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The structure of vanadium oxide species on y-aluming;
an in situ X-ray absorption study during catalytic oxidation *
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The mechanism of catalytic oxidation reactions was studied using in situ X-ray absorption spectroscopy (XAFS) over a 17.5 wt%
V,0s/Al,03 catalyst, i.e., a reaction temperatures and in the presence of reactants. It was found that X-ray absorption near-edge structure
(XANES) is a powerful tool to study changes in the local environment and the oxidation state of the vanadium centres during catalytic
oxidation. At 623 K, the catalyst follows the associative mechanism in CO oxidation. XAFS revealed that the Mars-van Krevelen
mechanism is operative at 723 K for CO oxidation. The extended X-ray absorption fine structure (EXAFS) results showed that the
structure of the supported V05 phase consists of monomeric tetrahedral (Al-0)3—V =0 units after dehydration in air at 623 K. However,
the residuals of the EXAFS analysis indicate that an extra contribution has to be accounted for. This contribution probably consists of
polymeric vanadate species. The structure remains unchanged during steady-state CO oxidation at 623 and 723 K. Furthermore, when
oxygen was removed from the feed at 623 K, no changes in the spectra occurred. However, when oxygen is removed from the feed at
723 K, reduction of the vanadium species was observed, i.e., the vanadyl oxygen atom is removed. The V3t ion subsequently migrates
into the ~-Al,O5 lattice, where it is positioned at an Al3t octahedral position. This migration process appears to be reversible; so the
(Al-O)3—V=0 units are thus restored by re-oxidation.
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component analysis, temperature-programmed reduction

1. Introduction

The molecular structures of surface vanadia species
have been extensively investigated in the past few years
with many different spectroscopic methods: Raman [1-4],
IR [1,5,6], XANES/EXAFS [1,7-11,57], solid state 5V
NMR [12-15], UV-VIS DRS|[1,16-18], chemi-luminescen-
ce[19,20], and ESR [18,21,22]. Thelocal structure of V05
supported on silica and ~v-alumina has been most inten-
sively studied. In general, ESR and UV/VIS results are
consistent with each other, although ESR results are re-
stricted to paramagnetic V4 containing species. On sil-
ica, vanadium atoms are generally stabilised in an oxy-
gen tetrahedron in the dehydrated state. Hydrated silica-
supported V,0s mostly exists in an octahedral configura-
tion.

On aumina, both ESR and UV/VIS studies demon-
strated that vanadium is five- or six-fold co-ordinated by
oxygen. However, Raman studies revealed the formation
of different types of vanadium oxide species. polymeric
arrays of octahedral VOg units as the main phase and tetra-
hedral VO, species as a minor constituent on both, silica
and alumina [4].

Unfortunately, the dynamic nature of the surface vanadia
species has resulted in confusion in the published literature,
since many studies have compared measurements taken un-
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der different experimental conditions (ambient vs. in situ,
hydrated vs. dehydrated) [23,24].

Most of the early studies were performed with samples
exposed to atmospheric air. There is considerable evidence
that under these conditions monolayer species react with
atmospheric moisture and, therefore, hydrated structures
are assumed [25,26]. Under hydrous conditions, the VO,
species may be properly formulated as structure (B) or (C)
in figure 1. On heating in a dry atmosphere, dehydration
may take place to structure (A) and/or to an octahedral
polyvanadate species, such as structure (D) [27,28], or to
a simple vanadyl species [29]. In situ Raman experiments
generally show a shift of the Raman bands due to dehydra-
tion of monolayer species [23,25].

In a recent review, Wachs et al. stated that dehydrated
surface vanadia species on Al;Oz, TiO2, ZrO,, Nb,Os, and
Ce0O, al possess identical molecular structures [23]. On
these oxidic supports mainly isolated VO, units would be
present. Their 120 isotopic labelling experiments demon-
strated that these surface vanadia species possess only one
terminal V=0 bond [30,31]. Therefore, Wachs and co-
workers tentatively assume that the molecular structures of
these surface vanadia species consist of a terminal V=0
bond and three bridging V-O-support bonds for the iso-
lated species by (structure (E) in figure 1). Furthermore,
a small amount of polymerised species is present, which
consist of a termina V=0 bond with one bridging V-O-
support bond and two bridging V-O-V bonds [23]. The
latter resembles structure (D) in figure 1.
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Figure 1. Possible structures for VO, species in the monolayer phase.

Supported vanadium oxide catalysts are widely used for
catalytic partial oxidation of hydrocarbons [32,33], photo-
oxidation [34,35], selective catalytic reduction of NO,, [36]
and the oxidation of benzene to phenol with N,O [37].
The reaction path of these kinds of reactions is often re-
lated to the Mars-van Krevelen mechanism (vide infra).
One can distinguish severa different reaction steps in cat-
alytic oxidation reactions. Besides redox reactions, such as
reduction and oxidation of the catalyst surface, acid-base
reactions between reactants and products, on the one, and
the catalyst, on the other hand, can take place. Combina
tions of such steps lead to different overall-reaction mecha
nisms. Golodets has divided these possible mechanismsin
four different groups, which are schematically represented
in figure 2 [38].

At elevated temperatures (7' > 773 K), reactions with
the participation of free radicalsin the gas phase take place.
At moderate temperatures (573 < T' < 773 K), mostly the
Mars-van Krevelen mechanism proceeds. At low temper-
atures (T' < 373 K), reactions generally occur through a
peroxidic mechanism in which adsorbed radicals are in-
volved.

The most studied mechanism is the above type Ila
mechanism. Mars and van Krevelen were the first to
have demonstrated this two-step consecutive mechanism
for the oxidation of naphthalene [39]. This so-called Mars—
van Krevelen or redox mechanism is operative at moder-

T(K)
973 1
Type lll:
Heterogeneous and homogeneous radical chain mechanism
773
Type lla:
Mechanism of alternating surface reduction and re-oxidation
573
Type llb:
Mechanism of complex re-oxidation of surface
373

Type l:
Mechanism involving adsorbed anion radicals of oxygen

Figure 2. Different types of mechanisms of oxidation reactions as a func-
tion of temperature, according to Golodets [38].

ate temperatures.
ure 3.

The mechanism can best be defined as a mechanism in
which one of the products leaves the surface, containing
one of the constituents of the lattice. With this definition,
not only oxidation, reduction, de-oxygenation and oxidative
dehydrogenation can be described, but also, e.g., chlorina-
tion, dechlorination and hydrodesulphurisation. The latter
reactions frequently obey the Mars-van Krevelen kinetics
without consumption of oxygen from the lattice of the cat-
alyst.

First, the reactant to be oxidised is adsorbed on the sur-
face of the catalyst resulting in the formation of an adsorbed
complex. Subsequently a reaction takes place between the
adsorbate and oxygen from the lattice of the catalyt, re-
sulting in the formation of a (partially) oxidised product,
which after desorption leaves an oxygen vacancy at the
surface. Re-oxidation of this vacancy takes place via gas
phase oxygen, as represented in figure 3. If diffusion of lat-
tice oxygen is sufficiently fast, the 0>~ surface species will
migrate into the lattice. This process can continuously take
place as long as reactants are present to reduce the catalyst
and oxygen to re-oxidise the surface. The presence of metal
ions of which the lower oxidation state is relatively stable
is a prerequisite for the development of this mechanism.

In general, the Mars—van Krevelen mechanism is as-
sumed to be operative for selective oxidation reactions. At
the same time, the complex surface re-oxidation mechanism
(type Ilb) can play an important role. In this mechanism,
formation of the final oxidation products occurs simultane-
oudly with re-oxidation of the surface in a single concerted
step. This mechanism is responsible for the formation of
total oxidation products [38].

The surface of a metal oxide catalyst is likely to contain
an amount of metal ions of a lower oxidation state. Up
to a certain concentration, these metal sites can be consid-
ered as defects in the metal oxide matrix. However, when
the oxygen vacancy concentration becomes too high, a new

N
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Figure 3. Schematic representation of the redox or Mars-van Krevelen
oxidation mechanism (type llain figure 2).

It is schematicaly represented in fig-
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Figure 4. Detalled scheme of the associative mechanism (type Ilb in
figure 2).

solid phase can form. Formation of a new solid phase gen-
erally calls for a nucleation step, which usualy proceeds
too slowly to give rise to a marked catalytic activity. If the
redox mechanism is to be operative, it is undesirable that
(part of) the catalyst becomes crystalline. Catalysts exhibit-
ing the Mars—van Krevelen mechanism therefore should be
able to contain a certain amount of lattice defects without
recrystallising into a metal suboxide.

Van Dillen has shown that a marked concentration of
oxygen vacancies is attained only at elevated tempera-
tures [40]. Lowering of this temperature by modifica
tion of the catalyst results in a more favourable cat-
alytic performance. This suggests that the catalytic activ-
ity can be predicted from the thermodynamic stability of
non-stoichiometric oxides. In general, however, transition
metal oxides also exhibit a significant activity at temper-
atures where non-stoichiometry is thermodynamically less
favoured. Under these conditions, the so-called associative
mechanism (type I1b) is believed to be operating.

As indicated in figure 4, after adsorption of molecular
oxygen an electron is transferred from a neighbouring metal
ion to the oxygen molecule, resulting in the formation of
an adsorbed superoxide anion, O, . Dissociation of thision
into two O~ speciesis followed by a rapid oxidation of the
reactant. Because this oxygen sequence is not in equilib-
rium, the rate of reaction with the reactant is sufficiently
high to prevent formation of O°~ and subsequent exchange
with the lattice.

X-ray absorption near-edge structure (XANES) has long
been known to be rich in chemical and structural informa-
tion [41]. For instance, it provides information about the
oxidation state of vanadium. The main indication of the
oxidation state of the vanadium atoms is the position of the
K-edge in the spectrum. A higher valence state implies a
lower energy of the core electron levels and, consequently,
the presence of the K-edge at a higher energy [42—45].

Also the pre-edge of the spectrum, which reflects tran-
sitions from the K-shell to empty bound d-levels, provides
information about the oxidation state of vanadium. Oxi-
dation generaly brings about an increase in the intensity
of the pre-edge peak, though an effect of the surroundings
of the vanadium ions has to be taken into consideration
too [42-44]. Therefore, X-ray absorption spectroscopy has
proven to be very suitable to study the oxidation state and
the local atomic geometry of the vanadium sites in our
catalysts in situ, i.e, at reaction temperatures and in the
presence of reactants.

In the past, we have studied the mechanism of n-bu-
tane oxidation to maleic anhydride over a titania-supported
V—P-0 catalyst with in situ X-ray absorption spectroscopy
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Figure 5. Cataytic data of 7.94 wt% V,0s/Al,03. Data and figures were
taken from reference [47].

(XANES) in the presence of n-butane and air at 553 K [46].
It was found that the average oxidation state of the vana
dium atoms in the catalyst did not change any more after
severa reduction/re-oxidation cycles [46]. This strongly
indicates that the generally assumed Mars-van Krevelen
mechanism is not operating with this catalyst system. How-
ever, it was under debate whether XANES is a proper tool
to study the mechanism of oxidation reactionsin detail. We
realise that the investigation of oxidation reaction mecha-
nisms should not be performed without additional *20/0
scrambling experiments and kinetic measurements. There-
fore, we have used a V,0s-on-alumina catalyst to proof the
principle of mechanistic research with XAFS spectroscopy.
This catalyst system is well known for activity in H, and
CO oxidation [47] and n-butane oxidation [48] and has been
extensively characterised [48]. The catalyst was proven
to consist of a highly dispersed supported vanadium ox-
ide phase [48]. This is an important condition for the use
of X-ray absorption spectroscopy in catalysis, since this
technique monitors all vanadium atoms including possible
not-active bulk structures.

Van den Berg has determined the activity of a 7.94 wt%
V,0s-on-alumina catalyst for oxidation of carbon monox-
ide[47]. Datawere corrected for the activity of the support,
because it was found that the activity of the support was
not negligible. The results of Van den Berg are represented
in figure 5.

The data show that the Arrhenius plot for the oxida-
tion of CO consist of two straight lines [47]. Below about
657 K, the activation energy was found to be 28 kJmol,
whereas at higher temperatures a value of 73 kJ/mol was
calculated. The latter activation energy agrees well with
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the value measured with defect-rich V,Os [47]. Further-
more, Van den Berg showed that the two different sets of
activation energies and pre-exponential factors were not ac-
companied by different reaction orders [47], which implies
that indeed two different mechanisms are operative.

The present chapter deals with the in situ characterisa-
tion of a 17.5 wt% V,0s-0n-Al;O3 catalyst. The sample
was studied with in situ X-ray absorption spectroscopy after
different pre-treatment procedures and during catalytic ox-
idation of CO and n-C4H1g. Furthermore, the structure of
the catalyst was studied after removal of oxygen from the
feed. When the associative mechanism is viable, removal
of oxygen should have no or only little impact on the spec-
tra. However, when the Mars—van Krevelen mechanism is
operating, these oxygen-free conditions should result in re-
duction of the sasmple. Consequently, structural changes of
the VO, phase are expected and these should be observable
in both the XANES and EXAFS part of the XAFS spectra
of the catalyst.

Additional TPR/TPO experiments and principal compo-
nent analysis (PCA) were performed to support the X-ray
absorption spectroscopy results. It will be shown that the
structure of the supported VO, species strongly depends
on the employed conditions (dehydration, oxidation and
reduction). The structural changes upon reduction of the
specimen will be dealt with, and a model of the reduced
VO, structure will be presented. As far as we know, no
characterisation of the reduced vanadium oxide phase has
been reported in the literature [24].

2. Experimental
2.1. Sample preparation

17.5 wt% V,0s on alumina (Harshaw, ~180 m?/g)
was prepared by incipient-wetness impregnation. A vana-
dium(I11) isopropoxide (Alfa, 95-99% purity) in methanol
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(Fisher, 99.9% purity) solution was used to impregnate the
oxide support in a nitrogen environment. The sample was
first dried in N, at room temperature for 2 h to remove
excess methanol and further dried at 393 K for 16 h under
flowing N2. The samples were finally kept at 773 K for
1 h under flowing N, and an additional 15 h under flowing
dry air to form surface vanadium oxide species.

2.2. XANES/EXAFS experiments

V K-edge absorption spectra were taken at station 8.1 of
the SRS in Daresbury (UK), using a Si(111) double crys-
tal monochromator. The measurements were generally per-
formed in transmission mode using ion chambersfilled with
Ar to have a pux of 20 and 80% in the first and second
ionisation chamber, respectively. The monochromator was
detuned to 50% of maximum intensity at the V K-edge
(5465 eV) to minimise the presence of higher harmonics.

To minimise high and low frequency noise the counting
time per data point was 1000 ms and at least four scans
were averaged. A vanadium metal foil of 5 ym was used
for calibration of the edge position. Absorption spectra
were calibrated at the position of the main-edge jump of
vanadium at 5465 eV according to Wong et al. [42,44)].

The sample was pressed into a self-supporting wafer and
mounted in an in situ EXAFS cell [49,50], equipped with
beryllium windows. The thickness of the wafer was chosen
to give an absorption (uz) of 2.5 at the absorption edge for
optimal signal-to-noise ratio. To prevent thickness effects
for the highly loaded samples 1.z was set to yield of a step
of 1.0 in absorption in the edge region. Typically, about
20 mg of catalyst was used, accompanied with 40 mg of
BN in order to have a manageable amount.

Samples have been studied after several treatments,
which are specified in table 1. Prior to these treatments,
the sample was prepared and treated as described above.
After treatment 1, the sample will be denoted as the fresh

Table 1
Conditions after and during which the X-ray absorption data were collected. All flows
were set to about 100 ml/min.

Treatment Pre-treatment

Measuring conditions

15 min He flush at RT
2 (8 15 min He flush at RT

He, 77 K

(b) RT to 723 K (300 K/h) in He

(c) Cooldown to RT in He
3 (a) 15 min He flush at RT

He, 77 K

(b) RT to 723 K (300 K/h) in air

(c) Cooldown to 623 K in air

4 (a) Treatment 3

Air, 623 K

(b) RT to 623 K (300 K/h) in He

(c) 30T min 1% CO, 5% O, in He a 623 K

5 (a) Treatment 4

(b) 30" min 1% CO in He a 623 K

6 (a) Treatment 5

(b) 60T min 1% CO, 5% O, in He a 723 K

7 (a) Treatment 6

(b) 30+ min 1% CO in He a 723 K

CO, Oy, He, 623 K

CO, He, 623 K

CO, Oy, He, 723 K

CO, He, 723 K
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catalyst. Treatments 2 and 3 were dehydration experiments
in helium and in air, respectively. The mechanistic studies
were started with the dehydration procedure in air (treat-
ment 3). The mechanism of the CO oxidation reaction was
studied at two different temperatures, i.e., at 623 and 723 K.
The first temperature is well below the temperature corre-
sponding with the kink in the Arrhenius curve (670 K) as
observed by Van den Berg and 723 K is above this temper-
ature [47].

Data reduction and data analysis were performed with
the XDAP code developed by Vaarkamp et al. [51]. Stan-
dard procedures were used to extract the EXAFS data from
the measured absorption spectra. The pre-edge was sub-
tracted using a modified Victoreen curve [52] and the back-
ground was subtracted using cubic spline routines [53,54].
Normalisation was performed by dividing the data by the
height of the absorption edge at 50 €V.

Averaging 34 scans of the individual background-
subtracted and normalised data attained the final EXAFS
function.

Phase shifts and backscattering amplitudes from refer-
ence compounds were used to calculate the EXAFS con-
tributions: NagVO, for the V-O contribution and Ti-foil
for the V=V contribution. The co-ordination in vanadium
metal is bce, which implies that there is considerable over-
lap between the first two co-ordination shells. Therefore,
the metal is not suitable for use as a reference compound
for the V-V scatterer pair. We have used Ti-foil as a re-
placement. Titanium is adjacent in the periodical table,
and it is assumed that the backscattering amplitude and the
phase shift will not differ to a great extent from those of
vanadium.

The fit parameters were determined by multiple shell fit-
ting in R-space [55,56]. Backscatterers were identified by
applying the difference file technique using phase-corrected
Fourier transformations [54,55,57]. The final fit parameters
were obtained after a full optimisation of all parameters
in both k' and k% weighting in the Fourier transforma-
tions. Variances were calculated according to the methods
described by Mojet [56]. Theinaccuraciesin thefit parame-
ters were estimated to be 20% in co-ordination number (N),
1% in distance (R), 5% in Debye-Waller factor (Ac?), and
10% in inner potential correction (AEo).

2.3. Principal component analysis

Principal component analysis (PCA) is a numerical tech-
nigque that can indicate the number of spectral components
that contribute to a series of spectra consisting of differ-
ent components. The use of PCA is especialy vauable in
the analysis of EXAFS data, since the distorted nature of
oxides makes analysis of the EXAFS data difficult when
using traditional curve-fitting methods. Furthermore, it has
been applied with XPS data, where the lack of proper ref-
erence spectra makes curve-fitting difficult [58—60]. A nice
introduction to PCA is outlined by Hercules et al. [58,61].
The requirements for PCA are: (i) the measured spectra
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are linear sums of the individual components; (ii) the com-
ponents vary independently; (iii) the data matrix contains
more spectra than components [58].

PCA was carried out on x(k) spectra using a procedure
outlined by Malinowski [62]. First, a data matrix, [D], was
constructed from the x(k) spectra such that the columns
correspond to the individual y (k) spectra and the rows to
the x(k) spectral elements (the data points). The next step
usually is to obtain the correlation or covariance values, ro,
by multiplying [D] with its transpose. In general, it is not
mandatory for PCA that the spectral elements of (k) occur
at identical abscissa intervals [61]. Subsequently, a sym-
metric square matrix, [Z], is constructed. The [Z] matrix is
then decomposed into eigenvectors using an iterative pro-
cedure, according to Malinowski [62]. The eigenvectors or
abstracted principal components, which represent the signal
data in the matrix, can be separated from those which ac-
count for random noise. The indicator function (IND) and
the F-test are usually chosen as criteria for selecting the
number of abstract principal components [61]. IND is an
empirical function proposed by Malinowski, which should
reach a minimum when the correct number of abstract prin-
cipal components are considered [62]. The F-test requires
evaluation of the F' statistics to test two variances [63,64].
The probability that F'-values higher than the evaluated F
statistic exist is given by «. The null hypothesis is that
a given factor is a member of the pool of factors, which
are considered as noise. Hence, if a is < P%, then the
associated eigenvector is accepted as an abstract principal
component. Generally, the P% test level is 10% [61].

2.4. TPRITPO experiments

Reduction and re-oxidation of the sample was studied
using temperature-programmed reduction and temperature-
programmed oxidation. TPR/TPO experiments were carried
out with a TPD/R/O 1100 apparatus (Thermoquest/CE in-
struments). 91.6 mg of the sample (as synthesised) was
placed in a quartz tubular reactor and dehydrated by heat-
ing a 623 K in air. Subseguently, TPR was performed
with a mixture of 5% H, in argon (20 ml/min, heating rate
10 K/min). After the first TPR experiment, the sample was
cooled down to room temperature and TPO was performed
with a mixture of 5% O, in He (20 ml/min, heating rate
10 K/min). Subsequently, a second TPR experiment was
performed (conditions equal to the first TPR).

3. Results

We will present the results of this investigation in sepa-
rate sections. These sections are distinguished by the four
different types of experimentsthat we have performed, i.e.,
dehydration, CO oxidation at 623 K, and CO oxidation at
723 K.
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3.1. Dehydration experiments

Figure 6 represents the V K-edge spectra of the fresh
17.5 wt% V,0s5/Al,03 sample and after the two different
thermal pre-treatment procedures, i.e., in He and in air.

The spectrum of the fresh catalyst shows the typical
vanadium K-edge spectrum, i.e., a pre-edge peak (5470 eV)
peaks at the absorption edge (5480 eV) and peaks at en-
ergies more than 10 eV higher than the edge position. It
is obvious that the two pre-treatment procedures result in
different spectra. The changes of the edge positions as well
as the relative intensity of the pre-edge are represented in
table 2. Besides the differencesin position and intensity of
the pre-edge, also the peaks around and beyond the absorp-
tion edge show clear differences. Pre-treatment in helium
resulted in a shift of the pre-edge to lower energy and a de-
crease of the pre-edge intensity. During the pre-treatment in
air, however, the pre-edge dlightly shifted to higher energy
and the relative intensity increased.

Figure 7 represents the raw EXAFS functions after or
during the different treatments. It is obvious that differ-
ences between the three samples are also visible in the
EXAFS data. From the spectrain figures 6 and 7, it can be
concluded that the dehydration method had a tremendous
impact on the final structure of the catalyst sample. Dehy-
dration in helium does not result in the same structure as
dehydration in air.

Absorption (a.u.)

..... fresh, 77 K

...... He, 77 K
— air, 623K
5450 5470 5490 5510 5530 5550
Energy (eV)

Figure 6. V K-edge spectra of the 17.5 wt% V,05/Al,03 catayst after
different dehydration procedures (for conditions see table 1).

Table 2
Pre-edge positions and relative intensities of the 17.5 wt% V,0s/Al,03
sample after/during the different treatments.

Treatment Conditions Pre-edge position (€V)  Ipre-edge/ Iedge

1 Fresh, 77 K 5469.4 0.49
2 He, 77 K 5468.6 0.31
3 Air, 623 K 5469.2 0.55
4 CO, O3, He, 623 K 5469.2 0.54
5 CO, He, 623 K 5469.2 0.53
6 CO, Oy, He, 723 K 5469.4 0.48
7 CO, He, 723 K 5468.4 0.18
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We have determined the structural parameters of the
17.5 wt% V,0s/Al,03 sample during the different treat-
ments using a k2 R-space fit with the difference file tech-
nigue. This was performed using the XDAP code [51].
The accompanying structural fit parameters are included in
table 3.

EXAFS analysis of the hydrated sample (treatment 1)
showed one short vanadyl bond at 1.55 A and a second
V-0 bond at 1.74 A. Furthermore, two oxygen neighbours
located at 1.90 A have been found. The k? Fourier trans-
form of the raw data and of the best fit of this sample are
represented in figure 8. The structure of the sample that was
dehydrated in helium (treatment 2) is more complicated. It
was not possible to obtain a reliable fit with parameters
known from the literature.

After dehydration in air (treatment 3), we observe one
short bond of 1.62 A and three longer bonds of 1.82 A. This
distorted tetrahedron is in agreement with the shape of the
XANES for this specimen. The k? Fourier transform of the
raw data and of the best fit of this sample are represented
in figure 9. The sample that had been dehydrated in air has
been used for the mechanistic studies.

3.2. CO oxidation at 623 K

In figure 10, the different in situ V K-edge spectra of
the catalyst during CO oxidation with and without oxy-
gen at 623 K are represented. The spectra show that there
are only small differences between the spectra of the de-
hydrated sample (treatment 3) and the sample during CO
oxidation at 623 K (treatments 4 and 5). Moreover, minor
changes in the first peaks around the absorption edge are
observed. Thereisalmost no difference between the spectra
taken during the steady-state experiment or after removal
of oxygen from the feed at 623 K.

The sample that was dehydrated in air was used for all
further in situ experiments. During CO oxidation at 623 K,
almost no changes in the spectrum can be observed as rep-
resented in figure 11. Bond distances and co-ordination

over———————————— - fresh, 77 K
----- He, 77 K
— air, 623K
=
% ol EHNAS AN A S
S
-0.16 :
0 1 2 3 4 5 6 7 8

Wave vector (A1)

Figure 7. EXAFS spectra of the 17.5 wt% V,0s5/Al,03 catalyst after
different pre-treatment procedures (for conditions see table 1).
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Table 3
Structural parameters of the 17.5 wt% V,0s/Al,03 sample after different treatments. R =
distance, CN = co-ordination number, Ac? = deviation of Debye-Waller factor from NagVO,
reference compound, Ep = inner-potential correction.

Treatment Description Scatterer R A) CN Do? Eo
1 Fresh (e} 155 10 —0.01738 —-121
O, 1.74 1.0 —0.01892 4.57
O3 1.90 2.0 0.00184 2.01
3 Air, 623 K O 1.62 1.0 —0.00989 0.49
O, 1.82 3.0 0.01463 0.84
4 CO, O, He, 623 K O 1.62 1.0 —0.00693 243
O, 1.82 3.1 0.02309 2.16
5 CO, He, 623 K O 1.62 1.0 —0.00651 117
O, 1.82 3.1 0.02457 2.77

6 CO, O, He, 723 K A -a _a _a _a
7 CO, He, 723 K (e} 197 3.0 —0.00100 —4.85
O, 2.10 31 0.00138 5.46
Aly 2.73 2.9 0.02300 571
Al, 3.79 1.0 0.00361 1.22

aNo acceptable fit of data obtained.
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Figure 8. Fourier transforms (k2, Ak = 25-80 A=, AR = 1.0-30 A)  Figure 10. V K-edge spectra of the 17.5 wt% V,0s/Al,05 catalyst before
of the EXAFS spectrum (solid ling) and the best fit (dotted line) of the and during CO oxidation at 623 K (for conditions see table 1).
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Figure 9. Fourier transforms (k2, Ak = 2.5-8.0 A=l AR = 1.0-30 ,&)
of the EXAFS spectrum (solid line) and the best fit (dotted line of the  Figure 11. EXAFS spectra of the 17.5 wt% V,0s/Al,03 catalyst before
sample that was dehydrated in air (treatment 3). and during CO oxidation at 623 K (for conditions see table 1).
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Figure 12. V K-edge spectra of the 17.5 wt% V,0s/Al,03 catalyst before
and during CO oxidation at 723 K (for conditions see table 1).
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Figure 13. EXAFS spectra of the 17.5 wt% V,05/Al»,03 catalyst before
and during CO oxidation at 723 K (for conditions see table 1).

numbers remained the same within the experimental error.
However, for both V—O contributions, at 1.62 and 1.82 A,
respectively, increased Debye-Waller factors are observed.
In the absence of oxygen at 623 K (treatment 5), the cat-
alyst showed a further increase of the Debye-Waller fac-
tors, but again, no changes in distance and co-ordination
number.

Figures 7, 11, and 13 indicate that the structure of the
supported V,0s phase is closely analogous for several dif-
ferently pre-treated samples. The air-dehydrated sample
(treatment 3) and of the samples of the steady-state exper-
iments with CO at 623 and 723 K (treatments 4 and 5) are
amost identical. These spectra are assumed to be composed
of various distinct V,0s5 species, i.e., monomeric vanadyl
species and polymeric vanadate species [48].

However, it appeared possible to fit the data with one
major component, the monomeric vanady! species. Never-
theless, the residuals indicate that for a proper fit aso the
polymeric species must be taken into account. To establish
the number of species and their relative amount, principal
component analysis (PCA) was applied.
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Table 4
Principle component analysis of the 17.5 wt% V,0s/Al,03 before and
during CO oxidation at 623 and 723 K and the first oshell fit of the
monomeric species. Analysis range = 2.5-8 A~ L.

Factor - IND F Q (%)
1 0.72169 1.79 x 103 70.77 011
2 0.01794 1.69 x 103 12,52 3.84
3 0.00158 2.87 x 10—3 201 23.01
4 0.00051 4.19 x 103 9.48 19.99
5 0.00003

In table 4, results of the principle component analysis
of a data matrix containing the spectra of treatments 3, 4
and 5, as well as the chi data of the fit of the monomeric
species are represented. The spectral window for the analy-
sis was 2.5-8 A—1. The data show a minimum for the in-
dicator function (IND) at the second factor. Furthermore,
the Q-test values exceed the 10% margin at the third fac-
tor. These results indicate that the spectra of the 17.5 wt%
V,05/Al,03 catalyst consists of two components during or
after treatments 3, 4, and 5, i.e., the vanadyl monomers and
polymeric species, which have not been included in the fit.

3.3. CO oxidation at 723 K

Figure 12 shows the spectra during CO oxidation at
723 K. At 723 K, the spectrum of the first scan was al-
most equal to the previous spectrum (623 K CO oxidation).
However, the two following spectra were already different.
Thisindicates that the sampleis changing under the applied
conditions. Furthermore, switching off oxygen at 723 K
turned out to have a substantial effect on both the pre-
edge and the absorption edge itself (figure 11). Both edges
shifted to lower energies. Furthermore, the relative inten-
sity of the pre-edge decreased from 0.55 (Ipre-edge/ Iedge) tO
0.18, as indicated in table 2.

In agreement with the XANES spectra, differences were
observed between the various scans during the steady-state
experiment at 723 K (treatment 6), as indicated in figure 13.
This indicates that the structure of the catalyst changed
under these conditions. We have performed a CO oxida-
tion experiment in the in situ EXAFS cell, connected to
an on-line Balzers QM S420 mass spectrometer. Although
we reglise that the experimental set-up in the EXAFS cell
did not meet the ideal microreactor conditions (plug-flow,
etc.) [65], the corrected CO conversion was 4% at 623 K
and 23% at 723 K. Consequently, the differences in the
spectra could be brought about by the different composi-
tion of the gas mixtures at different conversion levels.

When oxygen was removed from the feed at 723 K
(treatment 7), a more dramatic change of the catalyst struc-
ture was observed. This structural change is probably the
result of reduction of the vanadium species in the catalyst.
Equal results have been obtained in n-butane oxidation at
723 K, athough the effects of water have to be taken into
account there also [66].

As far as we know, no characterisation of a reduced
vanadium oxide phase has been reported in the litera-
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ture [24]. Therefore, analysis of the EXAFS data of the
reduced phase will provide useful new information. We
have fitted the structure of the reduced vanadium oxide
phase with three oxygen neighbours at 1.97 A and three

1

FT (a.u.)

Figure 14. Fourier transforms (k2, Ak = 2.5-8.0 A~1, AR = 1.0-35 A)
of the EXAFS spectrum (solid line) and the best fit (dotted line) of the
sample after reduction in CO at 723 K (treatment 7).
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oxygen neighbours at 2.10 A (distorted octahedral geome-
try). Furthermore, two vanadium—aluminium contributions
were included in the fit, i.e,, at 273 A (CN = 3) and at
3.79A (CN = 1). The k? Fourier transforms of the EXAFS
data and of the best fit of this sample are represented in fig-
ure 14.

Figure 15 represents the Fourier transforms of the fits of
the four contributions in the EXAFS spectrum after reduc-
tionin CO at 723 K (solid lines). Furthermore, the Fourier
transforms of the raw data minus the other three contribu-
tions (dotted lines) are shown for Op, Oz, Aly, and Aly,
respectively. The results indicate that the fit of the EXAFS
data of the reduced V,0s/Al,O3 catalyst are excellent. The
residualsin thelow R range, which can be observed clearly
in the fits of Al; and Al, and to a minor extent in the fit
of O, are AXAFS (atomic EXAFS) contributions [67]. We
will deal with this feature in a forthcoming paper [68].

3.4. Temperature-programmed reduction

Temperature-programmed reduction (TPR) is a tech-
nique that provides information about the reducibility of
oxidic materials. We have applied TPR to study the struc-
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Figure 15. Fourier transforms (k2, Ak = 2.5-8.0 A*l) of the fits of the various shells of the EXAFS spectrum (solid lines) and the raw data minus
the fits of the other shells (dotted lines) of the sample after reduction in CO at 723 K (treatment 7).
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Figure 16. TPR patterns of the 17.5 wt% V,0s/Al,O3 sample after de-
hydration (first TPR) and after re-oxidation (second TPR). Between sub-
sequent TPR/TPO/TPR runs, the sample was not exposed to air.

tural changes upon cyclic reduction/re-oxidation experi-
ments. The results could give information about the struc-
ture of the reduced vanadium oxide phase as measured with
the in situ EXAFS experiments.

Figure 16 represents the results of the TPR experiments
of the dehydrated catalyst (first TPR). After this experiment,
we re-oxidised the specimen and subsequently, performed
a second TPR experiment. During the first TPR, one broad
asymmetric peak is observed. The onset temperature is
about 600 K and the peak maximum is at 800 K. The to-
tal integrated intensity of the peak corresponds nicely to a
reduction of V5t to V3+,

For the second TPR, the onset temperature is again
600 K, but the T has shifted to a higher temperature.
The differences between the peak areas of the two TPR ex-
periments were about 7%, which is within the experimental
error.

4. Discussion

It is well known that the activity and selectivity of sup-
ported V,0s catalysts strongly depend on the supports used
and the preparation procedures. One of the essentia factors
in controlling the catalytic performanceisthelocal structure
of the vanadium oxide species on the support. The oxygen
co-ordination number and the state of aggregation on var-
ious supports have been widely studied. For reasons of
comparison, we will start the discussion of our results with
an overview of what is known in the literature about the
structure of supported vanadium(V) oxide. Subsequently
we will discuss our results for the different types of exper-
iments (dehydration, CO oxidation at 623 K, CO oxidation
at 723 K and C4Hjp oxidation at 723 K) and compare the
results with literature data. Finally, we will place our re-
sults in the framework of the associative mechanism and
the Mars-van Krevelen mechanism and propose a model
for the structure of the reduced vanadium oxide phase.
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4.1. X-ray absorption spectroscopy with (supported)
vanadium oxide

Wong et a. have investigated the V K-edge spectra of
a broad range of vanadium compounds, including oxides,
vanadates, vanadyl compounds and intermetallics in great
detail [42,44]. Their study has been of great importance
for the interpretation of all later work on V K-edge spectra
regarding symmetry, co-ordination geometry, ligand type
(N,O) and bond lengths.

Wong et al. distinguished two types of near-edge spec-
tra (i) octahedrally co-ordinated compounds, such as
V,03, etc.,, which exhibit a weak pre-edge absorption
peak, and (ii) tetrahedrally co-ordinated compounds, such
as NH4V Og, etc., or compounds with a short vanadyl bond
in a sguare pyramid, al of which exhibit a rather strong
pre-edge peak [42].

This pre-edge peak is the result of a transition from the
1s state to the total empty manifold of the compound. For
atransition metal atom (like vanadium) in octahedral sym-
metry, the 1sto 3d transition is dipole forbidden, but it is an
allowed quadrupole transition [42]. It is weak, but observ-
able. However, in a distorted octahedral environment, mix-
ing of the 3d orbitals with the 4p orbitals takes place [42].
Therefore, the pre-edge peak can be rather strong, as for
instance in the spectrum of bulk V,0s [42]. For tetrahedral
complexes, the lack of acentre of inversion permitsadipole
transition from 1s to the T, orbitals, which can possess 4p
character in addition to 3d character. This gives rise to the
strong pre-edge usually found with these compounds [42].

Various authors have described the application of XAFS
to study supported V,Os cataysts. Kozlowski et al.
have studied vanadium oxides supported on silica and ~-
alumina [10,11]. They found that the main species on au-
minaare VO, dimers with two short (1.67 ,&) and two long
(1.82 ,&) V-0 bonds, whereas on silica mainly V,0s-like
clusters were observed.

Tanaka et al. observed polymeric VOs square pyramids
on silica and monomeric VO, tetrahedrons on alumina un-
der ambient conditions [7]. For the dehydrated samples,
VO, tetrahedrons were also observed with the alumina-
supported catalyst. No octahedral species were found with
EXAFS [8]. These species could not be completely ex-
cluded, because diffuse reflectance UV-VIS experiments
revedled a broad, but small band in the 400-500 nm re-
gion [8]. This band was assigned to a charge-transfer band
of octahedral VOg species [69].

Yoshida et al. have investigated the structural parameters
of alumina-supported VV,0s in the hydrated and dehydrated
state with X-ray absorption spectroscopy [7-9]. However,
no clear information about the dehydration procedure has
been provided (air or inert). For the dehydrated sample they
reported one short V=0 bond of 1.63 A (Ac? = —0.0050)
and three longer V-O-support bonds (R = 1.78 A, Ao? =
0.0065). They found that in the hydrated sample, the V=0
bond is dlightly elongated (1.67 A), and the Debye-Waller
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factor increased to 0.0022 indicating that the oxygen is less
tightly bound (structure (B) in figure 1).

Gao et al. have reported XANES data of a 10 wt%
vanadium oxide-on-silica-catalyst in the hydrated and de-
hydrated state, of which the pre-edge position and intensity,
as well as the XANES are amost equal to our results [1].
Based on their X-ray absorption spectra and UV-VIS DRS
spectra, they concluded that the structure of the dehydrated
silica-supported V,0s phase consists of a distorted tetrahe-
dron [1].

4.2. Structure of the supported vanadium oxide phase

Considering our XAFS results, it is obvious that for the
17.5 wt% V,0s-0n-Al,03 catalyst, a geometry without in-
version symmetry is expected in aimost al cases. Only the
reduced samples, i.e., the samples after dehydration in he-
lium or during CO and n-C4H31o oxidation in the absence of
oxygen at 723 K (treatments 2, 7, and 9), show a decreased
pre-edge feature that is shifted to lower energies. These
results strongly indicate that the preferred geometry of the
sample is tetrahedral in the oxidised state, and (distorted)
octahedral in the reduced state [70]. In case of complete in-
version symmetry, only the quadrupole contributions to the
pre-edge peak are observable. For iron-based compounds,
this results in an Ipre-edge/ Ledge ratio of 0.07 [71]. However,
for vanadium compounds, this ratio is not known. There-
fore, it isdifficult to attribute a specific co-ordination geom-
etry to the reduced VO, phase. Nonetheless, it is expected
that this co-ordination is preferably distorted octahedral.

Theresults of our in situ experiments show that the tetra-
hedron at the oxidised state is not affected by the conditions
during the steady-state oxidation reactions at 623 K. How-
ever, under CO oxidation conditions at 723 K (treatment 6)
the structure of the supported vanadium oxide phase already
changes. When oxygen is removed from the feed at 723 K
(treatment 7), the pre-edge peak shifts to lower energy and
the intensity decreases. Furthermore, the XANES spectrum
changes. These changes indicate that the vanadium geom-
etry changes from distorted tetrahedral to distorted octahe-
dral. These findings are in agreement with the structural
parameters obtained from the EXAFS data analysis. We
will now discuss the EXAFS results during the different
treatments of this investigation.

4.3. Sructure before and after dehydration experiments

The XANES spectra of the fresh 17.5 wt% V,0s-0n-
Al,O3 catalyst and the spectra that were obtained after
the two different dehydration procedures show differences
in co-ordination geometry. The fresh, hydrated sample
exhibits the characteristic XANES of a VOs compound
(square pyramidal configuration as in V,0s5, V407 or V
metal) [42—44)]. After dehydration in helium (treatment 2),
the XANES spectrum resembles the spectra reported for
octahedral (VOg) compounds [42—44], whereas after dehy-
dration in air (treatment 3), the characteristic spectrum of
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a tetrahedrally co-ordinated vanadium compound (VOy) is
observed [42-44].

The EXAFS data of our dehydration experiments also
display remarkable differences between the spectra of the
fresh sample (treatment 1) and the dehydrated samples
(treatments 2 and 3). The data for the fresh sample do not
match the model proposed by Yoshida and co-workers, i.e.,
a tetrahedral monomer with elongated vanadium-oxygen
bonds. We obtained better results when a model that re-
sembles structure (C) in figure 1 was used. This structure
isin agreement with the dehydration model as proposed by
Gao et a. for a 10 wt% V,0s5-0n-SiO, catalyst [1].

After dehydration in helium, the vanadium species could
have been reduced due to removal of the OH groups from
the hydrated structure. Thisis, however, not resulting in the
same reduced phase as with the samples reduced by CO.
We were not able to obtain a good fit of these data, because
defect-rich species have been formed after dehydration in
helium. Thisis probably the result of inhomogeneity of the
type of species present after dehydration in helium.

Based on the Raman results of Wachs and co-workers,
we expect that a tetrahedral species with one short vanadyl
bond and three longer vanadium—oxygen bonds is formed
after dehydration in air (treatment 3) [48]. This model is
in agreement with our XANES data of this sample. The
EXAFS data analysis was successfully performed with a
fit consisting of one short vanadyl bond (1.62 A) and three
V—O-Al bonds (1.82 A). However, the Raman data reveal ed
an additional component in the spectra of the dehydrated
sample, i.e., polymerised vanady! species. Although we ob-
tained a good fit of our raw EXAFS function with only the
monomersin our model, we have applied principal compo-
nent analysis (PCA) to see whether more components are
present in the spectrum of the dehydrated sample (treat-
ment 3).

The results of the PCA clearly indicate the presence of a
second component in the spectrum of the dehydrated sam-
ple. The IND function shows a minimum for the second
factor and both, thefirst and the second factor show a @@ (%)
of less than 10% which was set as the limit. The eigenvec-
tors indicate that the first factor is the dominant species in
the sample. This factor is the monomeric (Al-O)3—V=0
species. The minor component is probably the polymeric
type of species (figure 1(D)).

4.4. Sructure during CO oxidation at 623 K

During CO oxidation at 623 K (treatment 4), the struc-
ture of the supported V,0s5 phase does hardly change as
compared to that of the air-dehydrated sample (treatment 3).
Besides small changesin the Debye-Waller factors, spectra
are nearly egual. Furthermore, when oxygen was removed
from the feed (treatment 5), no changes in the structure of
the XANES and EXAFS spectra are observed. These re-
sultsindicate that the applied conditions have no impact on
the structure of the supported vanadium oxide phase at this
temperature.
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4.5, Sructure during CO oxidation at 723 K

During CO oxidation at 723 K, we have already ob-
served changes in the XANES and EXAFS spectra during
the steady-state experiment (treatment 6). This indicates
that under the steady-state conditions, the structure of the
supported vanadium oxide phase is changed by the reac-
tants. However, when oxygen is removed from the feed at
723 K (treatment 6), more pronounced structural changes
occurred. These changesindicate that CO is able to remove
oxygen from the catalysts. Reduction brings about removal
of oxygen. The XANES data, however, show a change of
the local geometry around vanadium from tetrahedral (VOy)
to octahedral (VOg), i.e., an increased oxygen co-ordination
number. This can only be the result of a dramatic structural
change of the supported VO,, phase. As was mentioned be-
fore, the structure of the reduced vanadium oxide phase has
not been resolved yet.

Based on the XANES spectra of the reduced sample,
which are represented in figure 12, formation of a distorted
octahedral configuration upon reduction is expected. How-
ever, the pre-edge position clearly indicates that reduction
of the sample by CO had taken place. This means that de-
spite the reduction, an increase of the oxygen co-ordination
number has occurred. To our opinion, two explanations
could be given for the increase of the oxygen co-ordination
number upon reduction of the sample, i.e.,, formation of
bulk V,03 or migration of the V3* ions into the v-Al,O3
lattice.

Haber has suggested that the reduced VO, phase ex-
ists as bulk V,03 on the surface of the support [72]. The
structure of V503 isisomorphous with corundum a-Al,Os,
in which the oxygen positions are hexagonal close-packed
(hcp), with the trivalent cations occupying the octahedral
interstices [73]. This results in three vanadium—oxygen
bonds of 1.96 A, and three vanadium-oxygen bonds of
2.06 A [42,73]. The pre-edgefeaturein the XANES spectra
of the reduced samples makes this structure to be a possible
candidate for the analysis of the EXAFS data. However,
vanadium neighbours should also be taken into account and
we were not able to insert V-V contributions in our fitting
procedure. Furthermore, the formation of bulk V,03; upon
reduction of the supported vanadium oxide phase could re-
sult in the formation of bulk V,Os after re-oxidation of the
sample. However, this does not occur and after re-oxidation
of the vanadium oxide s redispersed into a monolayer [72].
However, our TPR/TPO experiments did not give an indi-
cation of sintering, providing that the oxidised VO, phase
does not re-disperse. On the contrary, the peak maximum
of the second TPR has shifted to a higher temperature.
Since for V05 the nucleation-reduction mechanism is op-
erative [74], thisis a strong indication that the particles are
better dispersed after re-oxidation of the reduced sample.

The other possibility of obtaining asix-fold co-ordination
of V3 is migration of the low-valent ions into the
~-Al,O3 lattice. Various authors have described processes
in which low-valent cations have been incorporated in the
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Figure 17. V-O and V-AI contributions and total R-space fit of the re-
duced sample. Without the V-AI contributions, fit results were not ac-
ceptable.

(sub)surface layers of ~-alumina[75-77]. These ions might
occupy the tetrahedral and octahedral sites of ~-alumina
with the formation of a “surface spinel” [75] or AIVOs
type of compound [78]. We therefore suggest that the
V3* jons have migrated into the y-Al,Os lattice, resulting
in the formation of a (surface) ABOs-type of compound.
In literature, only a few examples of such materials are
known [78,79]. Reid and Sabine reported the formation of
AlIV O3 as the result of the H, reduction of a physical mix-
ture of V,05 and Al,O3 [78]. In this metal-deficient spinel,
V3+ cations are positioned preferentially in the octahedral
AI3t positions of the Al,O3 lattice, forcing the AI*t ions
into tetrahedral positions [78]. Although in our 17.5 wt%
V,05-0n-Al,03 catalyst much less vanadium is present, we
think that the process is similar. Therefore, we have used
the structural parameters of AIVOs to fit the EXAFS spec-
trum of the reduced VO,.. The EXAFS datanicely correlate
with this model, showing both V-O and V-AI contributions
in the spectra. Analysis of the data is complicated, because
the V=0 and V-Al contributions in the Fourier transforms
are strongly interfering and correlated, as can be seen in
figure 17. This might explain the absence of V3+ EXAFS
analysis data in the literature on supported vanadium ox-
ide. However, the data in figure 15 show that the fits for
the catalyst after reduction in CO at 723 K are excellent.
We have also performed molecular modelling (force
field) on the reduced vanadium oxide-on-alumina system.
Preliminary results reveal that V3* ions are not stable on
the surface of alumina and that they immediately migrate
to an AI®t octahedral position after reduction. However,
for most ions (Cr3*, Ni%*), this process is irreversible and
re-oxidation of the sample is aimost impossible [75,76].
Nevertheless, our TPR/TPO experiments show that it is
possible to re-oxidise the reduced vanadium oxide catalyst.

4.6. EXAFS results in relation to the oxidation mechanism

Our XAFS experiments were performed at two different
temperatures, i.e., at 623 and 723 K. Based on the results of
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Figure 18. Model for the structure of the supported hydrated, dehydrated and reduced vanadium oxide phase.

Van den Berg, who studied the CO oxidation reaction with
V,05-0n-Al,03, we expect that the associative mechanism
is operative at 623 K [47]. When the associative mecha-
nism is operating, oxidation of CO proceeds via adsorbed
oxygen anions, and hence the structure of the supported
vanadium oxide phase is not affected by the reactants. No
|attice oxygen is consumed and, consequently, the structure
of the supported vanadium oxide phase does not change
when oxygen was removed from the feed at 623 K (treat-
ment 5). The results of our XAFS experiments at 623 K
are in full agreement with the associative mechanism.

When the oxidation reaction obeys the Mars-van
Krevelen mechanism, the reaction consumes lattice oxygen.
Thelattice is subsequently re-oxidised by gas phase oxygen.
Our CO oxidation experiments at 723 K show that the cata-
lyst structure was already changing under steady-state con-
ditions, which indicates that lattice oxygen is involved in
the oxidation process under these conditions. Furthermore,
when oxygen was removed from the feed, the structure of
the supported vanadium oxide phase changed completely.
This indicates that the reaction proceeds via the Mars-van
Krevelen mechanism under these conditions, because struc-
tural changes can only appear when lattice oxygen is con-
sumed.

5. Conclusions

In this paper, we have shown that X-ray absorption
spectroscopy is a useful tool to monitor the structure of
a 17.5 wt% V,0s-on-v-Al,O3 catalyst. Experiments were
performed in situ, i.e., a reaction temperatures and in the
presence of reactants. We have used XANES, EXAFS, PCA
and TPR/TPO experiments to obtain a better understanding
of the structure of the supported vanadium oxide phase and
the influence of the reaction conditions on the structure.

The fresh catalyst is hydrated and the vanadium oxide
phase consists of a species, which is bound to the support
with two oxygen atoms. Furthermore, the vanadium atom
is co-ordinated by one vanadyl oxygen atom and one OH
group. In agreement with the literature, dehydration to a
tetrahedral species occurred during thermal pre-treatment
in air. The structure of this (Al-0)3—V=0 remained sta-
ble under steady-state CO oxidation conditions at 623 and
723 K. However, when oxygen was removed from the feed
at 723 K the X-ray absorption spectradramatically changed.
These changes were the result of reduction of the vanadium
species. EXAFS data analysis of the reduced species was
complicated, but showed that the reduced vanadium ions

migrate into the surface layers of -Al,O3. Figure 18 repre-
sents a model for our findings. This process was confirmed
by molecular modelling. We think that this process is re-
versible, and that the (Al-O)3;—V=0 species are restored
after re-oxidation. To our knowledge, this is the first time
that the structure of the 3+ phase is confirmed by experi-
mental data.

Our results show that the structure of a well-dispersed
supported oxide phase is very sensitive for the applied con-
ditions (temperature, type of reactants). Therefore, X-ray
absorption spectroscopy is a powerful tool to study these
changesin relation with the reaction mechanismin situ, i.e.,
at reaction temperatures and in the presence of reactants.
Although we readlise that X-ray absorption spectroscopy
cannot be used as a stand-al one mechanistic characterisation
technique, the application of XANES and EXAFS to inves-
tigate the mechanism of oxidation reactionsis an additional
tool and catalytic experiments and *20/*60 scrambling ex-
periments will be necessary to complete the picture.
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