FHI

MAX-PLANCEK-GESELLSCHAFT

Applied Catalysis A: General 353 (2009) 288-295

Reoxidation dynamics of highly dispersed VO, species supported on

y-alumina

B. Frank™®, R. Fortrie®, C. Hess"®, R. Schldgl’, R. Schomécker”

*Department of Chemistry, Technical University of Berlin, Strafie des 17. Juni 124,
D-10623 Berlin, Germany
®Department of Inorganic Chemistry, Fritz Haber Institute of the Max Planck Society, Faradayweg 4-6,

D-14195 Berlin, Germany

‘Department of Chemistry, Humboldt University of Berlin, Unter den Linden 6, D-10099 Berlin, Germany

YInstitut des Sciences Moléculaires de Marseille, Université Paul Cézanne et Ecole Centrale de Marseille,

Case A62, Avenue Normandie-Niémen, 13397 Marseille Cedex 20, France
°Eduard-Zintl-Institute of Inorganic and Physical Chemistry, Darmstadt University of Technology,
Petersenstr. 20, D-64287 Darmstadt, Germany

" Corresponding author: e-mail schomaecker@tu-berlin.de, Fax: +49 30 31421595

Received 9 July 2008, Received in revised form 10 October 2008, Accepted 5 November 2008,
Available online 12 November 2008

Abstract

The VOy/y-AlLO5 catalyst VA-200, which was introduced in a previous article, is further characterized by XPS and visible Raman spectroscopy.
The reoxidation of highly dispersed VO species with gas phase oxygen is investigated in detail and is described by an empirical kinetic model. It
is observed that the reoxidation of reduced VO,/y-Al,O; catalyst is strongly affected by the presence of water. The proposed kinetic model in-
cludes a distinct coverage of VOy species with water or hydroxyl groups in the investigated temperature range of 479-712 K. Hydrated surface
species are oxidized under release of water. Best fits of the experimental data can be achieved with first order rate laws with respect to oxygen
concentration. Experiments are performed in an ideally mixed Berty-type reactor using oxygen step-marking over the reduced catalyst. The evo-
lution of oxygen concentration using the kinetic model is in agreement with the experimentally observed behavior. The signal of water released
during the reaction can be modeled only qualitatively, which (presumably) stems from its sorption behavior on the acidic alumina support. The
oxidation of VO, species furthermore depends on the reaction temperature. The oxidation of V™" to V*V cannot be completely achieved at tem-
peratures below 673 K. However, the activation energy of this reaction is low, as suggested by the absence of strong variations of the response
shapes with respect to temperature.

Keywords: VO,/y-Al,O3; vanadia; oxidation; kinetics; Mars-van Krevelen; water

1. Introduction

Development and optimization of supported vana-
dium oxide catalysts have attracted attention because of
their activity in several partial oxidation and oxidative de-
hydrogenation reactions of saturated hydrocarbons [1-3].
These reactions are attractive alternatives towards present

processes of olefin production. However, only a few
processes have reached industrial application because of
the poor selectivity due to consecutive oxidation of the
reaction products [4-5].

The catalytic activity of vanadia is attributed to its
reducible nature and its ability to easily change its oxida-
M up to VY. 1t is strongly influenced by
the support material and the vanadia loading [6-8]. The

tion state from V
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catalytic oxidation obeys the two-step kinetic model devel-
oped by Mars and van Krevelen (MvK) [9]. In the first
step, the substrate reacts with some lattice oxygen atoms of
the supported vanadia catalyst, which is reduced in the
process. (The authors are aware of the fact that the MvK
mechanism and related terms were developed for V,0s
bulk phase catalysts. However, in conformity with mecha-
nistic aspects and the custom use in literature, the term
"lattice oxygen" is used also for vanadyl and bridging oxy-
gen atoms of dispersed non-crystalline VO, species). The
nature of the oxygen atom that is involved in the reaction is
still under discussion. Bridging [2,10-12] or vanadyl oxy-
gen atoms [13,14] have been proposed to be the active
atom in the oxidation reaction, whereas computational stu-
dies have shown that vanadyl oxygen atoms are involved in
the rate-determining step [15]. In both situations, one or
more oxygen atoms are removed from the lattice. Vacan-
cies are then consecutively filled by reaction with gas phase
dioxygen molecules in the second step and the catalyst is
reoxidized. In the present work it is considered that sub-
strate oxidation and catalyst reoxidation are two indepen-
dent steps. Many mechanistic studies covered the substrate
conversion part whereas only a few studies on the reoxida-
tion process can be found [16-18]. This may partly be due
to the ratio of the absolute rates of both parts of the catalyt-
ic cycle. Reoxidation is much faster than substrate conver-
sion in general which complicates its investigation by
conventional steady state experiments. When reoxidation is
not the rate determining step of the overall reaction, the
reaction order for oxygen in formal kinetic approaches is
low [19-23]. However, the analysis of the reoxidation step
is of a fundamental interest.

Several investigations of the reoxidation of vanadium
oxides and vanadia catalysts have been achieved using the
temporal analysis of products (TAP) method [16-24], or
analysis of transformations of ideal crystal surfaces either
spectroscopically [25-28] or theoretically [29,30]. The ex-
perimental techniques require idealized ultra-high vacuum
and/or clean monocrystal surfaces conditions, which can
render the results problematic and contradictory [31]. These
differences are well known and denoted with the term
“pressure and materials gap”, which has to be negotiated
when comparing the results gained from ideal and real sys-
tems. With that respect, a recent theoretical study combin-
ing DFT and Monte Carlo simulations brought new
valuable information concerning the equilibrium structure
of alumina supported vanadium oxides [50], but dynamic
studies remain challenging.

Water plays an important role in partial oxidation
reactions as it is a common product of selective oxidation
reactions. Also, water vapor is often added to the feed to
improve the catalyst performance. Previously is has been
shown for vanadium containing catalysts that the presence
of steam can significantly reduce the barrier for propane
activation and/or shift the product spectrum from propylene
to acrylic acid [32-34]. From a fundamental point of view,
this raises questions about the value of the sticking coeffi-

cient of water on the catalyst surface at elevated tempera-
tures.

In several studies on the microkinetics of the oxida-
tive dehydrogenation of propane (ODP) at ambient condi-
tions, the rates within the Mars-van Krevelen mechanism
are modeled with 0.5™ and 1% orders for oxygen and re-
duced vanadia sites, respectively [20,35,36]. Because reox-
idation is fast compared to substrate conversion, these
reaction orders were not determined experimentally but
were based on schematic mechanistic considerations. How-
ever, 1" rate order for oxygen partial pressure gives also
reasonable fitting results [11,37,38].

Stated models for reoxidation predict simple reaction
schemes including one or two elementary steps. However,
these models were assumed for ambient experimental con-
ditions, or gained from investigations under idealized con-
ditions (TAP). Up to now, no experimental approach
confirms these assumptions under “non-ideal” conditions.
The Berty-type reactor is a powerful tool for the investiga-
tion of the reoxidation step under ambient conditions. Iso-
thermic conditions and ideally-mixed gas phase combined
with tracer step experiments allow new insights into this
elementary reaction step in vanadia catalyzed oxidation
reactions.

Among several differently supported VO, catalysts
prepared under comparable conditions the alumina sup-
ported sample showed the best catalytic performance in
ODP with respect to propene selectivity [39]. The VO,/y-
Al)O5 catalyst VA-200, introduced in a recent article [19],
was thereby chosen for this study, however, a similar inves-
tigation is projected for low loaded SiO, (SBA-15) sup-
ported vanadium oxide samples [40].

2. Experimental
2.1. Catalyst preparation and characterization.

Low loaded VO,/Al,O; catalyst grains were prepared
by wet saturation-impregnation of a commercial porous y-
alumina support with vanadyl acetylacetonate in toluenic
solution. The method is described in a recent publication
containing also fundamental characterization and catalytic
performance in the oxidative dehydrogenation of propane
(ODP) [19]. The characterization techniques, namely N,-
physisorption, X-ray diffraction (XRD), inductively
coupled plasma spectroscopy (ICP-OES), UV-vis diffuse
reflectance spectroscopy (UV-vis DRS), temperature pro-
grammed reduction (TPR), and O,-titration, are described
there. The resulting physico-chemical characteristics gained
from the application of these methods and from additional
characterization by Raman spectroscopy and X-ray photoe-
lectron spectroscopy (XPS) are assembled in Tab. 1.
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Table 1: Physico-chemical data of the low loaded VO,/Al,05 catalyst.

Property Method Result

BET surface area N,-physisorption 106.6 m* g”!

Average pore diameter N,-physisorption 15.7 nm

Phase composition XRD v-AL O3

Chemical composition ICP-OES 1.4 wt-% V

Surface composition (atomic ratio) XPS 0: 61.2%, V: 2.5%, C: 3.8%, Al: 32.5%

Vanadia surface concentration O,-titration

State of vanadia species

troscopy

1.55 V atoms nm™

TPR, UV-vis DRS, Raman spec- highly dispersed

In our previous study [19], oxygen titration of all va-
nadia species quantified by ICP was conducted at 773 K to
test and confirm their accessibility for reaction with gas
phase reactants. The present study implies a characteriza-
tion of the redox-behaviour by varying the reoxidation
temperature between 479 and 713 K. Further characteriza-
tion of the vanadia species and their distribution is per-
formed wusing XPS and Raman spectroscopy (see
supplementary material).

2.2. Catalytic experiments in a Berty-type reac-
tor.

Catalytic experiments were performed in a Berty
“Micro” reactor purchased from Autoclave Engineers®.
This internal cycle reactor is designed with a fixed, circu-
lar, and screened catalyst bed and a top mounted vane type
blower. Gas circulation is directed downward along the
vessel wall and deflected upward through the catalyst bed.
The basket volume and the free vessel volume are 3.6 and
15.4 cm®, respectively. The model used in this study is
made of inert HASTELLOY®™ C-276 and designed for tem-
peratures up to 800 K at a pressure of 345 bar. Ideal mixing
conditions inside the vessel were proven by tracer step
experiments switching the feed between N, and O,. For this
purpose the catalyst basket was filled with inert alumina
grains with particle sizes similar to that of the catalyst
(100-300 um). The resulting concentration profiles for
ambient conditions were detected by on-line mass spectro-
metry (MS) as shown in Fig. 1. A rotation speed of at least
4000 min™ is required for ideal gas phase mixing for flow
rates up to 100 mL, min™', below this value a weak bypass
flow can be observed. The ideally mixed reactor volume
determined this way is in the range of 13 + 0.5 mL, which
is in good agreement with the data given by the supplier.

100 -
80 1
o
& + N, 25m min®
S 2 n
S 60+ ; v N, 50ml min’* J
® + N, 100 ml_min®
B 0, 25 ml_min”
8 407 ' 0,50 m| min" |7
S ' 0, 100 ml_min™
20-
|
[ S
0 50 100 150 200 250

Time/s

Fig. 1: Residence-time distribution of the Berty reactor from tracer
step experiments switching the feed from nitrogen to oxygen at
different flow rates; fit of the data with exponential decay func-
tions (full lines).

The signal functions represent nearly ideal exponen-
tial decays indicating a well mixed gas phase inside the
vessel. The signal curves can also be used to quantify the
deviations from exponential decay functions which may be
caused by back-mixing in tubing, particle filter and valves
of the experimental set-up. As can be seen, their influence
on the overall residence time behavior is negligible. During
catalytic measurements the reactants were detected by on-
line MS using a GAM 200 (InProcess Instruments) appara-
tus. Mass numbers of 2, 4, 14, 18, and 32 were monitored
for the quantification of H,, He, N,, H,O, and O,, respec-
tively, with a time resolution of 1.0 s.

For catalytic measurements the catalyst basket was
filled with 1.0 g freshly calcined catalyst diluted with inert
alumina particles of the same size and placed between two
layers of this inert material. Reduction was achieved with
50 mL, min of a Hy/N, mixture (20% H,) at 713 K,
changing the gas supply to pure hydrogen as water concen-
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tration in the product flow began to decrease. After 30 min,
the feed was switched to 50 mL, min"' He for 1 h to flush
the reactor and remove gas phase impurities of hydrogen
and water at 713 K. This procedure was repeated strictly
before each oxidation experiment to obtain a reproducible
starting point. Afterwards, the reactor was cooled down to
the required reaction temperature. As soon as the required
temperature was reached, the He flow was increased to
100 mL, min"' for 1 min, and the feed was switched to a
100 mL, min"' flow of a O,/N, mixture (3-10% O,) to in-
itiate the catalyst reoxidation. Similar experiments were
repeated with an empty reactor set-up as well as loaded
with pure y-alumina grains at 713 K. Neither oxygen up-
take nor water release were observed in these experiments
indicating that detected transient responses of catalytic
experiments are solely influenced by the interaction of
oxygen with surface vanadia species. The reproducibility of
the experiments is sufficient and confirms the suitability of
the experimental set-up for dynamic experiments as well as
the total reversibility of the redox cycles.

The modeling of catalytic experiments was per-
formed with the “Berkeley Madonna” software [41] using a
4" order Runge-Kutta algorithm and experimental data
fitting by the method of least square error.

3. Results and Discussion
3.1. Catalyst characterization.

Atomic ratios (%) of detected elements at the catalyst
surface that were obtained from the XPS analysis are given
in Tab. 1. The XP spectrum of the V 2p;,, region after sub-
traction of X-ray induced satellites of the O 1s peak is
shown in the supplementary material. The analysis shows
that 80% V' and 20% V' are present at =0 min. The
resulting average oxidation degree of +4.8 is in agreement
with incomplete oxidation of this catalyst sample at <625
K as tested by oxygen titration experiments (E.V. Kondra-
tenko, unpublished results) and as described below (Fig. 7).

The partial reduction can be explained by catalyst ag-
ing, e.g., the adsorption of water molecules from the am-
bient as observed recently for silica SBA-15 supported
vanadium oxide catalysts [42-44]. Another explanation is
the formation of stable polyvanadate species [45] which
might be kinetically hindered from achieving a mean oxida-
tion state of V'V due to structural rearrangements being
necessary, e.g.:

[V304]* + 0.5 0, + 6 OH — 3 [VO,]* + 3 H,O

Structural rearrangements of surface vanadium oxide
species (in the following denoted as VOy) requiring mobili-
ty on the alumina surface are enabled by a low Tamman
temperature of vanadia (482 K). Note however, that DFT
calculations on protonated and silica supported VO, clus-
ters [15,18] cannot directly support this interpretation. The
reduction of isolated V'V sites by gas phase water mole-

cules, which corresponds to the inverse of reactions 9—11
(release of /2 O,, see below), is indeed strongly thermody-
namically hindered. An indirect action of ambient water
molecules proceeding first via adsorption on the alumina
support and consecutive action on V' sites has, however,
not been theoretically considered, neither has been the
transformation of polynuclear species. These may be ac-
ceptable explanations.

The Raman spectra of oxidized and reduced VO,/y-
Al,O5 catalyst VA-200 as well as of the pure support ma-
terial are presented in supplementary material and com-
pared to the spectrum of crystalline V,0s. In agreement
with TPR data [19] the Raman analysis confirms the high
dispersion of vanadium oxide species on the VA-200 sur-
face. Probably due to a lower Raman cross-section of V™"
species, the reduced catalyst sample provides no bands
detectable in the range of 300-1200 cm™ and the spectrum
appears identical to that of the support material. The disap-
pearance of peaks related to vanadyl stretching vibrations
furthermore suggests that at least a significant fraction of
the catalyst is reduced under the chosen reaction condi-
tions.

3.2. Kinetic modeling of experimental results.

A typical response signal of catalyst reoxidation after
initiating a step function of 100 mL, min”! Oy/N, (3% 0O,)
at 479 K is shown in Fig. 2. Compared to the nitrogen sig-
nal, which describes an exponential curve, the oxygen con-
centration increases moderately due to the oxygen
consumption for catalyst reoxidation. With proceeding
reoxidation, the oxygen consumption decreases. This is
accompanied with an increase of the oxygen concentration
that finally approaches the oxygen feed level. A modeled
oxygen signal for a tracer step without reaction is shown as
reference.

The following characteristics are observed in the
oxygen signal: there are (i) a short delay in oxygen appear-
ance compared to nitrogen for about 3 s, which indicates an
extremely fast reaction at the beginning of the reoxidation
process (see also Fig. 6 (b)), (ii) a step in oxygen concen-
tration increase at £ =10 s, (iii) a bend at 0.4 mol m™ oxy-
gen concentration, and (iv) a sudden stop of the reaction at
t =100 s reflected in a relatively fast increase of the oxygen
concentration to the inlet value. The appearance of water
released during the reoxidation shows that the catalyst sur-
face is not dry, although the reactor has been flushed with
He at 713 K for about one hour. Moreover, the well-
structured shape of the signal indicates a significant role of
water sorption processes on the reoxidation kinetics, since
the water peaks at 20 and 125 s correlate with characteris-
tics of the oxygen outlet signal. The water signal is detected
in the ppm range and displayed in arbitrary units (a.u.). The
sorption equilibrium on inert alumina reduces its intensity
and maxima sharpness.
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Fig. 2: Experimental response signal of VO,/Al,O; catalyst reoxi-
dation; 100 mL, min™ O,/N, (3% O,), 479 K and 1 g catalyst con-
taining 0.275 mmol V.

As a matter of fact, the detailed shape of the oxygen
signal cannot be modeled using the simple reaction rate
equations for catalyst reoxidation that are proposed in the
literature. Previously, only the reaction of gas phase dioxy-

I sites was accounted for and the

gen molecules with V
rate equations differed only in the reaction order of oxygen
and vacancy concentrations. Then, the reoxidation of sur-
face vanadia species was found to occur either directly in a
dissociative mode [46] or by adsorption of molecular oxy-
gen followed by dissociation [47]. Whereas the first mode
is observed mainly in catalyst samples containing bulk
vanadia phase, the latter kinetics can be ascribed to highly
dispersed species, e.g. supported on silica [48]. The follow-
ing reaction rate laws r, = de([V"V0])/dr for the formation
of V'V sites were derived for these mechanisms (Egs. 1-3):

=k (02" e(IV™) (1)
r2 =k ¢(0n) e([VM])? 2
ry=ks c(02) e([V™]) 3

These rate laws are ascribed to the reactions 4-6:

0.50,+[V"] - [V7V0] 4)
0,+2 [V -2[vYO] (5)
0, +[V" - [VV0,] (6)
[VYO] + [V =2 [V7YO] (7

where reactions 4 and 5 correspond to rates r; and r;, re-
spectively [20]. In ry, the rate of oxygen adsorption is rela-
tively slow compared to its dissociation and vice versa in
ry; Reaction 6 describes molecular adsorption of oxygen

Water concentration (a.u.)

with consecutive dissociation (reaction 7), as kinetically
described in 7; in case of adsorption being rate determining.

For better comparison of the curve shapes, the oxy-
gen signal at the outlet of the Berty reactor was modeled
using these relatively simple models. The result is shown in
Fig. 3 for an oxygen concentration of 0.76 mol m™ (3 vol.-
% O,) at 479 K. The response shapes of the signals are
normalized by adjustment of rate constants k; with respect
to the bend of the curve after the initial increase of the oxy-
gen concentrations from #=0-10 s (see arrow in Fig. 3) to
allow a better comparison. When oxygen concentration is
ca. 0.4 mol m™ at = 10's, a bend reflects the beginning of
the reoxidation process, since oxygen concentration is too
low for remarkable conversion at #<10s. The resulting
response curves are similar for the chosen modeling condi-
tions. However, they strongly differ when oxygen concen-
tration, flow rate, or total number of active sites varies
because of the different reactant reaction orders.

0.9 T T T
€
©
E
e
= 0.6
=,
= , without reaction
42 Model 1
o - === Model 2
b ‘\ ------ Model 3
o 0.34 4
[
c
<))
o
>
X
o
0.0 T T T T T
0 50 100 150 200
Time /s

Fig. 3: Simulation of the oxygen signals at the outlet of the reactor
during the catalyst reoxidation process by models presented in the
literature (model 1-3 correspond to Eqs. 1-3, respectively); arbi-
trary rate constants.

A simulated oxygen response curve without reaction
is given as reference. The oxygen concentration calculated
using the reoxidation models is below this curve for the
whole simulation due to the oxygen consumption in the
reactor. The total amount of oxygen required for catalyst
reoxidation is given by the area between the two curves and
is identical for models 1-3.

As could be shown, an accurate modeling of the
reoxidation dynamics cannot succeed without considering
the interaction of water as co-reactant. This is all the more
obligatory as this compound is the side product of oxidative
dehydrogenations and thereby always present in the reac-
tion gas mixture. However, taking sorption processes of
water as well as the mobility of hydrogen, oxygen, hydrox-
yls or water molecules on the catalyst surface into account,
a huge number of reaction steps arises even when making
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Table 2: Selected reaction steps between surface vanadia species and gas phase oxygen and water or adsorbed oxygen, hydrogen, and hydroxyls

on alumina surface of VO,/y-AL,O; catalyst.

gas phase / adsorbed species converted by reaction with surface vanadia site (arrow points
at resulting species)

No. | surface species® 0,(g) H,0(g) OH(ads) O(ads) H(ads)

1 v —5° -4 -3 -2 -

2 [vVo] - -7 —6 -5 —3

3 |[[viWoH] —9 —8 -7 —6 —4

4 | [v™MoH,] — 10 - —8 —7 -

5 [[v7V0,] - —10 -9 - —6

6 |[[v™V*™V(0)OH] - - — 10 -9 —7

7 [[V7V(OH)] - - 10 =8

8 |V (OH)(OH,)] i - - -

9 [[V7(0)(ORn)] - - - —10

10 [[V77(0,)(0Hy)] - - - -

some substantial simplifications, i.e., all vanadia species 0.5 0, +[VVOH] — [VVO(OH)] (13)

being (i) monomeric (absence of bridging V-O-V bonds),
(i1) triply bonded to the surface by three V-O-Al bonds, and
(iii) not directly bonded to hydrogen atoms. Taking these
assumptions into account, a selection of 25 theoretically
possible reaction steps is assembled in Tab. 2.

In the following it will be shown that complex tran-
sient responses experimentally derived can be modeled
using a selection of reaction steps from Tab. 2. Due to se-
vere simplifications and with regard to the enormous num-
ber of constants to be fitted a physical meaning of the
derived reaction scheme must be regarded with caution and
fitted kinetic constants have no physical meaning, actually
not until the reaction scheme has been confirmed by inde-
pendent methods, i.e. spectroscopy or theory.

For model discrimination, in addition to reactions 4-
7, the following reactions are chosen and give sufficient

fitting result:

H,0 + [V — [VTOH,] 8)
0.5 0, + [V™MOH,] — [V"V(OH),] )
[V"(OH),] — [V™O(OH,)] (10)
[V'VO(OH,)] — [VVO] + H,0 (11)

[VOH,] + [V7VO] — 2 [VVOH] (12)

[VYOOH)] + [VVOH] — [V'YO(OHy)] + [V7VO] (14)
H,0 + [AL,O;] — [ALLO;0H,] (15)

where [V] stands for a structurally undefined surface vana-
dia species as active site and [Al,O;] for a y-alumina sur-
face site. It has to be stressed that this set of reactions does
not represent a complete set of possible elementary reac-
tions, neither are most of these steps elementary reactions
at all. Although sorption steps 8 and 11 may be regarded as
elementary and possibly also reaction 10, which states an
intramolecular rearrangement, other steps imply the mobili-
ty of hydrogen atoms on the alumina surface (Eqgs. 12 and
14) or the dissociation of dioxygen (Egs. 9 and 13). How-
ever, the chosen basis set of empirical reactions can provide
important information about the reaction pathways during
oxidation and thereby can be used as a basis for further
investigation of real elementary reactions on a quantum
chemical basis, which is project of future research.

The addition of a second type of active site, which al-
lows for a differentiation between monomeric and dimer-
ic/polymeric structures, was not found to improve the
fitting of experimental data and is therefore avoided. How-
ever, a heterogeneous composition of vanadia species in-
cluding vanadia monomers, dimers, and polymers cannot
be excluded from spectroscopic analysis of the catalyst.
The kinetic modeling, however, indicates a similar catalytic
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behaviour of these species. Other structural differences
between reduced and oxidized active sites are also not tak-
en into account. It is worth mentioning that despite great
afford the model described above (Egs. 4, 8-14) is so far
the only capable one for accurate fitting of experimental
data, i.e. diminishing the number of possible reaction steps
leads to a worsening of the agreement between model and
experimental data.

However, the described model fails in quantitatively
describing the complex response of water. This can be at-
tributed to water sorption on alumina (Eq. 15) that could
not be included successfully into the modeling. The mod-
eled values, however, may approximate the intraparticle
water concentration or a pseudo-concentration due to mi-
gration of mobile water molecules on the catalyst surface
between vanadia and alumina sites. After leaving the cata-
lyst particle, most of the water is assumed to adsorb irre-
versibly on the alumina grains, especially at temperatures
below the reduction temperature. The resulting outlet con-
centration, however, is too low for accurate handling in the
numerical integration process of microkinetic modeling and
could thereby not be described.

3 . T T . 0.3

- o
£ E
5 o
E 10 vol.-% oxygen E
c 27 = 5vol.-% oxygen ~0.2 c
L 3 vol.-% oxygen k]
8 —— Water (3 vol.-% oxygen) ©
c 5
8 c
e 3
8 1 0.1 §
c (8]
eh] [
o @
= =
> m
o =z

0 f T T T T T T T 0.0
0 50 100 150 200

Time /s

Fig. 4: Experimental results and simulated response curves of
oxygen to step-marking with different oxygen concentrations at
479 K, water response for 3 vol.-% O,.

The fit of the rate constants of these empirical reac-
tions was performed in parallel on three datasets measured
at 479 K and oxygen concentrations of 3, 5, and 10 vol.-%.
The essential characteristics of the oxygen and water sig-
nals are reflected. However, the direct oxidation of naked
Vo V*V (Eq. 4) appears negligible compared to a reoxi-
dation process via vanadia hydroxyls [V""VOH] and vana-
dia adsorbed water [V 'OH,] as intermediates. Moreover,
a forced inclusion of direct oxidation reactions (Eqs. 4-7)
with substantial contribution to the overall reaction resulted
in a poor accuracy of the fit, which supports the negligible
impact of the direct oxidation under oxidative dehydroge-
nation conditions. The calculated surface coverage with
transition  species [V'V(OH),], [V'VO(OH,)], and
[V™VO(OH)] was found to be low (8 < 0.1%), which means

also that their decomposition (Eqs. 10,11,14) is very fast
and not rate determining for the overall reaction rate. Fur-
thermore, the best fit was achieved with first order rate
laws with respect to oxygen and surface species for the
reactions including oxygen. This validates a consecutive
adsorption-dissociation model as expected for the low
loaded catalyst, and implies a peroxo species, which de-
composes quickly, as precursor for the species [V"™(OH),],
[V'YO(OH,)], and [V™VO(OH)] [18]. This drastically re-
duces the number of rate equations that are relevant in the
description of the measured responses. The modeling sug-
gests the reaction mechanism shown in Fig. 5.

+IV
2 [VOH] 0.50,,
+V

[VO](S)
+IIT +V
[V](s) HZO(g) [VO](S)

+III

[VOH, | © 0.50,,,

Fig. 5: Proposed reaction network of oxidation of highly dispersed
hydrated VO species supported on y-ALO;.

Small amounts of water in the system adsorb predominant-
ly on the V™ sites (Eq. 10). It is concluded from the expe-

riments that, compared to naked V™"

sites, these hydrated
species react more easily with gas phase oxygen. Since
water is only weakly adsorbed on V'V sites, the reoxidation
process finally results in the release of the adsorbed water
(Eq. 11), which then adsorbs instantly on the next free V™
active site. When a certain amount of V'V sites is present at
the surface, the reaction mechanism changes, and water
adsorbs dissociatively on V¥ and V' sites to produce two
hydroxylated V™ sites (Eq. 12). Hydroxyls are also a fa-
vorable point of attack for reoxidation compared to naked
VT and get oxidized under release of water (Eq. 13).
These consecutively occurring cycles are responsible for
the sudden release of water and its batch-wise appearance
in the reoxidation signal (Fig. 2). Since there is still some
uncertainty about the absolute water concentration in par-
ticles and gas phase, the absolute values of the rate con-
stants are not published here but in a supporting
information file. Furthermore, water released during the
reoxidation might not be released in the gas phase but mi-
grate on the alumina surface. Consequently, the reverse
pathway, which is the migration of mobile water molecules
from hydrated alumina sites onto naked V™" sites, should
also be taken into account. The model described above is
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Fig. 6: Reoxidation responses to step-marking with 3 vol.-% O, in
the temperature range of 479-712 K (a, 200 s), magnification of
the initial period (b, 20 s).

confirmed by its capability to predict the reoxidation of
partial reduced VO,/AL,O; catalyst (see supplementary
information).

Given recently reported DFT data [18], a minor oc-
cupation of reduced sites with adsorbed water does not
appear unreasonable with regard to uncertainties of the
calculations. The calculated free energies of water adsorp-
tion on V1! (Eq. 8) are -66, +31, and +65 kJ mol! at zero
point, 600, and 800 K, respectively. Rozanska et al. also
showed that reoxidation of [V'"VOH] sites by O, (Eq. 14) is
possible with a low barrier and reoxidation of [V"OH,]
sites by O, (Eq. 10) is possible without any apparent bar-
rier. However, their calculations also show that reoxidation
of water-free [V'™] sites leading to peroxo-intermediates is
even more favourable [18].

To further investigate the impact of water on the
reoxidation, several experiments were conducted with addi-
tion of steam to the gas mixture. The lowest concentration
that could be adjusted using a conventional saturator is ca.
0.6 % (water saturation pressure at 274 K). However, even
this concentration is too high and the detailed structures of
both oxygen and water response curve disappear at temper-
atures lower than the reduction temperature. As expected,
the reoxidation rate also becomes retarded. It can be con-

cluded that in case of water being present in the feed, V™

sites and y-Al,O; surface are immediately fully saturated
with water that inhibits the reaction and leads to signal-
smearing.

The influence of the reaction temperature on the
reoxidation process was then investigated. The oxygen
response curves at temperatures between 479 and 712 K is
depicted in Fig. 6 (a). A feed containing 3 vol.-% oxygen
was used. Fig. 6 (b) is an enlargement of the initial phase of
the reoxidation. Again, the nitrogen curve can be used as
reference for ideal residence-time distribution.

Two conclusions can be drawn from Fig. 6 (a): (i) the
curve shapes are quite similar over a wide range of temper-
atures, which means that the activation energy of vanadia
reoxidation occurring via water adsorption is relatively low,
and (ii) the overall oxygen consumption increases with
temperature.

The influence of temperature on the reaction steps of
reoxidation can be observed in the initial phase of the reac-
tion (Fig. 6 (b)). The shoulder in oxygen concentration at
t=7s is relatively pronounced at low temperatures and
absent at high temperatures with a fluent transition. The
disappearance of this shoulder and the extension of the
initial period where nearly no oxygen passes the reactor, is
due to the acceleration of reaction 9. The impact of increas-
ing temperature on reaction 13 results in a general decline
of the oxygen concentration level in the range of 10 s up to
the end of the reaction, respectively.
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Fig. 7.: Final average oxidation degree of VO species on catalyst
VA-200 after reoxidation experiments with 3 vol.-% O, gas mix-
ture (a), variation of oxygen concentration at 479 K (b).

The oxygen consumption as a function of reoxidation tem-
perature is displayed in Fig. 7 (a, full squares) and is re-
ferred to the total amount of vanadia in the reactor. The
resulting oxidation state of vanadium is plotted. The maxi-
mum oxidation state of V"V is approached at high tempera-
tures, the maximum change in oxidation state being A = +2.
It can be concluded that the starting point of each reoxida

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.thi-berlin.mpg.de/ac)



Reoxidation dynamics of highly dispersed VOx species supported on yalumina, B. Frank et al.., Applied Catalysis A: General 353 (2009) 288-295 g

0.00+

-0.03 4

-0.06 4

_ -1
EMW =1.7 kd mol

n (Oy.s)

-0.09

-0.12 4

-0.15 T - T

1.4 1.6 1.8 2.0
7' /107 K

Fig. 8: Arrhenius-type plot of final V*"-fraction after reoxidation.

tion experiment corresponds to a sample containing almost
only V'™ species. However, the total oxygen consumption
decreases below 700 K and the average change in oxidation
state is only +1.3 (479 K).

Fig. 7 (b) shows that the inlet oxygen concentration
has no impact on the amount of consumed oxygen during
reoxidation at 479 K. This indicates that the incomplete
reoxidation is a kinetic rather than a thermodynamic effect
as discussed in the characterization section. The catalyst
can also be reoxidized step-wise (Fig. 7 (a), grey circles).

After partial oxidation of V™'
+4.3

sites to an average oxidation
degree of V'™~ at 479 K, the reactor was heated up to
709 K under helium. A continued oxidation resulted in the
maximum oxidation state V'Y, which is also reached by
total reoxidation in this temperature range. A lower number
of V'V active sites at lower temperatures can have an influ-
ence on the experimentally determined activation energy of
each reaction that depends on the V™V redox cycle.
This is not the case: to monitor this falsifying effect, which
is observable up to about 623 K, the fraction of active sites
V*V/V o was plotted in an Arrhenius-type diagram (Fig. 8).

The slope in the range of 479-523 K gives a contri-
bution to the apparent activation energy of 1.7 kJ mol™,
caused solely by different fraction of V'V sites. A falsifying
impact in this order of magnitude is negligible especially
for exothermic reactions. Above 523 K this contribution
even decreases and approaches to zero at temperatures of
about 773 K.

4. Conclusions

The reoxidation of highly dispersed VO, species
supported on a y-Al,O; surface is a very complex process
and not as simple as reported in recent literature. For ODH
reactions water is a key intermediate, whose presence can
increase the overall rate of the reoxidation reaction. This
was evidenced by transient experiments performed intro-
ducing oxygen into an ideally-mixed Berty-type reactor
containing reduced VA-200 catalyst. The complex transient

response to oxygen step-marking indicates a strong influ-
ence of adsorbed water remaining from the reduction using
hydrogen. However, when water is added to the feed in
higher concentrations, its inhibiting effect on the overall
reaction is prevailing, and the details of the complex re-
sponse curve disappear. It is thereby concluded, that only
trace amounts of water can affect the reoxidation of surface
VO, species positively.

A microkinetic analysis of these response curves was
aspired but determination of kinetic constants failed in the
enormous number of elementary steps possible on the cata-
lyst surface. One possibility for a reaction scheme derived
from kinetic fit is presented but physical meaning is given
not until the proposed scheme is confirmed either spectros-
copically or theoretically. However, inclusion of water
sorption processes on vanadia and alumina as well as the
reactivity of hydrogen, oxygen, hydroxyls, and water mole-
cules on the catalyst surface between vanadia and alumina
sites was proven to be important for kinetic analysis and is
projected for future researches. Regarding the relevancy of
proposed reaction scheme as a part of MvK redox cycle in
ODH reactions, it is worth mentioning, that the reduction of
vanadia species with hydrogen yields V'™ species, whose
appearance in oxidative dehydrogenations, depending on
reaction conditions, is neither experimentally observed in
each case, nor theoretically required. It is also possible that
VM does not appear at all and that the reoxidation occurs
directly on V™ species or species including the adsorbed
substrate.

Furthermore the low loaded VO,/y-Al,O; catalyst
VA-200, introduced in our previous study [19], has been
characterized by XPS and Raman spectroscopy, as well as
by oxygen titration. These methods confirm the presence of
dispersed VO, species on the surface, which are all access-
ible for gas phase oxygen. The amount of oxygen con-
sumed during one reoxidation experiment depends on the
reaction temperature and corresponds to a change in the
average oxidation degree of vanadia of A =+2 at tempera-
tures above 673 K. Below this temperature a smaller oxy-
gen consumption indicates an incomplete oxidation, which
could not be enhanced by variation of the oxygen concen-
tration in the feed. If referred to a kinetic barrier this is not
in contradiction to the theoretical calculations. They show
that the oxidation of VO, species is favored over the whole
range of temperatures investigated and independent from
water adsorption or hydroxylation. On the other hand a
surface structure substantially different from that one used
for DFT calculations may be present on the surface of VA-
200, e.g., polymeric species as proposed recently [45,49]
even for extremely low loaded VO,/y-Al,O; and VO,/SBA-
15 catalysts.
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