxy alcohol, carried out by tert-BuO2H/ Mo(CO)θ system:

VI. ACTIVATION OF HYDROCARBONS BY COORDINATIONPlatinum group metals in low oxidation states show the properties of soft centers activating the coordinated hydrocarbon molecule toward nucleophilic attack resulting in an oxidative nucleophilic substitution of hydrogen with a simultaneous two-electron reduction of the metal catalyst. Pd(II) is particularly efficient in this group of oxidative processes [14].In water solutions Pd(II) salts act as catalysts of the oxidation of olefins to aldehydes or ketones. Ethylene is oxidized to acetalde­hyde in what is known as the Wacker process, Pd(II) being reduced to Pd(O), which is reoxidized by molecular oxygen in the presence 
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460 Bielanski and Haberof Cu(II) salts. Under similar conditions propene is oxidized to acetone, and 1-butene to methyl ethyl ketone. In all these reactions the yields are very high, attaining 95% in the case of the oxidation of ethylene.The reaction starts with the formation of a π-complex of the olefin with the metal center:
PdCl.2" + C9H. ~—> [PdCLC9H.]" + Cl' ⅛ £ ⅛ К o L 4 (10.37)

The transfer of electrons to metal orbitals reduces the electron den­sity on the olefin molecule rendering it prone to a nucleophilic attack. As the reaction takes place in aqueous solution, chlorine ligands are exchanged for water:[PdCkC9H.]" + H9O ∑→ [PdCl9(H9O)C9H.] + Cl" (10.38) O L ⅛ Zx LL L ⅛The next step consists of the π-σ rearrangement of the coordinated olefin. Such rearrangement may involve any of the π-ligands such as olefins, allylic species, aromatics, is a general phenomenon and usually can proceed in both directions resulting in the establishment of an equilibrium between both species:
M—■ ÷ M- Il

7--- » M-
This equilibrium may be shifted by coordination or abstraction of other ligands at the given atom center, or by attack of a nucleo­phile :

M + Nu .κ..-M—∣—∣-Nu
The π-σrearrangement of Pd-ethylene π complex in aqueous solution is facilitated by the attack of water molecules acting as nucleophiles proceeding with the trans-symmetry:[PdCl9(H9O)C9H.] + H9O ^==≥ [HOCH9CH9PdCl9(H9O)]" + H+ 

L L L lt. L LLLL (10.39)
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H2O

(39)

(40)
Cl 

√ ∣
F^d-OH2 

ιr H

FIGURE 10.3 Mechanism of ethylene oxidation in the presence of Pd(II) complexes.
(41)

The mechanism proposed for such rearrangement [16,17] is shown in Fig. 10.3. The reversible hydroxypalladation step (39) representing the π-σ equilibrium is followed by the rate determining loss of chloride ion from the σ complex. The resulting coordinately unsaturated 14 electron intermediate, easily undergoes a rapid β-hydride elimination in step (40):[HOCH9CH9PdCl9(H9O) ] ~ ----- > HOCH9CH9PdCl(H9O) + Cl"ZZZZ ZZ Z (10.40)HOHO9CH9PdCl(H9O) ----- > CH9CHO + Pd + HCl + H9O (10.41)ZZZ о ZThe external attack on the coordinated alkene resulting in trans symmetry may also be performed by nucleophiles such as acetate, alcohols and amines. Nucleophiles such as aryl, alkyl and hydride of only low concentration outside the coordinate sphere of palladium prefer an intramolecular pathway, resulting in cis-addition.
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462 Bielanski and HaberIn non-aqueous solvents such as acetic acid it is the acetate ions, which perform the external nucleophilic attack on the coordi­nated olefin molecule, resulting in the acetoxypalladation:AcO

CH2 HOAc + AcO
(10.42)The subsequent β-hydride elimination gives vinyl acetate:

HOAc
÷ AcOCH=CH2 + HPdOAc + HOAc(10.43)

This is an example of a general class of Pd(II) mediated nucleophilic substitutions at an sp^ carbon center as given by the general equa­tion :
∖ / TT÷ C=C + X - Pdii - ZII ' ■X - Pdii - Y + .C=C - / ∖Z (10.44)

When Z is the hydrogen atom the result is oxidative substitution, which may be carried out with different nucleophiles:
∖ / C=C + ROH/ ∖ H

∖ /C=C/ ∖OR (10.45)
∖ /C=C + RoNH/ ∖ 2 H

-→ W / ∖ NR2 (10.46)
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Homogeneous Catalytic Oxidation 463This reaction may be used to carry out arylation of olefins which otherwise is difficult to achieve:
ArPdX + C=C + HPdX (10.47)

At variance with the external attack of strong nucleophiles this re­action is believed to proceed by an intramolecular nucleophilic addi­tion of the aryl ligand to the coordinated olefin, followed by β-hydride elimination:
+ [H-Pd-X]

An important reaction catalyzed by Pd(II) complexes is the oxidative carbonylation. It may be used to obtain e.g. acrylic acid:
CH2 = CH2 + CO + ⅛O2 ----- > CH2CHCOOH (10.48)

Alcohols in the presence of group VIII metals are oxidized to carbonyl compounds. In the first step a metal alkoxide intermediate is formed, which then undergoes the β-hydride elimination to give the carbonyl group:
—C—0—Mn+H ---------> C = O + HMn+ (10.49)

When copper salts are added the catalytic cycle is closed and the re­action becomes catalytic:
RCH2OH + ⅜O2 p¾1-⅛l≤⅛∙L1U > RCHO + H2O (10.50)

In the presence of both dioxygen and carbon monoxides alcohols un dergo oxidative carbonylation on Pd(II) complexes to form oxalate esters. When Cu(II) is added as cocatalyst the reaction becomes catalytic:
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464 Bielanski and HaberCO2R2 ROH + 2C0 + ⅜O9 pd<π),cu(11) + h 0 (io.51)
Z ZCO2R

Recently considerable attention is devoted to the search of conditions in which the insertion of a low-valent Group VIII metal complex into a C-H bond would take place:
2 — C—M(n+2)+ ' H (10.52)

by analogy with oxidative addition of molecular hydrogen to such com­plexes :
H-H + Mn+ < .....2 H—M(n+2)+H (10.53)

It should be remembered that activation of C-H and C-C bonds with supported platinum group catalysts is the basis of many important heterogeneous catalytic processes used in petrochemical industry.
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