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Abstract

After recalling the concept and applications of isf ‘optical basicity’ of a solid oxide (Duffy, A.
Geochim. Cosmochim. Actd993 57, 3961-3970), a Lewis-related acidity/basicity scal transition metal
cations and of oxides, oxysalts, mixed oxides i# by using ICP, the lonic Covalent Parameter {feorJ.
et al., J. Alloys Comp1994 209 59-64). This scale allows to rank catalysts a#i a® oxides used as
supports. For example, increasing basicity is foallothg (hydrogen or cationic) zeolites < heteropoigs <
(VO),P,0; < MoG; < V,05 ~ NiMoO, < Bi,M0oOgs < CuO < SBO/SnG, < AgO < KO, and SiQ < y-Al,0;3
< a-Al,03 < CeQ < Zro, ~ TiO, < MgO < SnQ@ series of catalysts and of supports, respectiv@ptical
basicity Ay, being a characteristic of bulk oxide, a scale wfface optical basicity)\s.s is proposed by
plotting the XPS O1s binding energy againgt which results in a logarithmic scale, while arecting
factor may be used in the case of catalysts exmipbit compact crystal structure. As the goal ibd@ble to
predict the acidity/basicity that would be necegdar a selective catalyst to exhibit in a giveactant-to-
product oxidation, the difference of ionization @utial Al, which corresponds to the electron donor power
during the reaction, is plotted against opticalitigs/A, which is the electron donor power of oxygen in the
solid. Linear correlations betweé&h andA are set-up, and their usefulness is discussedreralecases, one
being mild oxidation of alkanes. The slope (positifor saturated C-C, negative for unsaturated C=C
reactants) and intercept depend on the relativieibdacidity of reactants and on the extent ofdation,

respectively. Theoretical considerations are pregads tentatively account for these linear relatiops.
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1- INTRODUCTION

Solid oxides used in catalytic reactions belongh® whole periodic table. Their role in catalysis
depends mostly on their acid-base and redox pieperBchematically, acidic (basic) oxides of thghti
(left) part of the periodic table are involved imacking, isomerisation, alkylation, etc., of hydadmons,
and/or are used as supports of metals or of otkigles. Redox catalysts are mainly found among the
transition metal oxides, and are more particulanyolved in mild or total oxidation of hydrocarbons of
other molecules (alcohols, etc.). If parametergriging the catalytic activity are numerous andlyaivell-
known, selectivity is always relatéad kinetics, e.g., expressed as a ratio of thes@t®ne process compared
to another one. Finding parameters able to accfmungelectivity in mild oxidation has been one afro
concerns in our group but till recently our attesnfatiled because of the lack of parameters acaayhar
the solid state properties of transition metal esidindeed there are little answers when one tdes
understand why only vanadium oxide supported anidt is able to transform selectively o-xylene into
phthalic anhydride, or why My O4, is selective in the oxidation of acrolein to aaryédicid. Similarly, the
fact that, e.g., n-butane, is selectively oxidizatb butadiene, maleic anhydride, or £® CoMoO,,
(VO),P,0O;, LaCrQ; are respectively used as catalysts, is not exgdailThis means that well-defined
properties of the catalyst are required to getcseley in a given type of reactiorin these reactions, the
surface lattice oxygens {Qof the metallic oxide are directly responsible floe selective formation of the
wanted product. The commonly used two-stepped sehewposed by Mars and van Krevéleescribes

this participation:
[R-C-H] + 2KO - [R-CO] +H,O0+ 2K [1]

2K+ 0, » 2KO [2]

The first step consists in the transfer of surfatiice oxygerO to the molecules of product (RCand HO)
leaving the catalyst in its reduced form K, whishrégenerated as@Xby gaseous oxygen, generally cofed
with the reactant [R-C-H] in usual reactoFéerefore, the properties of Gpecies linked to metallic cations
determine the catalytic properties, and particyldre selectivity to products. Among them, a keyapseter

is the nucleophilicity as noticed by Haberho showed that nucleophilic {pand electrophilic (@, 0,%)
oxygen species were responsible for mild and twmtalation, respectively. However there was no soéle
nucleophilicity/electrophilicity or more generalyf basicity/acidity utilizable for transition metakides till

recently. To account for selectivity as a geneaaloept allowing to classify reactions, it wouldrecessary



to have available parameters accounting for a aintifpe of property in the gas phase, for the dogan
reaction, and in the solid phase, to charactetieenucleophilicity of oxygen. Moreover, thermodynam
parameters would be more appropriate than kinetés avhich depend strongly on experimental condition
the initial state would be the reactant facing élk&lized KO form and the final state would be the wanted
product facing the reduced form K of the ‘selectm@talyst. Oxidation catalysis proceeding by anh&nge

of electrons which accompanies the exchandge gipecies, we have thought that ibvieization energyf the
organic molecules could be useful to account ferdhs phase reaction. Finding a parameter of time sa
type for solid oxides was not so easy. Modern flesarf reactivity propose to consider the oxidizpuyver,
acidity, basicity, reducing power, as steps alorsgme continuum, instead of distinct phenorfieAmong
bulk parameters, Zhang's scale of electronegafivigptical electronegativity and optical basicfty
electronic polarizabilit Racah paramefer|CP’'° (ionic-covalent parameter), were used recently to
guantitatively describe the acid (base) or redokabimr of oxides in various applications. General
correlations of catalytiactivity, with, e.g, Me-O bond strength, electronegativity, or oxygamtial charge,
are numerod$*3 ™. Auroux and Gervasiti'® used some of these parameters in order to predits of
adsorption and acid strength. Differential heatadgorption of probe molecules such as;MHCQ as a
function of coverage have been worked out for dffeé simple oxides, and relationships between the
charge/radius ratio or the percentage of ionicattar and average heats of of Cfdsorption or ammonia
adsorption, respectively, were obtained. Idriss Seébauef showed recently that the rates of oxidative
dehydrogenation of ethanol to acetaldehyde andeoizéddehyde esterification are correlated with the

oxygen electronic polarisabilityo.

Successful correlations with experimental catalggtectivity are far less numerous. For example,
Vinek et al*® showed on a series of oxides that the XPS bineireggy of O1s is related to the electron pair
donating (EPD) strength of oxygen, and hence tectigk dehydrogenation (on more basic oxides, BEgD
of O%) or selective dehydration (on more acidic oxidesy EPD of &) of alcohols. This EPD/EPA
approach was later usédn oxidation reactions and it was shown that d@liég increased with acid
strength.

We have had an even more ambitious goal: to €asatalytic oxides known to be selective in
different oxidation reactions, in order to furthexe the resulting classification as a predictieadr Among
the bulk parameters mentionned above, optical iasic as well as ICP seemed the most appropriate
parameters because both take into account nottbelyype (ionic to covalent) of Me-O bond but alke
extent (through polarizability) of the negative i@borne by oxygen. Duffy et &*!,?* started from the
principle that a quantitative scale of basicity Iddoe provided if the magnitude of the electrongiigrof the



oxygen atoms was known. The word ‘optical’ meanat thptical spectroscopy was the origin of the
measurements performed by using suitable probetal ms (Tf, P, Bi**) were inserted into the oxidic
material whose acidity had to be determined. Theaegion of their d outer orbital (nephelauxetieeff
upon coordination to the’CLewis base depends on the polarization statessktl® and the shift of the UV
frequency is related té\. This method was particularly useful in the casemmlten oxidic systems
(metallurgical slags) and glasses, anaould be successfully correlated with several progs of oxidic
media in the solid or liquid state: refractive ir8&, viscosity®, redox equilibri&’?®?’ acid-base
neutralization reaction between oxyanion spéti¢towever, the method it is not applicable whendition
metal oxides are concerned because of the pres#nttee own d orbitals of metals. Lebouteiller and
Courtiné® plotted optical basicity against ICP values andenable to set-up a new quantitative scale of
optical basicity (or better said: optical aciditf)all types of cations related to the sanfel@se. This scale
has been recently used by Leniiét who found correlations with the Racah parameterasfsition metal
oxides. Catalytic applications to selective oxidatiof various reactants were proposed by Moricdau e
al 32 * 3 py plotting optical basicity of the correspondicagalysts against the potential ionization diffexen
Al = Ir — Ir of the gas phase, and linear correlations werairndxd. Calibrations of these lines with the most
well-known oxidation reactions, and within a reasgle limit of error, were carried out. These catiehs
allow to classify reactions and also to a priotietmine the optimum optical basicity that wouldrbquired
for a catalyst to be selective in the chosen reacti

This paper aims at summarizing most findings usiptical basicity scale. First, the concepts of
optical basicity and of ICP will be recalled andr&examples given. Then the choice of ionisaticiental
as a means to account for a ‘thermodynamic’ seigectwill be justified. The linear correlations alimed
when plottingAl against the optical basicity will be then disadsFinally, the thermodynamic nature of
optical basicity will be discussed and attemptadoount for the linearity of correlations betwedrand A

will be proposed.

1- SCALE OF OPTICAL BASICITY OF SOLID OXIDES

4-1. After Duffy

As first proposed by Duffy et af,*>?? the so-called ‘optical basicity’ characterized /hyallows to

classify oxides as a scale of acidity which is mefé to the same Obase. It accounts for physical and



chemical behaviour of phases and gives indicatifuisexample, on the structural modifications iasgles,
on the effective electronic charge carried by iionan oxide, on the M-O bond lengths or on redaxildaia

in melted glasses. The optical basicity is builtlawis acidity concept and is particularly adaptedhe
study of non aqueous non protonated systems. Téwanmeter first obtained from UV spectroscopic
measurements is a ‘measure’ of the donating elegioaver of & to the M* cation in MQ oxide. Indeed
the polarizing power of M influences the capacity of?Gons to give a part of their electronic charge to
other cations in the solid phase, and as suchpérmfts on M coordination. Therefofe characterizes the
electron acceptor power of the"Mation as well as the electron donor power 8f &nd the result is that it
characterizes the acidity of the whole solid ve. same & base. For examplé, MgO = 0.78 {\ V'Mg®* =
0.78, in which valence and coordination“t¥lg** are VI and +2). The reference chosen by Duffyleisa
CaO for whichA = 1.0.

Duffy’s scale is satisfactory for most s-p oxidast not for transition metal oxides. Examples are
WO;, MoG; and W05, the optical basicity\ of which was found greater than 1.0 which is thieieaf basic
Cad,”. The main reason is that the optical basicityrafsition metal oxides cannot be directly measured
because the own d orbitals of cations are involaed because their metal-oxygen bonds have an ionic-
covalent character. This problem was side-stepyeBdstier et af:’° who succeeded in building a similar
scale, but based that time on a new parameter|ahe-Covalent Parameter ICP. ICP, which is an
adimensional number, accounts for the influencihefcovalence of metal-oxygen bond on the acichgthe

of the metallic cation, and is calculated by equaiB]:
ICP=log P -1.38+2.07 [3]

where P is the polarizing power of the cation (B/% z = formal charge, # Shannon ionic radidswith

rO? = 1.40 A). The electronegativiy (in Pauling-type scale) is calculated by [4]:

X=0274z-0152z2r-001r+1¢ [4]
in whichc is a correcting term, depending on each cationaFgiven cation, the value of ICP depends on its
valence, its coordination and eventually its spétes(low or high) in the solfd®.

By plotting A values determined for simple oxides by Duffy ef‘ahgainst ICP of cations,
Lebouteiller and Courtirféshowed that cations are distributed among strdigas depending upon their
electronic configuration. Five lines, for s-p, df-d°, d'° and d°%” configurations were obtained, the
equations of which are presented Table 1. As IC&dthe theoretical optical basicify, obtained from

these correlations depends on the valence, codiatinand spin of the cationfé) When several valences



and/or coordinations exist, the basicity is obtdias follows, e.g., for R®, which crystallizes as inverse
spinel:

Ao F&0, = 3N VFE™ + 20 V'FE" + \V'F€™" = 0.785

with A VFe* = 0.66; A VFe" = 0.76; A V'Fe™* = 0.77; A V'Fe* = 1.00 (high spin configurations). In the
case of two polymorphs, the value/gf is different only if the coordination of cation(s)different. This is
the case of the andy forms of ALO; because the latter is a defective spinel, Aa¢-Al,O; = 0.50 while
Awn 0-Al,O; = 0.60, while is less acidic. Similarly, the atjdof GeQ-quartz M\ "'Ge** = 0.54) is higher
than that of Ge@rutile (A, "'Ge" = 0.66).Conversely, the anatase and rutile forms of,Jtfe band gap of
which is slightly different (3.2 and 3.0 eV, respreely) cannot be distinguished by the value\gf because
of VI coordination in both oxides.

Figure 1 shows the example dfahd d-d° lines which gather most transition metal catiorsch
are commonly used in catalytic oxidation. The nawstlic cations lie on the left of the figure. Redmuples
involve transition metal cations which may be bothd®/d"® configuration (first group), like W/W*>* or
WEIW®*, Mo® /Mo, V> IV** etc., or in the same second grodp kike FE*/F€* or Mn*/Mn*, or in &/d™°
like CU#*/Cu" (third group). The acidity/basicity of a same etendepends mostly on its configuration at the
highest valence and on its coordination. For catinfithe first group (lline) with the same valence, acidity
decreases with decreasing coordinatidg, {'W®" = 0.51, Ay, YW®" = 0.54). For the same coordination,
acidity generally decreases with decreasing valéivg® > V'v**: VIMo®* > Y"M0°*). However the case of
group Vla M cations (M = Cr, Mo, W) is special basa/\y, "M% < A, V'M** < Ay, V"M, that is M* is less
acidic than M*. Moreover, when comparing V and Mo, the oxidesvbich are among the most used in
selective mild oxidation, it is striking that Nois far more basic than Mo(AA = A 'Mo®* - A V'Mo®* =
1.17-0.52 = 0.65) whilAA = 0.68-0.63 = 0.05 only for ¥/VV>* couple. For redox couples lying on the same
d"-d® line (group 2), cations in their higher valencatstare generally less acidic than in their lovates(\
VIMn** = 0.88;A V'Mn®" = 0.81; this was the case Af, "'Mo*" < Ay, V'Mo®* just seen), and the lowest
coordination corresponds to more acidic cationshiggh spin configuration)y, "'Fe* = 0.88, Ay, VFe'™* =

0.66). Therefore, the value 4f, is really meaningful as it reflects most strucketaracteristics.

1-2. Mixed oxides

By using the optical basicity, of cations in their appropriate coordination, vake and spin, it is

possible to calculate the theoretical optical basiaf mixed oxides, oxysalts or of any oxygen-@ning



solid, if the stoichiometry is known. Given aiz'l\*/,lioz'y oxide (or mixture) Ay, is calculated by the linear

combination of stoichiometry; x valence zand/\; of the i cations (y = oxygen stoichiometry), ading to:
/\=2—1nzi:xi Z N [3]

or Ay, = (@X\a + byAg)/2n for A™, Bb+y02’y. Using data from [ICP/\] correlations, the optical basicity of,
e.g., (VOYP,0; is (A V'V* = 0.68A "VP°* = 0.33):

NAin V2P,Og= (2 x 4 x 0.68 + 2 x 5 x 0.33)/18 = 0.486.

Such Ay, values can be calculated for any oxygen-contaipihgse, including hydrated/anhydrous/cation
exchanged zeolites (proton being considered asatign, A 'H" = 0.40), or supported oxides. In the latter
case, either the support has only a textural effensisting in the dispersion of the active phasel, then it
may be neglected, or its action is also synergigtideads to bi-functionality. In the case of, eihe
V,0s/TiO, system in which synergistic effects are well-knéig’, the role of TiQ is prominent.
0.1V,04/TiO, and WOs/TiO, A = 0.72 and 0.68, respectivebh {'Ti** = 0.75). Another interest of the
correlation is to account for the variation of agid(A) upon modification by another cation or by a
promotor. For example, AMo,VOyq is a strong acid a&y, = 0.51. By replacing all or some of the protons
by cations the basicity of ?0is modified inAy, range 0.511 (kZnys) to 0.532 (HCg9%*. In the case of
0.05V,04/TiO, example, doping by 5% Kresults in higheAy, = 0.743 instead of 0.737 and then in higher
basicity, as expected.

The optical basicity of mixtures like the so-call®dlticomponent oxides claimed in patents is also
calculable. However, it is necessary to make astongas far as the valence and coordination abest
are concerned, on which moreover the oxygen stmickiry depends. For example, in the case of
P1.sM01,V o sBio 3AS0 L Cs1 40y which has been claimed selective in the oxidatainisobutane to
methacrylic acitf, the oxygen stoichiometry can be calculated byragsy that the most stable valence and
usual coordination for all elements (y = 43.45)thsat Ay, is 0.547.

On Figures 2 and 3 is presented a decreasing tfierteft to the right) acidity scale of some known
catalysts and of some oxides often used as suppgmtexpected, zeolites are the most acidic comgsun
followed by heteropolyacids and then by W®™oOs, (VO),P,0;, V.05 , etc. More basic (e.g., BiloOs,
Cu,0) solids are found on the right. Clays like chitilep Mgs(OH),Si,0s (A, = 0.562), may be considered
as basit’ as compared to zeolites because of the contribwfoMg (A V'Mg? = 0.78) to Sif VSi*" =

0.48), but are less basic than most oxides useelactive oxidation. Silica is the most acidic @id the



support series, followed byAl,Os, a-Al,O;z, etc., and MgO is the most basic. The strongestdare found
in the K;O-Cs0 series Ay = 1.40-1.7).

1-3. Surface evaluation of optical basicity

The former considerations on optical basi¢ityare driven for bulk but not for the surface of dsli
which, obviously, is concerned when dealing wittatgsis, but also with adhesion, corrosion, etc.itAis
well-known, the surface compared to the bulk mayehaery different properties and the main problem t
solve is to know to what extent. We have considérstithe cases where the crystal structure otcttalyst
is anisotropic so that their layered morphologydiectly obtained by preparation. Mild oxidationirog
structure-sensitive reactions, it is known thathgnging the crystal morphology the selectivitynisdified,
as shown on Mo@and \LOs" %, or (VO),P,0,***° Therefore we have assumed that the known seectiv
reaction proceeds on crystals with their naturdlitoa, e.g., {010}\Os for 0-xylene to phthalic anhydride,
or {100}(VO),P,0O; for n-butane to maleic anhydride, or {010}BioOs for propene to acroleirin such
cases we have considered in first approximation tha; ~ Ay The same remark holds for monolayers of
active phases on supports alvg of the monolayer/support system is used diredtlythe case of ‘bulky’
compounds like NiO or GO, the structures of which are cubic, we proposeomection on/Ay by
considering the results obtained by Iguchi and Malgawa on Ni®J. These authors have found that the
polarizability of oxygernO? is increased on the surface as compared to theobNiO. By using a relation
driven by Duffy’® betweem\ andaO?, the mean estimation df.is Asus = A + 0.12, which is assumed to

give the maximum of deviation & when a cubic solid is dealt with

A more accurate way is to consider XPS data wipiclvide a means to correlate surface to bulk
properties. Delam&t found a linear correlation between IEPS and (D®}Dwhere DO is the difference
between the binding energy (BE) of O1s in the oxadd that in MgO taken as reference, and DM is the
difference of BE of cation and of metal atom, respely. By plotting/Aw, (or Asus When appropriate) against
(DO + DM) we also found a linear correlati@nAnother try is to use the BE O1s d4f4 Plotting it against

A results in the following logarithmic equation (Eig 4):
BE O1s =-3.79 L\ + 529.7 [6]

in which the intercept value, 529.7 eV, is the BEsGound experimentally for CaO (taken by Duffy as
reference A = 1). However, the Auger parameter, which is ezlato refraction index would be more
suitable to go farther because BE Ols is knowratyg,\.sometimes widely, with the real surface stditdhe

examined material. Since photoelectrons emerge fidhin surface layer of approximately 20-30 A khic



the O1s line may be distorted because of the diton of OH, HO and C@ group$® In this context,
however, there is a general correlation betweerORE and\ of the simple oxides (which could be refined
by taking into account their structure), from thesmnacidic (POs) to the most basic (g3) oxides. As such,
it gathers metal and transtion metal oxides, indgaeolites and most supports,. Because of thdl samge

of BE O1s when considerind dmean BE[530.2 eV) and Bd’ (mean BE[E29.5 eV) oxides, it is quite
difficult today to use reliably the correlation whdealing only with a series of closely relateddes like V,

Mo, W, Nb oxides, except by considering accurafgeexnental data.

As a partial conclusion, we have made availablarameter/\y, which varies with stoichiometry and
with valence, coordination, spin state of catiori(sthe oxide structure and which is calculable &ory
oxygen-containing solid. Scales of bulk and of acef acidity/basicity are proposed by using optieaicity
as a suitable parameter, which allows to rank exié®d which can be used for several applications a

particularly in catalysis as seen further.

2- IONIZATION POTENTIAL AND SELECTIVITY

Selectivity to a given product is a kinetic paraenggenerally understood as a ratio of rates, amdhw
depends therefore on experiments. Here we arerigdkr a ‘thermodynamic selectivity’ that could bged
to rank selective oxidation reactions, and furtteebe compared with the acidity/basicity of cattdy$ree
enthalpy of formation or ionization potential argtable thermodynamic parameters for the reactadtthe
wanted product to compare the oxidation reactidiree enthalpies per mole of oxygen were used by
Bordes® in the following manner: thé,Gyox of Mild OXidation (e.g., butene to butadiene, toan, to
maleic anhydride and other intermediates) reactoams compared to th&Grox of Total OXidation of the
same reactant (e.g., butene to  CO'he difference was plotted against the initialestivity of these

reactions and a linear correlation resulted.

More recently, we have chosen the ionization g@knf molecules as a representative parameter to
be correlated to acid-base properties in seveemtions. This parameter has already been used BytoAi
compare reactions, as well as by Richardserho has correlated the degree of ionization ofvemtics
determined from ESR spectroscopy data with thetrelecaffinity of cations in cationic zeolites. The
ionization potential | of a C(n = number of carbons) hydrocarbon depends amdreéso on the type (linear

or branched) of the considered isomer. The | p@iedécreases when n increases, because the gne#ter

10



higher is the HOMO orbital, the weaker is the iatian energy, and then the more reactive is theeoubé.

This is verified with series of £C, paraffins and olefins, respectively (Figure 5ahaff oxygen is present

in a molecule, | increases with the amount of Qthiea same series (saturated C-C or unsaturated C=C
compounds). For example, | = 9.95 and 10.52 e\pfopanal and propanoic acid, while | = 10.1 and10.

eV for acrolein and acrylic acid, respectively.

To account for selectivity, we proposed to use difeerence of ionization potential between the
reactant and the product which is wanted (whicimas CQ when mild oxidation is considered). When
starting from a same reactant, the deepness ofaioud is accounted for by this differencal =
(Ireactart!Produc)-  FOr exampleAl = 0.37 and 0.87 eV for propene oxidation to agiroland to acrylic acid,
respectively. Al represents the difference of electron donor powben the reactant become the product

(scheme 1a). The main difference with non catalgactions is the exchange of electrons which mdse

R-R+¢ IR R-R+€ IR
Kox + € — Kred
Kred = Kox + € } A
PP+e - P -lp PP+e . P -lp
R-P Al=1r—1Ip R-P Al =g —lp=f(A)
a) Non catalytic reaction b) Catalytic reaction

Scheme 1. Comparison &f for a) non catalytic and b) catalytic oxidatiamé-electron redox).

through the catalyst (scheme 1b), and thus we asghat the electron donor powek)(of a selective

catalyst must fit the difference of electron acoegtower Al) of the gas (liquid) phase reactiof.simple

thermodynamic cycle may be drawn because ionizati@ngy is a state function (scheme 2). The interfes

Reactant Al > Product

Ik | KO | K
Cat. -

[Reactan(] - [Product]

Scheme 2. Thermodynamic cycle applied to catatytidation

Thermodynamic relationships has been put in evigeaq., by Hodnett et &>’ who used enthalpies of
formation of reactant and of product to accounttffier difficulty to get a high selectivity in mildkmlation of

alkanes. However enthalpies are not state functicmstrary to ionization energies which allow teegtict

11



what type of catalyst (characterized Ay could fit a given reaction (characterized&y. Al is not only the
net exchange of electrons during the reactionitlaiso depends on the structure of the moleculesaztant
and of product. Figure 5b shows what happens whiers plotted against n in the case of oxidative
dehydrogenation (ODH) of £C, alcanes, during which two electrons are exchapgednolecule. It is seen
thatAls are different and thatl increases with n, including for ODH of i-butareitbutene, but decreases
for n-butane to but-1-eneAl very close for but-2-enes). Considering now theore or less) selective
catalysts described in litteratdté® for ODH reactions, it is striking that catalystssked on vanadium oxide
(or vanadates) are rather more selective fpra@d n-G (Al = 1.01-0.95 eV), while catalysts based on

molybdenum oxide (or molybdates) are rather molextiee for G and i-G (Al = 1.24-1.27 eV) oxidations.

Als have been calculated for a series of mild atal tixidation reactions involving molecules with n
= 1-8.Als range from 0.15 to 2.01 eV in the case of midiation, and up to 5.3 eV when combustion of
phenol is consideréd®. When the number of carbons differs during thetiea (e.g., benzene oxidation to

maleic anhydride), the following correction is dppt

Al = (Ir - Ip) ne/ng [7]
where / and  are the carbon number of reactant and produgteotisely.In the case of ammoxidation
reaction, ammoniac is considered as a reactanbftiee being oxygen on which are based the coivels},
andAl is calculated by:

Al=[(Ir + Inn3)/2 - ] np/ng (8]
Sometimes the reaction is not selective enouglhéter said, the fully selective catalysts haveysbtbeen
found), so that when two products are equally olgigithe following equation can be used:

Al =lg - (Ip1+ 1p)/2] ne/ng [9]
This is the case, e.g., of propene which is gelyefalind in noticeable amounts besides acrylic agiaf

acrolein in the oxidation of propane.

As a partial conclusion, by considering a ‘thergmaimic selectivity’ which is the difference
between ionization energies of reactant and prodemtious reactions of oxidation can be rankAd.
represents the electron acceptor power of the lgpsd) phase reaction and is the analogug\ofvhich

represents the electron donor power of the sekestiid catalyst.
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3- CORRELATION BETWEEN IONIZATION ENERGY AND OPTICAL
BASICITY

4-1. Correlations betweenA and experimental values of selectivity

Although the aim of this paper is to show how aniadynamic relationship betweénandAl allows
to predict the type of catalysts needed for a reacit is worth recalling thaf\ can be correlated with
experimental parameters related to catalysis, lieseof selectivity, provided the same reactiostiglied”.
For example by using data proposed by Matfjutiae heat of adsorptiakH,qfor a series of catalysts of
oxidation of 1-butene to butadiene, or the Méssbguadrupole shift values for Fecontaining catalysts of
propene ammoxidation, could be related to/thealue of the respective cataly$tsn a study of the ODH of
isobutyric acid to methacrylic acid on polyoxomiets H.,,M,PMo,;VO,, (z = valence of M),%2% in
which M was varied, selectivities from 57 to 77 Ptolvere obtained at isoconversion (90 mol%). These
experimental values of selectivity were correlai®aalculated\y, values. Indeed, by replacing all or some
of the protons of EPMo,,VO,, Which is a strong acid\(, = 0.51) by various cations, the basicity of @
modified in aA\y, range of 0.511 (knys) to 0.532 (HCgs5). By plotting selectivity vsA, a volcano curve
was obtained, the maximum of which corresponds BUPMao VO, (A = 0.519). The electron donor
power of the active oxygens in this compound isiaesl to be optimum to ensure both the activatiothef
reactant (a basic oxygen is needed to abstracbid fi-(C-) in isobutyric acid) and the desorptiontioé
product (a more basic site is needed to allow gisor of the more basic C=C of methacrylic atld)
Another highly selective catalyst for the same tieads FeP,O; which is the main active phase found at the
steady stafé®® and it is remarkable that its optical basiclty, = 0.52 is very close to that of the other

selective catalyst, #uPM0;VO 0.

4-2 Linear [Al,A] correlations: alkanes and alkyl-aromatics

Correlations Al,A] were first drawn for partial oxidation of alkanasd of unsaturated hydrocarbons.
As Al, difference of ionization energy, may be negativgositive according to whether the product igeno
or less stable than the reactant, the absolute \&lu(further writtenAl) was used to be plotted agairsin
order to compare the various reactions startingnf@ (methane) to £(o-xylene) reactants. Both oxidative
dehydrogenation (ODH) and mild oxidation (MOX) reans were examined, the idea being that the
mechanism is more or less similar, at least foraittevation step. Let us recall that, to be used peedictive

trend, such correlations cannot be based on expatahvalues of selectivities, as it is obvioust ttree
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catalytic properties of the catalyst depend strpngbt only on its preparation but also on operating
parameters. Therefore, for well-known reactionsfqrered industrially like, e.g., propene, n-butane o
benzene, o-xylene oxidations to acrolein, maletydride and phthalic anhydritfé’, %%, respectively, the
optical basicity was calculated for the ‘well-knowselective catalyst, that is for bismuth molybdate
vanadyl pyrophosphate or 0.f0:-0.3M0oG; and V,Os/TiO,, respectively. A first calibration curve was then
drawn. In the case of ODH or MOX of alkanes, higlsiglective’ catalysts are not yet known and aatgri
of formula taken from academic or patent literatcea be used. Examples were chosen so as to gaga r
of Ay, and then a new, optimized, calibration line wasamled. An example is isobutane oxidation to
methacrylic acid &l = 0.42 eV, eq.[7]) for which the formula, BM01,V ¢ sBig3ASy.4Cly 3CS Oy (A = 0.54,
vide supra) has been claimed selecfivim another patefff methacrolein is found besides methacrylic acid
(Al = 0.565, eq.[10]) for the formula PMAg1ASy KOy, thus y = 41.92 and, = 0.53. Obviously in
these cases the actual valence state and cooadiridtcations at the steady state is not knowns phint is
particularly important each time molybdenum is ilveal, as compared to vanadium. Indeed, “fto for
example there is a large difference’af between M8 (0.52) and M3' (1.17), whosé\y, is higher than that
of Mo*" (0.96) (Figure 1).

Each reaction/catalyst couple being characterizeldb/y, (or Asur], it has been noticed that the 52
catalysts A = 0.45 to 0.95) in 26 reactionAl(= 0.15 to 2.01 eV) are distributed among twoigtralines
with reliability factors R close to 0.94-0.93. Slopes are positive or negatiien oxidation of paraffinic

bonds or of unsaturated bonds is concerned, reégelyctas explained below.

4-2.1.MOP line

The Mild Oxidation of Paraffins MOP) line (positive slope) gathers twenty nirld,[\,] couples
and is attributed to reactions involving paraffitionds (Figure 6. Alkyl-aromatics like toluene, ethyl-
benzene or o-xylene (oxidized into benzoic acigreste or phthalic anhydride, respectively) alsothis
MOP line because only the methyl (ethyl) group(s) temesformed to acid or anhydride groups, as well as
some O-containing reactants (ODH of isobutyric adlDX of acrolein and methacrolein) for similar
reasons (C-C» C=C, or —-(0=)C-H- -(O=)C-OH). However this is not the case of aldehwide infra).
Another advantage of thermodynamics which considatg the initial and final stages and not the ilag
transformation happens is that the points reprasgmiethane coupling (to ethylene) performed, eog.,
Li,O/MgO, the mechanism of which is known to invohaglicals (at least partl$})’? are situated close to
MORP line. Similarly, the plLA] of MOX of methane to synthesis ga € 2.27 eV, eq.[8]) fits also the line
if NiO is considered to be the actual selectivegeh@s, = 1.03).
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It is interesting to examine more closely the teadcatalyst couples in the light of the known
experimental characteristics, the more so becaigddyhselective catalysts are not yet known in atka
oxidation (Figure 7). The exception is (\MB)O; (A = 0.486). Known as the selective catalyst for teha
oxidation to maleic anhydride (MaXf®"® its acidity is close from that of catalysts likduminum
phosphate (ethyl-benzene to styréhedr from heteropolyacids like AMo,,VO,o. By adding promotors
like FE* or Cd" its selectivity to MaA is known to incred8€>,’®. The addition of these dopants which are
less acidic A = 0.77 and 0.98, respectively) thafi"¥0.68) brings the representatifevalues closer to the
calibration line, as well as some more acidré (@.63) which must be present in small amounts ofase”.
Pentane oxidation to MaA on (VE0; fits also the line. When considering the oxidatidrC,-C, alkanes,
Als of MOX are far lower thadls of ODH, which means that the optimum opticalitiis of catalysts is
also fairly different. Less acidic cations are rexedor ODH, from an optimal\., = 0.68 for ethane to
ethylene to\q, = 0.78 for i-butane to i-butene. Operating comdisi like the alkane-to-oxygen ratio which is
generally greater than one render the feed mongciegl. This is in accordance with the fact that doality
of d® cations is lower (at iso-coordination) when reale-d°) than when oxidized (see Fig. 1). In MOX of
alkanes, the observed formation of the olefin ibssantial amounts besides the acid (e.g., propane t
propene and to acrolein or to acrylic acid) mayals® explained by this reducing action of the raaicon
the cation. Actually, it would be necessary to krtbe mean valence state and coordination of thercsdt
the steady statto get a more realistic value of optical basichygood example is given by AgM8,014
studied by Costentin et’alin ODH of propane who measured the ®io®* ratio by XPS of the most
selective catalyst and found it equal to 2/1. Caking A of AgMosP,014 gives 0.514 (too acidic), but for
AgMo°*,Mo®'P,0,3 s the value of\ is 0.735, which fitdOP line. Other examples may be found®in

Two zones are worthwhile to be examined (FiguréBépinning by ethane oxidation (zone 1), ftie
of both MOX and ODH lie in the same range (0.8640&¥), which is not the case of ©r C, alkanes.
Although it depends on experimental conditions timus$ on the reducing power of the mixture, ethylene
acetic acid are often obtained together which c®ated for by the correlatioi{, = 0.64-0.66). Today the
best catalysts are based on MoVO system (V/IMo <irl)which the reduced M@, oxide is
identified’®, %88 828 |ts calculated\y, is 0.752, but if Mo@ (A, = 0.52) which is always detected besides
MosOy4is taken into account)y, = 0.65 for M@O.14/MoO; = 1/1. If that type of catalysts is promoted with
Pd, its/\y, increases a little/, V'Pd™ = 1.11), while it decreases upon addition of N\, 'Nb°* = 0.61).
As already mentionned, the actdgl depends on the relative amounts of cations anteif valence at the
steady state. Catalysts based g@YTiO, (Ay, = 0.69) were also studi®d To account for the oxidation of

o-xylene to phthalic anhydride which proceeds @ shme system, it is necessary to use less vanadium
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compared to TiQ so thatAy, = 0.737 for a theoretical formula like 0.08%/TiO,, value which can be
increased by considering alf'(Ay, = 0.68) and thug\y, = 0.743 fits better th®1OP line. MOX of propane
to acrolein Al = 0.95) withAqp:= 0.67 lies also in this zone.

Second (zone 2), three MOX reactions involvinga@d i-G (direct oxidation of propane to acrylic
acid, isobutane to methacrylic acid and methaandieimethacrylic acid), are in the sadkrange (0.30-
0.42 eV). The optimum\y are ca. 0.49-0.55. It is striking that patentsincldor the same type of
multicomponent Mo-based oxides, theof which is very close from that of polyoxomolyles, often
claimed for MOX of isobutane. Recently new systemese proposed, beginning by MoVO doped with both
acidic (e.g., AlAy "'Al*" = 0.60) and more basic cations like Tg,{'Te*" = 1.173 Ay, ' Te* = 0.751). For
example, by adding Al and Te to the raw formula®i@é**,0,, (hypothesis), this material\{, = 0.549)
becomes less and less acidic alond W6 ,AI* 0,55 < M0™ VA3 Te ) 4003 5< MO VA HLAIPTE 5054
(A = 0.552 < 0.578 < 0.589). Catalysts for MOX ofadein to acrylic acid4l = 0.50 eV) must be slightly
less acidic Ay, = 0.57). As far as propylene is concerned as etaeg Al = 0.37 eV for its oxidation to
acrolein lies in the same range. However, becargeepe is not an alcane, the basicity of the csisiyust

be higher, as discussed further (%20 line, Figure 8).

4-2.2.MOQO line

The Mild Oxidation of Olefins MOO) line gathers MOX and ODH reactions 0$-C, olefins to
epoxides, aldehydes and acids or anhydrides (FigwreEpoxidation of ethylene proceeds on alumina
supported silver which here is supposed to undexidation to AgO (Aw, = 1.25) during the course of the
reaction. Heterogeneous catalysts for epoxidatiqerapylene are not very selective. In the pastnesl to
use thallium oxide doped with dysprositinand we decided to take this poirt;(= 1.25) into account
because it lies not too far from the calibrate@.liBenzene and but-1-ene oxidations to maleic aidg/dn
(Vo.7M0p 3)Os and VOPC)/(VO)ZP20786 respectively fit the line. According tdOO line, more basic catalyst
should be used to oxidize properg = 0.93) than propané\{,; = 0.67) to acrolein. Several catalysts have
been reported for MOX of propene to acrolein 38n0, CwO, UShO;cand bismuth molybdateéy® &
whoseA range from 0.71 (BM030O;,) to 0.97 (USEO;, CwO) while Ay, = 0.96 for SkO,/SnGs. Pure
bismuth molybdates seem therefore not to fit the klthough they are very well-known catalystsho$ t
reaction. Because their rate of reoxidation (by igifar higher than their rate of reduction (bppene), the
presence of MY is difficult to check but this cation is knownfiarm temporarily. If it is assumed that 2/3 of
Mo is Mo’ at the steady state, the obtaireglis 0.998 Qopt = 1.0). When multicomponent molybdates are

used, the role of cations like EpNi?*, Bi**, etc., is to bring more basicity to acidic Mso that a better fit
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may be obtained. Several experiméHts® have shown that Bi in bismuth molybdates could be
responsible for the oxidation step of propene lenal Al = 0.04 eV) and\y, is roughly in accordance since
Aw ""Bi** = 1.18. As it is common to find also acrylic adidsides acrolein, eq.[8] gives = 0.62 eV,
which is the same value than for MOX of isobutemenithacrolein. The same Mo-based multicomponent
oxides are generally used for both reactions, widgchccounted for by the correlation. Accordingthe
MOO line, the optimum\,; of a catalyst for the direct MOX of propylene teryic acid @l = 0.87 eV)
should be 0.67. Industrially, the reaction is perfed in two reactors, catalysts based on molybtqte
ensuring propylene oxidation to acroleikl € 0.37, lineMOO, Ay, = 1.0) and e.g., M&O,,** (A, = 0.54)
ensuring oxidation of acrolein to acrylic actl € 0.50 eV, lineMOP, Ay, = 0.54).

If the standard error is small @ (+ 0.02 eV), it is certainly high oA because the value &f on
surface or at the steady state cannot be ascattdt@eover, several solids are tried for ODH ddaales, as
already mentioned, with little success as far descteity is concerned. For sure, however, the @ations
show that a catalyst for ODH must be less acidim tfor MOX of alkane. It must be emphasized thaséh
correlations are given for a ‘theoretical seletyivibut do not apply to activity parameters, asdardifferent
reactions are compared. Up to now, and to givexamele, our attempts failed in correlating optigasicity
of oxides with the turn-over frequency measuredvmous oxidation reactions by using the very tlugh

work presented by Wachs et’al.

4-3. Other mild oxidation reactions

Following the same method)I[A] couples were plotted for the mild oxidation of t6 G alcohols to
aldehydes or ketones (Table 2). The positive stdgbe obtainedOA line shown Figure 8 is smaller than
that found for MOX of paraffinic bonds (see Tablg Fhe ammoxidation of hydrocarbons was also
examined but the literature is scarce and examgresot numerous enough. In the case of paraffids a
alkyl-aromatics, data are available mainly for @op and toluene. M\[,A] AP line was tentatively drawn
to represent this type of reactidnwhere Al was calculated by eq.[9]. The large contributionAl of
ionization energy of ammoniac which is high is @sgble for the small positive slope, and the kelity
coefficient is poor also because of the chosentieacwhich are not numerous enough. However dgpes|

and intercept are gathered in Table 5, togethdr thidse of other lines.
4-4. Combustion of paraffins and of olefins

Tables 3 and 4 gath@hl,A] couples obtained for the total oxidation of pareff(TOP line) and of
toluene (G-C;), and that of olefinsTOO line) (GHj, to i-CsH1,) and of phenol. The slope G1OP line is
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positive, whereas it is negative foOO (Fig. 5), as it was observed for MOX of paraffisd MOX of
olefins, respectively. To replace noble metals Whice the most active catalysts, several perovijie
oxides are commonly used in these reactions of ostidn which become more and more important for
pollution abatement (combustion, soot particulaké®C). These solids have a versatile ABSructure,
well-known to accommodate nearly all types of aatidA and B, the coordination of which may change

according to stoichiometry.

4-4.1. Total oxidation (combustion) of paraffilgJP line)

The most used catalysts are perovskite-type oxtdesaining B = Fe, Co and/or Mn cations, all of
which exhibiting various valences, and which magnfasolid solutions togeth®*. Cation A is mainly
represented by lanthanum which can be partiallystiubed, the most often by Sr, to increase defants
catalytic activity (here, activity may be confouddeith selectivity). The optical basicity variesdely upon
substitution of A (e.g. L8 substituted by more basic?§rand slightly less upon substitution of B. Studyin
n-butane combustion on § 51, {0, Fe.yO; catalyst, Yamazoe et Alhave shown that activity increases
along y = ¥ 0.6< 0.8< 0.4 which is nearly parallel to the calculateg; increasing asy =4 0.8<0.6<
0.4 (Table 3). For the same reaction, Seiyama.gétfalmd that LggSr.2C0y 4R 603 (Asut = 1.23) is more
active than LgsSrp4Co0; (Asut = 1.0), itself known as the most active compositio the La,Sr,CoG;
systen‘V. When the B site composition was fixed as in,S5,Coy J~6 05 and x was varied, the activity was
found to increase as x = 1s00.8< 0.6< 0< 0.4< 0.2, again nearly parallel f&,,; increasing along x = 1.0
<0.8<0.6 <0.4<0.2< 0. Then we may conclude that activities followmgbly the same trend than optical
basicity Asu+ The cation deficient perovskites such as.S5aMnOs, are known to act as "suprafacial”
catalyst82°% % pecause their structure does not contain enouglidoancies to allow lattice oxygen to be
mobile enough, whereas in Co- and Fe-perovskit@ssidered to be "intrafacial catalysts”, oxide i@ms
highly mobild@®#%°1°1192 The oxide ion vacancies which are created bygehapmpensation are able to
accommodate extra-oxygen in the lattice, which deadthe variation of the oxygen composition def@nd
on temperature and oxygen partial pressure. Thimginenon cannot be directly accounted for by odptica
basicity (unless the exact stoichiometry, valewo@rdination, spin state at the steady state avevk)) and
may explain the few discrepancies observed in bovea parallelism between the activities axg; in the
0.97 -1.32 range.

The above and other examples of combustion casadystshown to fit th€OP line (Fig. 9). Another
type of perovskite-related are YE&sOs.y catalysts (known for their superconductivity). Wihe= 1 (\sur¢
= 1.027) the catalyst is highly selective in thenbaoistion of toluene at all oxygen pressures thaewe

investigated.
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4-4.2. Catalytic combustion of olefins and othesamrated compound$@QQO line)

Perovskites and spinels are also claimed to berea@ti the combustion of olefinic compounds.
Examples including other oxides are given in Tabknd Figure 10TOO line). Among numerous catalyts
to eliminate Diesel engine soots, the spinel-typg KFe0, (x = 0-0.2) catalyst was proposed by
Shangguan et af° who found that the surface composition of potassivas quite different from the overall
composition of their sample and increased with doping amount. They showed that all K was not
dissolved in the spinel lattice and segregatedusface. The figurative point for 4O (Fig. 10) is a measure
of the deviation from the point,@n the correlatioT OO line representing ideally the catalytic combustion
of pure olefinic bonds of the-Tttype which are the main constituent of so@ther examples of catalysts of
combustion ofVolatile Organic Compounds (VOC) are also providBtienol and pseudocumengHg,

often considered as VOC representative, were sﬁ?éissing CuO/AJO; and Sn@V,0s catalysts.

4- Theoretical aspects

The above linear correlations betwe®iand Al have distinct slopes and intercepts (Table 5)ictvh
seem to depend on, (i), the relative electron dguever or (Lewis-related) acidity/basicity of theactant
and, (ii), on the extent of the considered oxidati@actions. Although it is not (yet) possible kplain all of
these findings, we shall try to bring more light, the one hand, by considering thermodynamics adxe
systems to account for the particular nature ofcapbasicity which looks like an intensive paraeretand

on the other hand, by using the charge transferyite account for the linear nature & JA] correlations.

4-1. Attempts to give a thermodynamic definition of optcal basicity

It is worth recalling that in selective oxidatioeactions, whatever their goal (partial or total
oxidation), the same type of mechanism has beguopeal by Mars and van Krevelen for mild oxidatisn a
well as by VoorhoeV# (‘intrafacial’ mechanism) for combustion. Even tigh the ‘suprafacial’ mechanism
is considered in certain cases, it is obvious thatbasicity of surface oxygen species bound @, e
perovskite, is higher than that on vanadium oxitleerefore, as surface lattice oxygen participatethée
reaction and is inserted in the oxygenated prodiistJegitimate to try to find a parameter to aant for its
‘quality’. Meanwhile the cation undergoes reductiavhich is not taken into account in the above work

because, as a catalyst, it is supposed to cometbaiskintial, oxdized state, by means of gasetiagygen.
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However there are applications to electrochemistiyhich optical basicity is used as a parametefuigo
predict redox equilibria in particular media, like molten silicates*#??! and is related to standard

electrode potentials E° in aqueous solufidn

Duffy et al®*"**have studied the bulk redox equilibria of manyiarit couples such as F&¢e™,
sr™/sit*, AsIAs™, etc., taking place in molten alkaline silicateg (400°C) and containing various
concentrations of [j Na" or K*. In the presence of oxygen, and applied to, &g./F€”, the following

equation represents the combination of two halfatiqns according to:

AFE"+20 = 4Fé& + O, [10]

In alkali iron silicate glasses, [e*"]/[F€*"]) was found to decrease with increasing basiciop@lLi,O <
Na,O < K,O (activities confounded with concentrations). Ehuistinct In[F&]/[F€"]) = f(Aexp) curves
(Nexp Is the experimental optical basicity) dependinglmnalkali oxide were drawn, and were combined in

single relationship according to equat[dd] :

In [F€')/[Fe] = 7.51 - 15.33\, orA = 0.489 - 0.065 IfiFe"]/[Fe™] [11]
This equation looks similar to the well-known Ndragquation for one-electron redox (eq.[12]):

E = E° + (RT/F) INFe"]/[F€"], where E =AG/F and E° =A,G°,dF (F = Faraday) [12]

In other words, equatigri]] is related to the free enthalpys of the redox system as/iffwould take part in

a thermodynamic state function of the system.

In order to check this hypothesis, let us comlags{11] and [12], in which E and E° = -0.77 V refer
to the equilibrium potential of E&#Fe* redox (in molten silicate medium, F/RT = 6.9378L673K) and at
25°C (in aqueous medium), respectively. It gives[(3]):

In[Fe")/[F€*"] = - 6.9378 (0.77 + E ) = 7.51 - 15.83and:
A=0.838+0.452 E [13]

Using the experimental data provided by Duffy ahdasing the value IfiF€”"]/[F€*"] = -1, for instance,
gives/\exp~ 0.55 (after Figure 7b if). On the other hand, the value of E can be caledlfrom the Nernst
equation by means of the chosen valugFéfi]/[Fe”] = -1, and thus E = -0.77 + 1/6.9378 = -0.625 V.
Using eq.[13], we find\ = 0.838 +[0.452(-0.625) = 0.55, that is, as expected, the same numeralakv

thanAey, in °.
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We assume therefore thatis a dimensionless coefficient which is tightlysasiated ta\Gr state
function. Using eq.[11] and replacing [F€)/[Fe€*]) by (E°-E)F/RT which is equal toG°r + AGT)/RT

leads to the expression:
AN=aAGr+b [14]

where a = 1/15.33RT = and b = -(1/15.33RJQ + 7.51RT) for F&/F€&’* redox system. Other values of a
and b may be found if¥.

Taking into account the definition of the free lalpy state function, and more particularly its
consequences on solid state propeftiei is not surprising thaf\, has been already related to one of the

intensive variables, such as refractive index,08g, etc., as recalled in Introduction.

4-2. Attempts to account for linear relationships betweg ionization potential of molecules and

optical basicity of catalysts.

According to Richardsénwho has applied the charge transfer theory tdysisaon cationic zeolites,
the number of cation radicals®NMoming from the activation of N molecules is rethtto the ionization
potential of the molecule, to the electron affinitiythe cation in the oxide, and to the dissocragoergy W

of the excited state of the charge transfer com(@#xn eV), according to:
N* = N exp[-(I-A-W)/KT] [15]

(T = temperature and k = Boltzman constant). Fdlgwthe thermodynamic cycle presented in scheme 2,
this relationship can be applied to the [reactamiecule-KO] and [product-K] couples. The reactant

molecule, R, is adsorbed on KO (oxidized form) #imel product, P, desorbs from K (reduced form of the
catalyst). In the following,zland } are the ionization potential of reactant R anddpo P, Ac and A¢ are

the electron affinity of cation in KO and K, and:\\6 and W5« are the dissociation energy of the excited

state of the charge transfer complexes correspgridiR on KO and P on K, respectivEly
The following equations hold for reactant R anddurct P, respectively:
(‘IR + Ako + WR_Ko)/kT = In(NR+/N R)- ork= (AKO + WR—KO) - kT |n(NR+/N R)

and ('L + Ag + Wp_K)/kT = In(Np+/Np), or b= (AK + WP—K) - kT |n(Np+/Np)

Then: Al =| Ip- Il = (Ac+ We) - (Ako + Wrko) + KT[ IN(N:'/Ng) - IN(Ns'/Np)]

(A - Ako) + (Wek- Wriko) + KT[IN(NR'/Np") + In(Ne/Ng)]
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Let us consider that thepi ratio represents the conversion of R to P. At tleady state, this ratio is
constant, and (A- Axo) and (Wb« - Wrko) also are constant. Then:

Al = (Ax - Ako) + (Wp.k - Wrko) + KT [IN(Np/Ng) + In(Nr"/Np")]

or: Al= a + B In(Ng"/Np") [16]
whereda =[(Ak - Ako) + (We.k - Wrko)] + KT In(N+/Ng), and3 = kT.

Let us assume that, in the temperature range (860 corresponding to that generally used in
mild oxidation,a and vary little with T. If, furthermore, the molecul&z’/Ny" ratio is supposed to be
close from thgNg']/[Np'] concentration ratio, then it should be proportldoahe [KO]/[K] redox ratio, so
that relatior[16] becomes:
Al = o’ + B In [KOJ/[K] [17]
Using a generalized equation similar to eq.[11Mjch A was related to [iFe”']/[Fe’"] gives:
In [MZ)[M@™] = aAy + b’ [18]
in which a’ and b’ are constant and depend on thgM#™* redox. By combining egs.[17] and [18] where
[KOJ/[K] replaces M'/M@*™* the following expression [19] is obtained:
Al= o' - [a.A+Db7], and then :
Al= m+pA [19]

where p =f’a’ and m =a’ - Bb’. Therefore, eq.[19] accounts for the linear @mues gathered in Table 5, if
p and m are supposed to be constant in the coersdidange of temperature (ca. 300-550°C for MOX,-700
1000°C for combustion).

5- Conclusion

This paper aimed at finding theoretical or emplrigparameters able, (i) to account for the mean
acidity/basicity or electron acceptor/donor powdr tibe solid catalyst, (i) to account for the mean
acidity/basicity or electron acceptor/donor powérthe reactant-to-product selective reaction, ideorto,
(iif), combine them to account for the selectivéi@t of the catalyst suited for the reaction, alater, to,
(iv), forecast the optimum acidity/basicity of se(n) catalyst in a given (new) reaction. To our agin this

ambitious goal is quite well reached by plotting tbptical basicity against the variation of ioniaat
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potential during the reaction. After recalling tbencept and applications of Duffy’s optical basiaif a
solid oxide and its extension to transition metatles, catalysts and supports have been clas&ifiedeans
of Ay, from acidic zeolites to basic oxides. Ag, depends on valence, coordination and spin statbeof
cation(s), this parameter really accounts for $tmat characteristics of the solid oxide. The whg &acidity
is varied by adding dopants or other oxides islgasgicounted for by\y, However, for e.g., V-Ti*"-O
system, the value dfy, would be the same for the mixed oxide x{@-x)TiO, (which does not exist), for
V,Ti1, 0, solid solution or xXVQ supported on (1-x)Ti§) and, by doping such a system by, K, will not
tell if K™ affects V more than Ti. In the case of multicomgaincatalysts (e.g., molybdates) of known
stoichiometry, an evaluation oAy is obtained, provided the valence and coordinatibncations is
‘imagined’. The evaluation of theurfaceoptical basicity has been tentatively addressegroposing a
standard correction for bulky solids, and by atreteship between the O1s binding energy Agd

A simple criterion, which has the same nature thgnof the catalyst, was used to represent the
electron donor power during reaction: the absohalae of the potential ionization differends,= | Ig — I,
weighed by the ratioghg of carbon in product and reactant molecules respdygt The linear correlations
obtained betweedl and Ay show that their slope is related to the electronad power of the reactant,
positive when C-C (alkanes, alkyl-aromatics) or Gettohols) bonds are to be transformed, and negati
when C=C bonds are concernddhe intercept dependm the extent of oxidation, and its absolute value
increases from mild to total oxidation, respectivéd main difficulty is the actual state of catioat the
steady statebut each time accurate experiments allow to detex the mean valence state, the calculatgd
fits fairly well the correlations. These lines mbg used as predictive trend and allow, for example, to
precise that more basic catalysts are needed kanal ODH than for its mild oxidation to oxygenated
compound. As a variety of solids has been cataljyiexperienced in literature, it would be worthavto
consider far more examples than what is proposed be refine the relationships observed. Finally,
theoretical considerations are proposed to temtgtimccount for these linear relationships. Optlzadicity
would be closely related to the free enthalpy, @sdan intensive thermodynamic parameter, it isnabthat

it could be related to several characteristic prioge including now catalytic properties.
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Table 1. lonic Covalent Parameter (ICP) plottedrasiaoptical basicity of cations. Slope a and icégt b of

linear relationships ICP =ha+ b (aftef?).

Electronic configuration a b Reliability factof R
s-p -0.672 1.451 0.989
d° +2.982 -1.322 0.999
d*-d° -0.644 1.144 0.991
d® -0.729 1.390 0.999
d'%° -13.844 17.134 0.896
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Table 2. Mild Oxidation of AlcoholsMOA line)

N Al (eV) Reactant Product Catalyst RBFOA
0.55 0.02 Methanol Formaldehyde 2Mo0Os-Cr,M0504, 1
0.56 0.02 id id 4AMo@Cr,M050;-FeM050;5 2
0.57 0.02 id id 0.5FM00,);-M00O; 3

0.625 0.23 Ethanol Acetaldehyde 0.08Mdi25Ti0,-0.8Al,05 4
0.65 0.23 id id VO, 5
0.74 0.23 id id MegCeO, 6

0.845 0.38 Butanol-2 Butanone-2 9SH@0O; 7
0.92 0.44 Propanol-2 Acetone Y)Y 8
0.92 0.41  Allylic alcohol Acrolein MO, 9
0.98 0.60 Cyclohexanol Cyclohexanone 2Cu0-Zn0-0.4AJO; 10
1.04 0.60 id id CuO-CoO 11
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Table 3. Total Oxidation of Paraffin§ QP line)

A Al(eV) Reactant Catalyst RETOP
0.908  1.23 Methane k@ Shs Co”"O5 1
0.853  1.23  Methane Lag, Shyg CO™Oq 2
0.902 1.23  Methane La® .S 4C0™05C0" 0505 3
0952 2.82 Propane £73.,5r" 0 4C0o° "0, 4
0957 2.82 Propane £S5 0sCosC0 005 5
0.995 324 Butane % sShsCo”"1 ,FE,0; y=0.0 6
0.987 3.24 Butane y=0.4 7
0.979 324 Butane y=0.6 8
0.971 3.24 Butane y=0.8 9
0.963 3.24 Butane y=1.0 10
1.00 3.643 Hexane y-MnO, 11
1.027 4.95 Toluene H¥Ba ,CUOg:x 12
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Table 4. Total Oxidation of Olefing QO line)(*)

A Al (eV) Reactant Catalyst RefOO
0.65 5.30 GHsOH CuO(10%)/Al05 1
0.75 5.04 GHy, SnQ - V,0s 2
1.038 3.27 GH, Lag sSto. MNnOs 3
1.135 3.27 CH, Lay ;S sC0° 05 4
1.075 3.27 CH, LaMnO;, 5
1.012 4.04 GHe Lag g<Ca1:C0° 05 6
1.042 4.04 CsHe Lag Sl 14C00; 7
0.965 4.04 CsHe Co;0, 8
0.849 4.53 i-GHg Lag 2SrsCo° 05 9
0.904 4.53 i-C4Hs La5ShsCo°'Os 10
0.908 4.53 i-C4Hs Lag St Fe" 05 11
1.317 2.51 c* La,CuQ, 12
1.50 1.52 G+ La,CuQ, + K0 13

* Handbook of Physical Chemistry, 7&d.,C.R.C. Press (1966)

** C, is considered here as a main constituent of sabtowtbonds>C = C<.

27




Table 5.

Linear relationships betweék andA drawn for mild oxidation and total oxidation ofricus reactants

Reactions Al range N\ range Al=pA+m Reliability
(eV) P m factor R
Paraffinic bonds mild oxidOP  0.18-2.00 0.48-0.91 4.09 -1.73 0.94
Olefinic bonds mild oxidMOO 0.06-1.22 0.48-1.25 -1.51 +1.90 0.93
Ammoxidation of alkanes 0.11-0.34 0.49-0.93 0.58 -0.15 0.81
Alcohol mild oxidationMOA 0.02-0.60 0.53-1.03 1.11 -0.56 0.95
Paraffinic bonds, total oxi@iOP 1.26-4.90 0.87-1.07 23.08 -19.16 0.90
Olefinic bonds, total oxid@OO 3.20-4.54 0.85-0.93 -4.585 +8.44 0.96
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Figure captions

Figure 1. Linear relationships between lonic-Contilearameter (ICP) and optical basiafty for transition
metal cations. Cations M are labelled as z-CNM, netee= valence and CN = coordination. Vanadium and
molybdenum are illustrated (bold labels).

Figure 2. Scale of acidity/basicitj\g) of some well-known catalysts.

Figure 3. Scale of acidity/basicithg) of some well-known oxidic supports.

Figure 4. Logarithmic relationship between the bigdenergy of Ols (BE O1s) and optical basiéity of

oxides. Range of BE O1ls ang, for oxides (represented by cations) is shown bysals.

Figure 5. Effect of n = number of carbons i@, hydrocarbons. a) On their ionization potential;=Cn
indicates olefin. b) In the case of ODH, on thdedégnce of ionization potentidll between reactant and

product; Cn indicates ODH of,@lkane.

Figure 6. MOP line. Mild oxidation and ODH of Cto G paraffins and alkyl-aromatics. Linear correlation

betweenAl andA of catalysts. Several catalysts may be represdmtéiaeir/\ value for the same reaction.

Figure 7.MOP line. Linear correlation betweefil of C; to G paraffins and alkyl-aromaticand A of

catalysts. Comparison between optimal values fidr some examples (see text).

Figure 8.MOO line. Mild oxidation and ODH of £to Gs olefins and aromatics. Linear correlation between

Al andA of catalysts. Several catalysts may be represdmteéiaeir/\ value for the same reaction.

Figure 9.MOA line. Mild oxidation of G to G alcohols. Linear correlation betweAhand A of catalysts.

Several catalysts may be represented by themlue for the same reaction. Me= methyl; Et = ktéic.

Figure 10.TOP and TOO lines. Total oxidation €Cto G hydrocarbons, VOC and carbon. Linear
correlations betweeAl and A of catalysts for paraffinic C-C or C-OH bonds awd €=C bonds. Several

catalysts may be represented by theiralue for the same reaction. Same labels as inbFig
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