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The purpose of this work is to examine critically the correlations between ionization potential or absolute
hardness and the catalytic behavior of binary and ternary oxides containing lanthanides (Ln) in alkene oxidation.
Five lanthanide oxides (L®3, Sm0Os, P01, ThyO7, and Ce@) and three praseodymium molybdates;{Pr
Mo0301,, PEM0O;,, and PsMoOg), were used as pure phases or in mixtures with MoOthe partial and

total oxidation of isobutene. The catalytic performances of their mixtures with Mo® described in the
context of the “remote control mechanism”, according to which the lanthanide-based oxides are identified as
donors of spillover oxygen. Their donor ability is evaluated through the synergetic effects on methacrolein
selectivity and correlated with the physical properties mentioned above. In the case of ternary oxides such as
praseodymium molybdates, the concepts of average ionization energy and average absolute hardness are
proposed to take into account the fact that the electron density and therefore the reactivity of mobile surface
oxygen species are influenced by the presence of both metals in the lattice. The results obtained with the pure
Ln-based oxides are in line with the literature concepts of ionization energy and absolute hardness. As far as
the mechanical mixtures are concerned, it is shown that the above correlations, when combined with the
“remote control” concepts, provide a comprehensive view of the influence of ionization energy or absolute
hardness for both single phase and biphasic catalysts exhibiting phase cooperation.

Introduction referring to fundamental physical and chemical properties.
Another important objective of this paper is to proceed a step
forward in the analysis of phase cooperation in catalytic
oxidation. More precisely, we shall attempt to show that the
“remote control” concepts invoked to explain phase cooperation,
on one hand, and the correlations with ionization energy and
absolute hardness of catalytic cations, on the other hand, can
be unified within a single conceptual picture.

We previously reported experiments dealing with the catalytic
behavior of lanthanide-based oxides in total and selective
oxidation of isobuten&:” Five lanthanide oxides (s,
Sm0O;3, P01, ThsO7, and Ce®) and three praseodymium
molybdates displaying different stoichiometries,{Po;012, Pl
mM0012 and PsMoOg) were investigated for their properties in
Isobutene oxidation to methacrolein and £4D 400°C, either
as pure phases or when associated with oxides such ag MoO
or ShO,. After detailed discussion of the various possible
interpretations, it was concluded that the catalytic results
collected with the multiphasic catalysts could be interpreted
within the framework of the “remote control” theory, which is

Although the catalytic potential of lanthanides in oxidation
catalysis has been mainly described in total oxidation processes
experimental results show that they also play an essential role
in controlling selective oxidation. In particular, ternary-fio—

O! and quaternary BiPr—Mo—02"* phases were described as
catalysts for the partial oxidation of propene and isobutene. The
results indicated a strong dependence of the activity and
selectivity in acrolein or methacrolein on the Bi/Mo and the
Pr/Mo composition and were analyzed in terms of differences
in surface acidities. The interest of BCe molybdate solid
solutions in ammoxidation of propene to acrylonitrile was also
mentionec® High catalytic activities were observed in single-
phase regions whose composition corresponds to the maximu
mutual solid solubility, i.e., in regions where the maximum
atomic dispersion of Bi and Ce was achieved in the molybdate
lattice. It was suggested that the Ce(IV)/Ce(lll) redox couple
was responsible for optimizing the catalytic efficiency of the
bifunctional Bi/Mo-based catalytic site by facilitating the
electron transfers and increasing the mobility of oxygen ions based th iarati f acti es (“spill R
and anion vacancies. However, there is so far no global view ased on the migration of active oxygen species (“spillover

on the actual role played by lanthanides in multiphase oxidation °’$yge“) fror_n a _donor to an acceptor phasehe keypoint of
catalysts. The present paper, resting on results we publishealh's mechanism is that cooperation occurs between two separate

previously and other literature data, will focus on the way to 0;(',::16 phashes, n ﬂ:ﬁ absencte of.ant)r/] mutl:all co ntlia\mln?tlon.r? ne
rationalize the catalytic behavior of lanthanide-based binary of these phases, the acceptor, Is the catalytically active phase

. . S for the oxidation reaction. The other one, the donor, shows
Ln or ternary (Ln-M—0) oxides in alkene oxidation b . S ) ’ P
(LnGy) y( ) Y absolutely no catalytic activity with respect to alkene oxidation

* Correspondingauthor. Fax: (32)-10-47 2330. E-mail: devillers@chim.ucl.ac.be. but generates spillover oxygen and governs in this way the
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been successful in accounting for the synergetic effects observedyenations, by referring to “remote control” effects. In particular,
on the yield and selectivity of a wide range of multiphasic a tentative “donor scale” of oxide phases had been derived from
oxidation catalyst§.1° the comparison of the catalytic synergies observed between

The objective of this paper is to explain the catalytic behavior MoOs, taken as the reference acceptor phase, and different donor
of the above-mentioned lanthanide oxides and molybdates, asPhases, when they were used in the selective oxidation of
pure phases and mixtures, in total and selective oxidation of isobutene to methacrolein. In the context of that work sum-
isobutene by taking into account some selected physicochemicalmarized in a review papérthe properties determining the donor
properties. It is therefore necessary to begin with a discussionstrength were discussed, and the donor character was evaluated
of the catalytic behavior of the pure k@, and PxMo,O; phases in a semiquantitative way by relating it to the magnitude of the
in isobutene oxidation on the basis of literature data. This catalytic synergy measured on methacrolein selectivity. The
introductory section will summarize the attempts made with general conclusion was that a good donor of spillover oxygen
other catalytic materials to correlate activity in oxidation with would be an oxide where the ionization potential of the cation,
electronic properties of catalytically active cations in oxides. as modified by its environment, would lie between given limits.
At the beginning of the discussion, a special section will describe In the case of so-called oxosalts, account must be taken of the
the formal concepts on which our analysis will be based. “ionicity” of the oxoanion. Comparing compounds with identical

In their investigations on the total oxidation of butane, Hattori ©0x0anions, it was suggested that the ionization potential of the
et al. correlated the catalytic properties of a wide series of cation determined this optimufSimilarly, the acceptor strength
lanthanide oxides to thermodynamic properties; they observed©f 0xide phases was evaluated from the synergy measured on
that the most active oxides, i.e., the nonstoichiometric ones, werethe intrinsic methacrolein yield, by considering that the acceptor
those exhibiting the lowest standard formation enthalpiies. aPility of an oxide would be characterized by its propensity to
Nevertheless, this correlation could not explain the differences increase the number of selective catalytic sites created and/or
in catalytic behavior among the various lanthanide sesquioxides@generated by spillover oxygen on its surface. For this purpose,
or between the different nonstoichiometric oxides. On the other &-SkOs, which is totally inert toward isobutene oxidation, was
hand, these authors found a perfect correlation between thetaken as the reference “donor” phase.
catalytic properties of the lanthanide oxides and the 4th  The concepts of Weng and Delmon were based on the very
ionization energy of the metals involved: the lower the 4th different “roles” of donors and acceptors. According to them,
ionization energy, the more active the oxide was in total efficient donors are assumed to dissociate molecular oxygen
oxidation. into atomic species (© with some partial additional charge).

In a first approach, the validity of Hattori's correlation was Their role is therefore 2-fold, namely, (i) kinetic, i.e., to
therefore checked with respect to the catalytic behavior of the accelerate the dissociation process, and (i) thermodynamic, i.e.,
lanthanides oxides and praseodymium molybdates mentionedto give a specific increment of free enthalpy (via an excess of
above in isobutene oxidation. In addition, relationships with the €lectrical charge) to the © species. Both aspects depend on
fundamental acietbase properties were looked for. In particular, the polarization of some metaimetal or metat-oxygen bonds,
the catalytic performances will be analyzed with respect to the Namely, the polarization of the metal-X bond which should be
absolute hardness, a theoretical concept which combines the'eflected by the ionization energies. The acceptor must enable
ionization potential and the polarizability of the concerned ions. & concerted reaction in which its electronic shells are involved
These correlations are in line with the fact that oxidation in @ complicated way, according to mechanisms similar or
reactions in heterogeneous catalysis usually involve a mecha-identical to those occurring in homogeneous catalysis with
nism that was developed upon formal concepts proposed by P.organometallic complexes. In this case, the constraints are, for
Mars and D. W. van Krevelen in a completely different reaction, instance, coordination number and geometry, ligand field, and
namely, the oxidation of SOnto SG;.12In the case of selective  €lectron back-donation. The whole “remote control” concept
catalytic oxidations, the mechanism includes activation of the takes into account the dynamic nature of the catalytic process
substrate on a metallic cation, insertion of surface lattice oxygen, and the corresponding movement of spillover oxygen.
and a redox process occurring on the catalyst surface, a Recently, Lebouteiller and &t .proposed using another aeid
mechanism which is called “Mars and van Krevelen” in this base concept as a predictive tool for the catalytic behavior of
field. Therefore, such reactions require both adidse and oxides: the optical basicityX), a concept originally proposed
redox properties of the catalyst. Moreover, as proposed by by Duffy for the characterization of glass¥s.”and describing
Haber, catalytic reactions involving oxygen can be divided into the electrodonating power (i.e. the Lewis basicity) of oxygen
two groups: (i) electrophilic oxidations where oxygen is atoms contained in oxide networks. Initially defined for ionic
activated into electrophilic species {0 O;7), which are solids, the concept of optical basicity was later adapted for
responsible for the attack of the reactive molecule on its high oxides with significant covalent character, like most transition
electronic density sites; (ii) nucleophilic oxidations in which metal oxides, by using correlations between thealues of
additions of nucleophilic oxygenated specieg(Ooccur on simple oxides and the corresponding so-called “ionic-covalent
previously activated moleculédln partial oxidation reactions  parameter” (ICP) defined by Portier and‘&The ICP parameter
of hydrocarbons, the first step is the nucleophilic attack of the s a dimensionless number which reflects the influence of the
C—H bond by the @ species. In a recent monograph by B. relative extent of covalency in an oxide or oxosalt on the Lewis
K. Hodnett} the general features of heterogeneous catalytic acidity of the metal cations. This approach allowed to calculate
oxidation have been reviewed, with particular attention to the A-values for any mixed oxide by taking into account the
hydrocarbon activation and the various types of oxygen speciescoordination numbers and valencies of the various ions con-
involved in these processes. cerned. In recent successive stud®&é2 Bordes and Courtine

The second part of this paper is devoted to our results obtaineddescribed correlations between the difference of the ionization
with the LnOy—MoO3 and PxMo,O,—Mo0Os mixtures, in line potentials of reactants and products, which is assumed to be
with previous attempts to generalize the behavior of multiphasic related to selectivity, and the optical basicity of selective oxide
catalysts involved in allylic oxidations and oxidative dehydro- catalysts in a wide range of oxidation reactions: mild oxidations
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of alkanes, alkenes and aromatéd! alkane oxidative dehy-  remain sufficiently low so that the respective yields can be
drogenationd??! oxidation of alcoholg? ammoxidation, and  considered as proportional to the conversion values.

total oxidation of hydrocarborfd.The global approach proposed To take into account the actual differences between the
by these authors focuses on the electronic structure of oxygen,specific surface areas of the concerned compounds, the synergy
following Haber's ideas and, therefore, attempts to evaluate theon the different yields in AB mixtures were actually evaluated
thermodynamic energy of oxygen. These concepts do notfrom the difference between the experimental values normalized
explicitly permit a connection with the rate-determining aspects for a standard specific surface area of 4g(Yas/Sset = Y*as,

of oxygen adsorption and dissociation, which constitute a strong called real intrinsic yield) and the theoretical intrinsic yield,
kinetic limitation in selective oxidation. Similarly, this approach (Y*ag)w, i.€., the one that would be obtained in the absence of
does not leave room for a direct relationship with the role of any cooperation. Because it is impossible to measure the
coordination and detailed electronic mechanism during the respective surface areas developed by each phase in the mixture,
reaction. It is therefore absolutely necessary to find a conceptthe calculation of the theoretical intrinsic yield*(xg)mn was

and a language which unifies these various points of view. The based on the following expression, in which the total surface
remote control concept postulates that surface mobile oxygenarea is evaluated from the weighed sum of the respective surface
species (@) are the same on the donor (which generates them) areas of the two components, according to

and the acceptor (which consumes them). In recent #lks,

Bordes also considers two-phase (or multiphase) catalysts and ~ (Y*ag)in = [YaXa T YeXal/[(Ssen)aXa + (Sser)eXsl

evaluates the corresponding parameteof her theory. The . . .
correlations seem to work well, showing thereby that the Where Gse)i is the specific surface area of the oxidandx
assumption that a single type of surface oxygen species shouldN€ Weight ratio of componeitin the mixture AB. ,

be present, as speculated by the “remote control mechanism”, 1he synergy onyield for the AB mixturéyY*ag was defined

is sensible. as
AY* pg = [Y*ap = (Y a)n/[(Y* pp)ind

. . . . inwhich Y* 5 is the real intrinsic yield of the AB mixture, i.e.,
thqusts preparation, analytical technigues used, and rgactlonY*AB = [Yas]/[(Ssen)as], Where Geenas is the experimental
conditions have been reported elsewhere, together with Ngnecific surface area of the AB mixture andg is the

extensive description of the catalytic results which were taken experimental yield of the AB mixture.

into consideration for the present discussidrOnly essential The synergy on methacrolein selectivity is defined by the

information will be summarized before starting the discussion. following expressions: TheoreticalSg)n and real i)
The catalytic results considered are the yields in methacrolein methacrolein selectivities are defined, respectively, as

(Ymed @and CQ (Yco,) and the selectivity in methacrolei{ey).

The yield in methacrolein represents the ratio of the number of (Sap)in = [YaXs T YeXgl/[XaXa + XgXg]

moles of methacrolein formed to the number of moles of

isobutene introduced. To express the yield in,G®such a and

way that it might be directly comparable ¥@,e; we must take

into account the formation of 4 mol of GOper mole of Sas = [Yasl/[Xagl

isobutene converted. Yo, is taken as the ratio of the number

of moles of CQ produced to the number of moles of isobutene

converted, we must therefore u¥eo,/4. The selectivity in

methacrolein is defined as the ratio between methacrolein yiel

and isobutene conversioBe: = YmelXiso), Xiso being defined _ _

as the number of mole of isobutene converted with respect to ASe = [Se ~ Ge)ul (Sl

the initial number of mole of isobutene in the feed. According  symmary of the Catalytic Results

to the definition of yields given above, if methacrolein and,CO

are the only products observed, the total isobutene conversion Pure Oxides.The catalytic results obtained with the oxides
corresponds tXiso = Ymet + Yoo 4. mentioned in the Introduction (k&s, SOz, PrgO11, ThyO7,

and CeQ@-y) on one hand, and the three pure praseodymium
molybdates (RMo030;,, PsM0O;,, and PsMoOg) on the other
hand'” are summarized in Figures 1 and 2. As shown in Figure
1, lanthanide oxides in general favor total oxidation, and the
‘nonstoichiometric ones are the most activeQ?r and CeQ-).
Figure 2 indicates that PvMo301, and PgMoO;, give exclu-
sively partial and total oxidation, respectively, whilefpoOe
gives rise to both partial and total oxidation products.
Mixtures Ln xO,—MoO3 and Pr,Mo,0,—MoO3. The per-
formances (synergies on methacrolein and,@@ductions) of
the mixtures associating MaOwith lanthanide oxides or
molybdates are summarized in Figures 3 and 4, respectively.
These figures only include mixtures with mass ragip= 0.5.
The mixtures with LaO3; and SmO3; exhibit small synergetic
whereY; represents the experimental yield of compousehd effects, those with Ce©, and PgO11 give a positive synergy
X the weight ratio of componeritin the mixture AB. on methacrolein production and a negative synergy for total
The above relationship assumes zero-order reactions as a firsbxidation, and that with T)D; gives positive synergies on both
approximation or, more precisely, that isobutene conversions partial and total oxidation. As illustrated by Figure 4, the

Experimental Section

whereXag is the experimental conversion of the AB mixture.
The synergy on methacrolein selectivitysag, is consequently
d defined as

Mixtures were characterized by their mass composition
(expressed asy,, which is defined as the ratio of the mass of
lanthanide oxide or molybdate to the total mass of the mixture).
The synergetic effects o¥me: and Yco, were evaluated from
the difference between the experimental values and the theoreti
cal ones. The theoretical value¥mt)mn and (Yco)m were
calculated for the various AB mixtures, assuming that the oxides
do not interact and contribute to the reaction only proportion-
nally to their respective amounts in the mixture, according to
the following expression:

(Yag)n = YaXa + YeXg
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Figure 1. Yields in methacroleinYme) and CQ (Yco,/4) for the lanthanide oxides (Reaction conditions: 600 mg catalyst-800um. Reactant
mixture: i-C4Hg/O2/N,, 8.3/19.3/72.4 vol %. Total flow rate: 30 mL mih T = 673 K.).
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Figure 2. Yields in methacroleinYme) and CQ (Y co,/4) for the praseodymium molybdates (Reaction conditions: 600 mg catalyst880Qim.
Reactant mixturei-C;,Hg/O2/N,, 8.3/19.3/72.4 vol %. Total flow rate: 30 mL mih T = 673 K.).

mixtures containing BMo30;2 and PsMoOs give positive which are constituted by a metallic cation surrounded by oxygen
synergies on both methacrolein and £@oduction, and the  atoms and ternary oxides, which in our case can be considered
mixture based on BMoO;, gives positive synergy on partial  as the association of different entities: a metallic cation and an

oxidation and negative synergy on total oxidation. oxoanion. In the latter case, two kinds of chemical bonds can
_ ) be distinguished: bonds with mainly covalent character in the
Discussion oxoanion, and mainly ionic character between oxoanions and

Summary of Theoretical Conceptslonization EnergyThe cations?*
formation and interconversion of the surface oxygen species In ternary oxides, it has been demonstrated that the electro-
require electron transfers between the catalyst and gaseouslonating power of the cations depends both on the ionization
oxygen. In selective oxidation catalysis, the actual oxidizing energy of the cation itself and on the effective negative charge
agent is a reducible metal cation. The corresponding redox of the neighboring oxygens, which is in turn related to the extent
processes can therefore be correlated to the ionization energyof covalency within the oxoanion group. For the same oxoanion
of the metal cation(s) included in the oxide catalyst. With respect group, the electrodonating power of the cation increases when
to that point, it is necessary to distinguish between binary oxides, its ionization energy decreases. For a same cation, an enhance-
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Figure 4. Synergies on the yields in methacroleltY ne) and CQ (AY*co,) for the MoG—PrMo,O, mixtures &n = 0.5).

ment in the ionicity of the bonds within the oxoanion would and promote partial oxidation rather than total oxidaibn.
increase the effective charge of the oxygen atoms and, conse-Absolute hardness, noted is defined as:
quently, enhance the electrodonating ability of the caff&. _

The results of ref 9 supported this view. n=(>-Al2
Acido—Basicity. A strong line of interpretation in the open  wherel represents the ionization energy aAdthe electron
literature analyzes the catalytical behavior of oxides by con- affinity. According to this definition, this parameter is actually

sidering their Lewis acigtbase properties. Whereas coordina- a measurement of the energy differerfde between the ionic
tively unsaturated metallic ions in a high oxidation state or HOMO and LUMO levels, in the sense thAE = 2y.

anionic vacancies can be considered as acidic centers, oxygen- Because the 4felectron configuration leads to low 4th
ated anions and hydroxyl groups constitute basic sites. Accord-ionization energy values, a peculiarity of all lanthanide’'Ln
ing to the same approach, hydrocarbons such as alkanes, olefindgpns (Lh= Ce to Lu) is to display absolute hardnesses relatively
and aldehydes are considered as weak or very weak Lewis basesow (between 36.6 and 45.2 eV) compared to that 6f(49.95

By referring to Pearson’s HSAB concepfsyVedrine et al. eV), although they all behave as relatively hard acids. The
suggested that the oxidation of an alkene would be more electron configurations and the corresponding valuel &f
selective if the catalyst involves a hard cation @Vldv>", We™) andy for the lanthanide ions relevant to this work are listed in

rather than a soft one because the interaction would be weakerTable 1.
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TABLE 1: Electron Configuration, lonization Energy ( I), 20
Electron Affinity ( A) and Absolute Hardness ) of Different
Ln3* and Ln4" Cations?®
electron
cation configuration I (eV) A(eV) 7 (eV)
Ln3* [Xe] 4f° 49.95 19.18 15.38
cet [Xe] 4f* 36.76 20.20 8.28
Pt [Xe] 4f? 38.98 21.62 8.68
St [Xe] 4f° 41.40 23.40 9.00
Th3* [Xe] 4f8 39.80 21.91 8.94
Cett [Xe] 4f° 65.55 36.76 14.39
Prt [Xe] 4ft 57.53 38.98 9.27
Tb** [Xe] 4f7 66.46 39.80 13.33
20 } } ! 16
' Absolute hardness (eV)
Ce Figure 6. Evolution of the CQyields obtained with pure L&y, phases
15 F 4 with respect to the absolute hardness of thé*Lions.
= 20
E/ Pr
3 10 ~ =1
8
>
5| Sm |
Tb La
0 } f +
35 40 45 50 55
4¢n ionization energy (eV)
Figure 5. Evolution of the CQyields obtained with pure L, phases
with respect to the 4th ionization energy of the lanthanides.
16
Pure Oxides in Total and Selective Oxidation.Binary Absolute hardness (eV)

Oxides LQ.OV' .Iomzatlon Izlnergyln “r.]e with Hattori's work . Figure 7. Evolution of the selectivity in methacrolein obtained with
on total oxidation of butan€,a correlation between the catalytic  ,re | o, phases with respect to the absolute hardness of tAe Ln

properties of our five lanthanide oxides for total oxidation with jons.
respect to the 4th ionization energy of their respective cations
has been established. Figure 5 shows the evolution efy@Qis diminishes. This fact is reflected in the frequently observed
(in %) with respect to the 4th ionization energy of the diminution of overall activity when selectivity increases.
lanthanides. It can be observed that the most active lanthanide HardnessA correlation can also be found between catalytic
oxides are characterized by the lowest 4th ionization energiesperformances of lanthanide oxides and their atidse proper-
(CeG—x and Pg0131). As far as cerium oxide is concerned, this ties, as obvious from Figure 6, where €@elds are plotted
statement refers to the fact that significant amounts of Ce(lll) against the absolute hardness of the respectivi& lans. It
are present, in relationship with the intrinsic nonstoichiometry appears clearly that oxides containing the softest cations are
of this compound. In its tetravalent state, cerium displays the the most active for total oxidation. As it has been suggested
electron configuration 4f Any involvement of its electron shells  that the oxidation of an alkene would be more selective if it
in the redox process would therefore concern the 6s subshell,involves a hard cation rather than a soft one, Figure 7 presents
which is characterized by a significantly higher ionization a plot of the selectivity in methacrolein of the lanthanide oxides
energy. The same situation also holds fof',aand actually, in function of the absolute hardness of the respectiv& lions.
La,0O3 was shown to produce no GO Globally, this plot confirms that, among oxides possessing some
This trend corresponds to the guidelines announced in the oxidation activity, those containing harder cations give rise to
above overview of the theoretical concepts. Catalysis is higher selectivities in partial oxidation. However, these results
fundamentally a phenomenon modifying kinetics. The so-called do not allow a quantitative analysis between the different oxides
“Mars and van Krevelen mechanism” describes a steady-statewith weak absolute hardness.
based on two reactions that adopt the same rate by involving Ternary Oxides RiMo,0,. To correlate the catalytic perfor-
oxidized and reduced parts of the catalysts in adjusted propor-mances of the praseodymium molybdates,NREO;,, Prs-
tions. The first one is hydrocarbon oxidation by lattice oxygen, MoO;,, and PsMoOg) to their acid-base properties, we can
the second one replenishment in oxygen by adsorption,of O neither use the previous approach, because the metals present
and adequate ionization of the oxygen species formed subsedin these three phases are the same, nor rely upon the idea that
quently. There are therefore two facets in the tendenciesthe bonds are of different nature around Pr and Mo. However,
mentioned above, and these tendencies are necessarily linked is admitted, and very often proven experimentally, that oxygen
to each other in a narrow way. The first one refers to is mobile in and on the crystalline network of oxides active in
thermodynamics: in principle, the lower the ionization energy catalytic oxidation. It can thus be safely assumed that reactive
of the metal ion, the easier the formation of electrophilic oxygen oxygen ions are statistically present with similar probabilities
species, and consequently, the higher the tendency to totalin the vicinity of the different metals involved. We defined
oxidation13 The second aspect concerns kinetics: when ioniza- consequently an “average absolute hardness” by taking into
tion energies are higher, the rate of electron transfer to oxygenaccount the relative proportions of their respective cations in
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TABLE 2: Catalytic Properties of Praseodymium
Molybdates in Correlation with the Calculated Average
Absolute Hardness *) and the Average lonization Energy

(™)

average absolute average ionization Yco /4 — Snet

phase hardnesg*(eV) energyl’(eV) %) (%)
PrsMoO;» 11.6 51.5 13.9 0
Pr,MoOs 15.5 68.2 1.2 22
PrMo3z01, 21.0 91.6 0 100

the ternary phase. On the basis of the generic formuMdy0O,

and of the absolute hardness o#P(8.68 eV) and M&" (29.18
eV), the average absolute hardness (notgdl has been
calculated according to the following relationship:

7*(Pr,Mo,0) = ((7(PF1)X) + (7(Mo* )y))/(x + )

A similar argument led to the concept of “average ionization
energy” (noted*). Table 2 summarizes these average absolute
hardness and ionization energy calculated for the three praseody
mium molybdates together with their catalytic properties for
total and selective oxidation. In line with the earlier suggestion
that the oxidation of an alkene would be more selective if it
involved a hard cation rather than a soft one, the phase with
the highest average absolute hardnessMB$012) gives
exclusively partial oxidation, that with the lowest average
absolute hardness @Mo0;,) produces exclusively CHOand
the molybdate with intermediate hardnessKRiOg) generates
both methacrolein and CGOThe agreement between the catalytic
activity and the so-called average ionization energy ¢an
also be pointed out: the phases characterized by the lowest g
the highest* value, i.e., P§MoO;, and PsM030;5, are found
respectively to exhibit the highest and lowest catalytic activity
for CO, production, with methacrolein selectivities of 0 and
100%. Although these results are obtained with only three
compounds, this follows the trends already suggested in thd
literature. Let us notice that, if supported by more data on series
of oxides containing the same two metals but in various
proportions, the usefulness of the concepts of “average absolut|
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hardness” and “average ionization energy” could be validated

Ionization energy (eV)

Mixtures Ln ,Oy,—MoO3 and PryMo,0,—MoOs. lonization
Energy.By referring to the fact that the selectivity in methac-

Figure 8. Evolution of the donor properties (synergy on methacrolein
selectivity, ASne) Of mixtures associating Mofand various oxides

rolein could be considered as a measurement of the donor(= = 0.5) with respect to the ionization energies (adapted from ref 9).

properties of spillover oxygehye evaluated the donor ability
of the five lanthanide oxides from the corresponding change in
selectivity valuesASye;, and correlated them to the ionization
energies of the respective cations as given by the literature.
This correlation requires to take into account the fact the®Rr
and ThOy are mixed valency oxides. Actually, praseodymium
oxide contains both Pr and Pf* ions and could be formally
described as “4PrePr,03” Similarly, terbium oxide is consti-
tuted by TB* and TW' ions and could be formulated as
“2TbO,-Th,O3". Therefore, the ionization energies used in the

upper part of Figure 8 are calculated account taken of the relative

amounts of trivalent and tetravalent ions in the mixed valency

Values corresponding to the binary [3y phases (Figure 8a) refer to
weighed ionization energies.

would correspond to an oxide with well adjusted electrodonating
properties. Oxides with pronounced donor character (weak
ionization energy) probably produce electrophilic oxygenated
species leading to total oxidatidf;oxides with weak donor
character, because they are characterized by high ionization
energies and are too slow to dissociate and ionize, probably do
not possess sufficient activity. Actually, referring to the end of
the section concerning ionization energy, the correlations
correspond to a “convolution” of thermodynamic and kinetic

oxides and also the elemental 4th and 5th ionization energiesfactors, i.e., electrodonating FIJ‘rOpertie_s ano’ly rate of oxygen
which are associated to them. These values are called “weighecctivation, respectively. The “well-adjusted” and balanced
ionization energies”. For lanthanum and samarium oxides, the Surface coverage rate by reduced and oxidized parts of the

graph refers to the 4th ionization energy #-n— Ln**) and,

for cerium oxide, to the 5th ionization energy (tin— Ln5").
The graph of the evolution of the donor-propertidsSgey) of
lanthanide oxides in mixture with MofQ(xy, is constant and
equal to 0.5) with respect to weighed ionization energies is
presented in the upper part of Figure 8 (Figure 8a).

catalyst changes the average ionization energy of the cations
involved in the catalytic event. This is unfortunately very
difficult to investigate experimentally. Perhaps very sensitive
oxygen adsorption using pulse methods could detect the changes
of surface properties between different steady state regimes
imposed, for example, by varying the oxygen/hydrocarbon ratio

The analysis of Figure 8a shows that the best donors arein the feed. The parameters in the correlation are actually the
associated with intermediate ionization energies. A good donor result of the interaction of kinetic aspects (respective coverage
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TABLE 3: Relationship between Synergetic Effects 120 {
Observed in PrMo,0,—MoO3; Mixtures (X, = 0.5) and the TpUv a
Average lonization Energies (*) and Absolute Hardness 100 A
*
or’) 80 A Pt
phase mixed with  AX* AY*met  AShet |* n*
MoOs (Xn=0.5) (%) (%) %)  (eV) (eV) T La™
Pr,M03012 133 101 -13 91.6  21.0 3 o
PrM0Os 107 89 -8 682 155 g 407 ce"
PrsM0oOy, —-36 40 117 515 116 4 20 4 Sm!t
81 Fe!t 0 . — - . .
; ] 6 8 10 12 14 16
5 4 Mg"
S ] I 30 v
® 3 Cu Te b
= 21 ]
g 1 1 Ni]l 25
2 01 Co" 201
-1 A /‘Q\
-2 . x . ¥ 154 Bi"
70 85 100 115 g 10 4
e e . 4 S
Average ionization energy (eV) 5 1
Figure 9. Evolution of the donor properties (synergy on methacrolein 0 . T T :
selectivity, ASne) Of mixtures associating Mofand various metal 8 10 12 14 16
molybdates X» = 0.5) with respect to the average ionization energies
(adapted from ref 9).
8 1 c
ratio) and thermodynamic factors (ionization energy). The best] 77
catalysts correspond to an adequate compromise. 2 |
These results are similar to those obtained by Weng et al.Jie 4 |
who already commented on donor properties of mixtures|3 3 -
associating Mo@and various oxides (TeQBi O3, SnQ) or & 2
molybdate phases §MoQy), (M = Fe'l, Cu', Cd', Ni", Mg").8 <1
Figure 8 summarizes these literature data (panels b and c of 01
Figure 8 for binary and ternary oxides, respectively) and those 1
of the present work (Figure 8a, weighed values) and shows th 2 ' ' N ' '
the best donors are characterized by an intermediate ionizatio 10 15 20 25 80 35
energy, i.e., the molybdate #4030, (54.8 eV) and the oxide Absolute hardness (eV)

e, (58.7 eV). t'is striking that the three maxima occur at Figure 10. Evolution of the donor-properties (synergy on methacrolein
relatively close values (53.1 eV for T®;). The absolute selectivity, ASne) of mixtures & = 0.5) associating Moand (a)

numericaIASva}Iues characterizing the various series in Figure |anthanide oxides, (b) binary oxides (ref 9), and (c) metal molybdates
8 cannot be directly compared because they refer to sets of(ref 9) with respect to the weighed absolute hardness.

experiments carried out in slightly different conditions with
respect to catalyst preparation and catalytic reactions.

When the catalytic performances of the/o,0,—MoOs in mixture with MoQ; (X, constant and equal to 0.5) according

mixtures are analyzed according to the same viewpoint (Tableto this approach is presented in Figure 10a. The graph shows a

3), the pronounced synergetic effect observed in the case Ofcorrelat!on bgMeen the \_Nelghed absolute hardness of the
the PgM0O;,—MoO3 mixture AS= 117%) is perfectly in line lanthanide oxides and their donor character. The best donors

with the average ionization energy I6f= 51 eV, which results are characterized by an intermediate absolute hardness. In fact,
ina position close to the maximum of curve 8a. The other two Samarium, which has the weakest absolute hardness giVeS little
phases, characterized by lardémvalues give rise to slightly ~ synergy and lanthanum, which has the highest one, gives also
negativeASvalues (-8 and—13% for PeMoOg and PsMo03012, little synergy in comparison with praseodymium and terbium.
respectively), suggesting the absence of any significant synergyPanels b and c of Figure 10 illustrate how the same correlations
for partial oxidation in these two cases. In this case, as showncan be proposed to describe the catalytic behavior of the
in Table 3, there is also a clear reverse relationship betweenmixtures between Mo@and other binary oxides or metal
the synergetic effects measured, on one hand, on isobutenenelybdates already mentioned abdve.

conversion or yield in methacrolein, and on the other hand, on . ) ) )
methacrolein selectivity. As shown in Figure 9, the validity of N addition, the behavior of the mixtures between the various

this approach can be strengthened by generalizing it to the Praseodymium molybdates and M@ also compatible with
various metal molybdates cited in ref 9. our analysis (Table 3). The maximum synergetic effect on

Hardness.As for the previous section, we will take into Methacrolein selectivity occurs for thegMoO,2,—MoOz mix-
account the various valences of praseodymium and terbiumture: PEMoOsis characterized by an average absolute hardness
atoms in the respective oxides. “Weighed” will refer to absolute of 11.6 eV, a value which is very close to that of the weighed
hardness where the proportion offfrand L cations is taken absolute hardness of J®; (y* = 11.14 eV) which corresponds
into account. The graph obtained for the five lanthanide oxides to the maximum of the curveAS = 104%) in Figure 10.


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp0124600&iName=master.img-008.png&w=220&h=125
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp0124600&iName=master.img-009.png&w=240&h=407

Lanthanide Oxides and Praseodymium Molybdates J. Phys. Chem. B, Vol. 105, No. 49, 20012363

Conclusions or absolute hardness can be used when average valencies are
8onsidered for mixed valency oxides. The second one concerns

useful theoretical tools which could allow to predict the catalytic phase cooperation that attracts Increasing atten_tlon. T_he_pre_sent
behavior of oxides within the context of oxidation catalysis. WOrk adds new examples where the consideration of ionization

This approach is demonstrated for pure binary or ternary oxides. €N€rgy of one phase (the donor) explains selectivity in the frame
Itis also valid for mixtures between two different oxides, taking ©f the “remote control” theory.

into account the framework that the “remote control theory”

provides. In particular, the catalytic activity of pure lanthanide ~ Acknowledgment. The authors greatly acknowledge finan-
oxides for total oxidation of isobutene can be correlated with cial support from the Belgian National Fund for Scientific
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