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Abstract

The oxidation states and reducibility of y-alumina-supported vanadium oxide catalysts with V loadings between 1.7 and 15.7 wt% were
studied by means of temperature-programmed reduction (TPR) and X-ray photoelectron spectroscopy (XPS) for fresh as well as used cata-
lysts. As additional experimental techniques, X-ray diffraction (XRD), diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS), and
temperature-programmed desorption (TPD) were applied. For V loadings up to 6.1 wt%, the surface was found to be covered only by vanadate,
while at higher loadings the formation of V,Os crystallites was observed. The XPS and TPR data showed that under moderate oxidizing condi-
tions, only ~30% of V in the vanadate catalysts was in the oxidation state 45, while in the catalysts containing V,Oj5 crystallites it was about
80%, with the remainder being present as V(IV) in both cases. In the ambient pressure TPR experiments, all catalysts were completely reduced by
hydrogen to V(III), although the vanadate catalysts were found to be more easily reducible than those containing V,Os. The V dispersion changed
during redox cycles, as they appeared under working conditions. These changes were different for the exposure to ethane or hydrogen, but did
not influence the maximum oxidation states. In the catalytic oxidation of ethane used as a model reaction, all catalysts were found to be in their
oxidized state under steady-state conditions. Significant catalyst reduction occurred only if the surrounding gas-phase oxygen was completely
consumed, leading to the loss of catalytic activity due to the disappearance of V(V) species. A novel structure for y-alumina-supported vanadia
catalysts is proposed on the basis of the experimental data.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Supported vanadium oxide catalysts are known to be ac-
tive in the selective oxidation and ammoxidation of hydrocar-
bons and other organic substrates [1,2]. Commercial large-scale
processes were developed for the oxidation of methanol to
formaldehyde, the oxidation of o-xylene to phthalic anhydride,
the ammoxidation of aromatic hydrocarbons, the oxidation of
sulphur dioxide to sulphur trioxide, for selective catalytic re-
duction (SCR) in waste gas treatment (see, e.g., [3,4]), and
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other uses. In addition, much effort has been spent over the
last decades to develop suitable vanadium oxide-based cata-
lysts for the oxidative dehydrogenation and selective oxidation
of light hydrocarbons to valuable olefins and oxygenates, but
these processes are still far from industrial application [3]. Due
to the huge importance of vanadium oxide catalysts in oxidation
reactions, it is of great interest to improve our understanding of
the nature of the active species and their role under reaction
conditions.

In the selective oxidation of hydrocarbons, vanadia is typi-
cally deposited onto high-area support materials such as y-alu-
mina, silica, titania, or zirconia to increase the number of active
sites and obtain better catalytic activity. During catalyst calci-
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nation, the vanadium oxide formed intermediately by precursor
oxidation undergoes a chemical interaction with the support, re-
sulting in the formation of M—O-V bonds (M is the cation of the
support material). The strength of the support—vanadia interac-
tion is strongly dependent on the coverage and the nature of the
support, leading at low coverage to formation of thin vanadate
layers and at higher loadings and weak support—vanadia inter-
action to agglomeration of bulk-like V,0s crystallites [5-9].
For the partial oxidation of hydrocarbons, vanadate species are
found to be more active and selective than bulk-phase V;0Os;
thus, formation of the latter should be suppressed. Furthermore,
the M—O-V bonds are assumed to be crucial to the reducibility
and acid-base properties of the catalysts, which are important
for both activity and selectivity as well.

Regarding the chemical nature of vanadate species, the exis-
tence of monovanadate and polyvanadate is suggested (see, e.g.
[10-14]). Monovanadates, as the most dispersed V species, are
assumed to appear predominantly at low V loadings. Their base
VOyq4 unit consists of one V=0 double bond and three M—O-V
bonds to the support. Polyvanadate species formed at moder-
ately higher V loadings on some, but not all supports (e.g.,
not on silica) also contain V-O-V bonds [15]. These vanadate
species form a two-dimensional network until the surface of
the support is completely covered (so-called monolayer cover-
age). Only if this monolayer coverage is exceeded does forma-
tion of three-dimensional (V,0s5), crystallites occur, and the V
dispersion decreases rapidly. The monolayer coverage, which
can be calculated as a theoretical value from the geometry of
the different vanadate species [16], is commonly given with
2.3 V atoms/nm? for monovanadates and 7 V atoms/nm? for
polyvanadates [17-19].

In practice, the dispersion of vanadia on various supports
depends strongly on the nature of the latter as well as on the
method of catalyst preparation, leading to different maximum
possible V densities before the formation of crystallized V,05
occurs [10,14]. Weckhuysen and Keller [14], summarizing a
large number of studies, gave values of around 5-10 V/nm?
for y-Al,0O3, TiO,, and ZrO, but only ~1 V/nm2 for Si0O,.
Blasco and Nieto [20] related the tendency of V,05 agglomer-
ation to the acid—base character of the support. Basic supports
yield higher vanadia dispersion due to a stronger reaction with
the acidic V,0s, favoring the formation of vanadates.

Besides monovanadate and polyvanadate, alternative species
also have been suggested. The existence of an additional three-
dimensional polyvanadate overlayer has been proposed by
Garcia-Bordejé et al. [15]. Le Bars et al. [21] suggested the
formation of dimeric vanadate species on y-alumina that were
reported to be more active in the oxidative dehydrogenation of
ethane than the monovanadates formed on silica, due to better
reducibility. Recently, Weckhuysen and coworkers [22,23] pro-
posed a completely different umbrella-like vanadate structure
with only one bond to the support, consisting of one V=0 unit
and one peroxide species, as the only existing vanadate species
at low and moderate V loadings. In view of a low-temperature
adsorption study of oxygen on reduced V,03(0001) surfaces
by Abu Haija et al. [24], the existence of peroxide species un-
der catalytically relevant conditions seems doubtful. However,

the adsorbed species on the latter surface is quite different from
the “VO4 upside-down unit’ suggested in [22,23].

It should be noted that all of the structural concepts cited
above assume V(V) as the only existing oxidation state un-
der oxidizing conditions as they appear during, for example,
catalyst calcination in air. However, a number of temperature-
programmed reduction (TPR) studies have reported H/V ratios
(the ratio of consumed hydrogen atoms per vanadium atom in
the measurements) significantly greater than 1 but less than 2.
These are the expected values for the reduction of V(V) to
V(IV) or V(II) by H», respectively. These results were, without
experimental evidence, often interpreted as incomplete reduc-
tion (e.g. [25-30]). Using X-ray photoelectron spectroscopy
(XPS), electron spin resonance spectroscopy (ESR), or UV-vis
spectroscopy, considerable fractions of V(IV) were detected in
active vanadia catalysts. For instance, Matralis et al. [31] re-
ported V(IV) fractions of 40-80% for vanadate catalysts and
of 20-25% for those containing V,0s5 crystallites on various
titania—alumina supports. Pieck et al. [6] measured V(IV) frac-
tions of 20-40% in VO,/ZrO; catalysts and, consistently with
[31], an increase of the oxidation state when the monolayer
coverage was exceeded. Enache et al. [32] obtained V(IV) frac-
tions of 40-56% on VO,/TiO, and VO,/ZrO, samples. Signif-
icant V(IV) amounts, which increased with increasing calcina-
tion temperature, were also observed by Reddy et al. [33,34]
in VO,/Al,O3, VO,/Gay03-TiO,, and VO,/Lay03-TiO, cat-
alysts.

Summarizing these findings, a critical examination of the
postulation that V(V) is the only component in active vana-
dia phases seems mandatory. The present paper aims to do
this through a systematic comparison and analysis of TPR and
XPS data for y-alumina-supported vanadium oxide catalysts
with varying V contents. Additional analytical techniques, in-
cluding X-ray diffraction (XRD), diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), and temperature-
programmed desorption (TPD) of pyridine, were also applied,
and the performance of the catalysts in the partial oxidation of
ethane in a laboratory fixed-bed reactor was tested. The results
obtained are discussed in context with the structure of vanadia
species on y-Al,O3, and a new proposal regarding this struc-
ture is made.

2. Experimental
2.1. Catalyst preparation

The catalysts for this study were prepared by impregnation
of y-alumina (Sasol, purity >97%) with vanadyl acetylaceto-
nate, VO(acac), (VWR). The y-alumina support was selected
due to its higher ability to disperse vanadia as compared with
Si0; [14] and the better thermal stability compared with TiO;
(at temperatures above 500 °C, vanadia catalyses the conver-
sion of anatase to rutile, yielding a rapid loss of porosity [35,
36]). The y-alumina was grounded in a laboratory mill down to
a particle diameter of 20-30 pum before use. The resulting pow-
der had a specific surface area of 200 m?/g, which decreased
to 184 m?/g after calcination at 700 °C. Its average pore di-
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Table 1

The prepared catalyst samples

Catalyst  Vcontent Ccontent BET surface area Theoretical

No. (wt%) (Wt%) (m2 /g) (fresh/ V surface density
used catalysts) (atoms/nm?)?

1 1.7 0.07 182/164 1.23

2 2.4 0.25 171/149 1.92

3 4.8 0.16 164/157 3.61

4 6.1 0.21 160/147 4.92

5 9.5 n.d. 12.5/8.8 127

6 11.7 0.01 6.6/9.4 146

7 13.1 0.01 4.3/6.2 250

8 15.7 0.02 19.8/21.0 88.4

V,0s - - 3.9 597.20

4 On base of the BET surface area of the tested catalysts.
b On base of the BET surface area of the fresh sample.

ameter was measured as 12 nm. Thermal stability of the porous
framework is given up to 900 °C, and only after exposure above
1000 °C was a pronounced sintering observed.

For catalyst preparation, y-alumina and VO(acac), were
mixed together in acetone, and the resulting suspensions were
refluxed under vigorous stirring for 4 h. Then the solvent
was evaporated, and the residual solid was dried overnight at
130 °C. Finally, the catalyst precursors were calcined in air at
650 °C for 8 h. Table 1 summarizes the different catalysts pre-
pared for this study. Their V loading was 1.7-15.7 wt%, as
measured by AAS. With increasing V doping, the color of the
calcined samples varied from light-yellow to grey-green to or-
ange. In some of the catalysts, small amounts of coke were
found after calcination (with a maximum at 2-6% V) origi-
nating from decomposition of the acetylacetonate ligand. The
slightly enhanced surface area of sample 8 compared with sam-
ples 5, 6, and 7 is possibly due to its somewhat higher amount
of residual carbon, which is supported by the fact that when
NH4VOs is used as a vanadia precursor, no increase in sur-
face area was observed for the highest loadings. The refer-
ence material VoOs (VWR) was used without further pretreat-
ment.

2.2. TPR and TPO

TPR and TPO (temperature-programmed oxidation) experi-
ments were performed with a BEL-CAT chemisorption appara-
tus (BEL Japan) that consists of a gas mixing unit allowing both
continuous and pulsed reactant dosing (all gases: Westfalen Gas
AGQG), an U-tube quartz microreactor with a thermocouple placed
inside the sample, and a thermal conductivity detector (TCD)
connected to the inlet and the outlet of the microreactor. The
linearity of the TCD response was proven by the injection of
gas pulses of various known compositions, and the quantitative
hydrogen consumption was calibrated in every measurement by
a series of calibration gas pulses.

The sample weight for TPR/TPO was varied between 100
and 400 mg depending on the V loading, to reach similar signal
intensities. Details of the pretreatment procedures are given be-
low together with the obtained results. All TPR runs were done
with a gas mixture of 10% Hj in Ar and the TPO runs with

4% O, in He, both with a flow rate of 25 ml/min. The heating
rate was 3 K/min for all TPR and 5 K/min for all TPO exper-
iments as the best compromise between thermal equilibration
of the samples and width of the reduction and oxidation peaks.
These heating rates are slower than those usually reported in
the literature (typically 6-10 K/min). The absolute error in the
average oxidation state of the samples, as determined from the
TPR experiments, is estimated to be around 0.1.

2.3. XPS

XPS spectra were recorded using a multipurpose UHV sur-
face analysis apparatus (SPECS, Germany), which provides the
possibility of “fast-transfer” XPS measurements within <5 min
between the start of the evacuation of the load lock and the
first XPS spectrum recorded at a pressure <5 x 107 mbar.
Thus, short-time UHV-induced changes in the oxidation state
of the samples can be monitored, which are not visible for
longer transfer procedures requiring usually tens of minutes.
A standard high-intensity X-ray source (XR-50, SPECS) has
been used in a “stop-and-go” mode to reduce sample irradiation
only to the time of data acquisition (MgK,, excitation energy
1253.64 eV, operation power <200 W). High-resolution spectra
(pass energy 10 eV, step size 0.1-0.2 eV) were registered using
a hemispherical electrostatic energy analyzer (PHOIBOS-150,
SPECS), which provides the possibility of simultaneous photo-
electron detection on 9 channels and allows fast data acquisition
times (0.5 s per data point). The percentages of V(V), V(IV),
and V(III) were determined by deconvolution of the V 2p3/,
peak using Voigt functions and a Shirley background subtrac-
tion (CasaXPS software package [37]). The average error in the
oxidation state is estimated to be about £5% as a result of the
precision of the determination of reference binding energies and
the deconvolution procedure.

2.4. Additional characterization of the catalysts

Along with TPR/TPO and XPS, the catalysts were charac-
terized by means of atomic absorption spectroscopy (AAS),
carbon analysis, nitrogen porosimetry (BET method), XRD,
DRIFTS, and TPD of pyridine. AAS analysis of the doping
degree was performed using a Varian SpectrAA 250 Plus in-
strument after microwave extraction of the samples in HNOs3.
The carbon content after calcination was determined with a C—
H-N analyzer (CHN-1000, Leko). The specific surface area of
all catalysts was measured with a Quantachrome Nova 2200e
instrument using the multipoint BET analysis method.

XRD patterns of the fresh catalysts and of those reduced by
hydrogen in TPR were recorded with a PANalytical X’ Pert PRO
apparatus using CuK, radiation. The 26 range was varied be-
tween 10 and 80°, with a step size of 0.016°. Samples were
commonly analyzed under air at room temperature. In addi-
tion, the supports and selected fresh catalysts were heated in
the high-temperature chamber up to 650 °C under air to check
for changes in the phase composition at reaction temperatures.

DRIFT spectra were measured for the fresh catalyst powders
at room temperature using a Bruker IFS 120 HR spectrometer
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and a Collector diffuse reflectance unit with a high-temperature,
high-pressure chamber (Thermo Spectra-Tech). Data were col-
lected for 20 min (800 scans) at a resolution of 2 cm™! with
a liquid nitrogen-cooled MCT detector and ratioed against a
beam with a mirror in place of the sample.

TPD experiments with pyridine were performed in the same
BEL-CAT chemisorption apparatus used for the TPR and TPO
measurements. The standard procedure consisted of pretreat-
ment, saturation, and desorption steps. Pretreatment was per-
formed in air at 600 °C for 2 h, followed by a 1-h He purge at
the same temperature to have the catalysts in a similar hydroxy-
lation state as under operational conditions. After pretreatment,
the samples were cooled in He to 130°C and saturated with
50 pulses of pyridine vapor. After saturation, the samples were
flushed at 130 °C for 15 min to remove only physisorbed pyri-
dine. Afterward, desorption analysis was started in a flow of
25 ml/min He at the same heating rate as in the TPR experi-
ments.

2.5. Activity measurements

The performance of the catalysts in the catalytic oxidation of
ethane was measured at 450—630 °C (step width of 25-30°C) at
a gas hourly space velocity (GHSV) of 46000 h!. For catalytic
testing, 0.5 g of each catalyst were inserted into the reactor
and fixed with quartz wool. The reactant mixtures were 0.7%
ethane and 0.35% O, for a lean oxygen-to-hydrocarbon ratio
and 0.7% ethane in air for oxygen-excess conditions. The fixed-
bed reactor setup with GC-TCD/MSD for product analysis was
described previously [38—40]. For an efficient suppression of
wall reactions, the reactor walls were passivated with quartz
tubes pasted into the steel segments. Gas samples were taken
from the inlet and the outlet of the reactor, far enough from
the hot reaction zone to avoid reactions within the sampling
capillaries. The complete plant was fully automated using the
Siemens Simatic Step 7 process control system.
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3. Results and discussion
3.1. Catalyst properties

The nature of the active phase in the fresh catalysts was in-
vestigated by XRD, DRIFTS, and TPD of pyridine. The XRD
patterns, including those of the uncalcined and calcined sup-
ports as well as of V,05 for reference, are presented in Fig. 1.
The only broad and weak reflections of the original support ma-
terial indicate the presence of a microcrystalline (crystallite size
<5 nm) and of an amorphous fraction. Its diffraction pattern re-
mains unchanged even after thermal treatment at 650 °C, thus
excluding temperature-induced changes during calcination.

For the catalysts up to a V loading of 6.1 wt%, corresponding
toa V density of 4.9 atoms per nm?, the obtained diffractograms
are identical to that of the support, and no reflections are seen
that can be attributed to any other phase. This indicates that
in these catalysts, in agreement with published data [15,18,19],
vanadia is present primarily as vanadate, which is known to be
X-ray amorphous.

For the catalysts with V loadings of 9.5 wt% and above,
sharp V;,0s reflections appear (library file 00-009-0387 [41]), a
hint that the monolayer coverage is significantly exceeded. As
indicated by the BET measurements, the presence of V,0s5 is
accompanied by clogging of the pores; the specific surface area
of the higher-loaded samples was found to be more than one or-
der of magnitude lower than that of the samples up to 6.1 wt%
V loading and that of the original y-alumina support (compare
Table 1). Interestingly, the appearance of the V,0s5 phase is
connected to changes in the crystallinity of the support. The
majority of reflections in the XRD patterns of the catalysts with
9.5-15.7 wt% V that are not related to V,O5 can be attributed
to y-alumina (library file 00-046-1215 [41]). This indicates that
the V705 not only physically blocks the pores, but also induces
crystallization of the amorphous alumina fraction and rapid
growth of crystallite size. The formation of AIVO4 (library file

V205
15.7 % V

13.1 %V A._A_A,JL\_.,J
117%V ,_.JWJ.AH..A

95%V
6.1 %V
48 %V
24%V
1.7%V

v-Al,04/650 °C
v-Al,O5 support

0 10 20 30

2610

40

50 60 70 80

Fig. 1. XRD patterns of y-alumina-supported catalysts including reference patterns of the bare support with and without thermal treatment at 650 °C, and of V,Os.
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Fig. 2. DRIFT spectra recorded at room temperature for the fresh catalysts and
pure V,0s.

00-18-0074 [41]) was also observed, because some small reflec-
tions due to this compound can be detected. However, it should
be noted that the main AIVOy4 reflections interfere with those
from y-Al,O3 or V205, making phase identification difficult.

No changes in the XRD patterns were observed after heating
to 650 °C compared with those recorded at room temperature.
Thus, the crystal structure obtained after calcination appears to
be stable on further exposure to reaction temperatures.

Fig. 2 shows DRIFT spectra of the catalysts as well as of
pure V05 at 1400-600 cm~!, where most of the vanadia-
related vibrations can be observed. The y-alumina support has
no significant absorption in this wavenumber range. Pure V,0s,
included as reference, exhibits absorption at around 1052, 1000,
980, 951, and 754 cm~!. According to Magg et al. [42,43], the
band at 1052 cm™! to the V=0 stretching mode and the vibra-
tion at 754 cm~! can be attributed to the V-O-V stretch. The
vanadate catalysts with V loadings of 1.7-6.1 wt% V exhibit
only one strong absorption, at around 1035-1040 cm™!, which
can be attributed to the V=0 stretching mode vibration, in good
agreement with [42—44]. In contrast, the catalysts with V load-
ings of 9.5-15.7 wt% V—which, according to the XRD analy-
sis, contain crystalline V,Os—show significant absorption at
around 1045-1065, 1010, and 980 cm™! (partially only as a
shoulder), whereas the weaker V,0s feature around 754 cm ™!
is not visible. However, weak but reproducible features appear
at around 934, 911, 835, 708, and 651 cm™!. Following the
foregoing assignment, the band at 1045-1065 cm~! is due to
the V=0 stretching mode of V,05 crystallites, whereas the
band at 708 cm~! indicates the presence of vanadate multi-
layers. The band at 934 cm™! can be attributed to AI-O-V vi-
brations, indicating a significant interaction between y -alumina
and vanadia in the high-loaded catalysts as well [42,43,62].
Comparing the catalyst spectra of the high-loaded samples with
the V205 spectrum shows that the absorptions at 1010 and
980 cm~! also can be related to V,0s crystallites. Thus, for
these samples, the presence of several vanadia species can be
concluded: species bound to y-alumina, vanadate multilayers,

and V;0s5 crystallites, which are responsible for the V,0s re-
flections in the XRD patterns.

For the V,0s-containing catalysts, additional absorption
bands were found at 1965-1970 and 2010-2020 cm™! that
can be attributed to overtones of the bands at 980 and 1000—
1020 cm~!. Additional strong and very broad absorptions
are present at ~3450 cm~! for both vanadate- and V,Os-
containing catalysts, which are attributed to surface hydroxyl
groups or chemisorbed moisture [29,33,45].

Although the XRD and DRIFTS experiments help to distin-
guish between vanadate- and V,0Os-containing samples, they
do not allow discrimination between isolated and polymerized
vanadate species. Here, besides Raman spectroscopy [46], eval-
uating the catalyst acidity can be helpful. Le Bars et al. [45]
reported that vanadate on alumina catalysts at low loadings
has only Lewis and Brgnsted acid sites similar to the support,
whereas at loadings >1.6 wt% V (1.4 V/nm?), a significant
fraction of weaker Brgnsted acid sites appear. Similar observa-
tions were made by Blasco et al. [47]; however, here weaker
Brgnsted acidity was first detected at a loading of 4.3 wt% V
(3.7 V/nm?). It appears that the acidic properties of isolated
and polymerized vanadates differ and can be used for phase
discrimination.

In the present study, TPD of pyridine was used to char-
acterize the acidity of the samples. It is known that pyridine
chemisorbs more strongly at Brgnsted acid centers than at
Lewis acid centers [48-51]. Using FTIR spectroscopy as well
as K blocking of the Brgnsted acid sites, these studies found
that pyridine chemisorbed at Lewis acid sites desorbs at tem-
peratures already below 300—400 °C without any reduction of
the catalyst. In contrast, pyridine bound to Brgnsted acid sites is
removed only at higher temperatures under decomposition, ac-
companied by vanadia reduction. This finding is supported by
experiments with bare support materials. In contrast to Al,O3
and TiOg, silica is known to exhibit no significant Lewis acidity
[52]. Whereas Al,O3 and TiO, are characterized by pyridine
TPD patterns already well below 500 °C, no pyridine-related
signals appear in this temperature range for silica. Here only
one desorption peak is observed, with a maximum at 730 °C,
indicating the presence of strong Brgnsted acid sites.

The bare y-Al,O3 support exhibits three pyridine desorp-
tion peaks at 185, 350, and 730 °C. The first two signals thus
can be attributed to medium and strong interaction with Lewis
acid sites, whereas the latter can be related to strong Brgnsted
acidity. He-TPD without pyridine chemisorption verified that
the signals are truly caused by pyridine exposure, not by any
other effects.

Fig. 3 shows the TPD patterns for the catalysts and for the
V705 reference. Two peaks at 180-190 and 350410 °C related
to Lewis acidity are present in all patterns, including that of
V,0s5. Thus, the strength of Lewis acidity is rather indepen-
dent of the nature of the vanadia species, and only the density
of Lewis acid sites increases by a factor of 2-3 due to the ap-
pearance of V,Os crystallites. More interesting changes can
be observed in the region above 400 °C, attributed to desorp-
tion of pyridine from Brgnstedt acid sites. For the catalyst with
1.7 wt% V, only an increase in pyridine desorption beginning at
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>600°C is observed. This signal is more pronounced than for
the support, suggesting a rather strong acidity of the V species
for this low-loaded catalyst, contrary to the results reported in
[45,47]. The desorption peak at >600 °C is also found for the
2.4% wt% V sample, but decreases significantly at a loading
of 4.8 wt% V and finally disappears for the 6.1 wt% V sam-
ple, the vanadate catalyst with highest loading. However, start-
ing at 2.4 wt% V, a new desorption peak at around ~500°C
that increases continuously with V loading can be detected.
Thus, for the vanadate catalysts with increasing V loading, the
strong Brgnstedt acid sites are gradually replaced by sites of
less strong character, indicating the existence of two different
vanadate species.

For the samples containing V,0Os5 crystallites (9.5-15.7 wt%
V) and for pure V,Os itself, the strength of Brgnstedt acidity
is similar to that of the 1.7 wt% V sample. Thus, the pyri-
dine desorption peak at 500 °C disappears, and that at above
600 °C returns. Moreover, the density of Brgnsted acid sites

TCD signal [a.u.]

V205

157 %V
1831 %V

1M1.7%V
95%V

0 100 200 300 400 500 600 700
T[°C]

Fig. 3. Pyridine TPD patterns of the fresh catalysts. Experimental conditions:
pretreatment in air at 600 °C/2 h, 50 pulses of pyridine at 130 °C, TPD with
25 ml/min He, 3 K/min up to 650 °C. All curves are normalized with respect
to sample weight and surface area.

seems to be similar. After the pyridine TPD experiments, all
catalyst samples changed to a blue-green color, corresponding
to a significant reduction of V(V) to V(IV) by pyridine due to
decomposition of the latter.

The foregoing observations on the existence of two different
vanadate phases are also supported by transmission electron mi-
croscopy (TEM) images of two VO,/y-Al,O3 reference sam-
ples prepared as described earlier (see Fig. 4 [53]). The sample
with 1.4 wt% V shows only amorphous structures related to
vanadia. In contrast, the sample with 5.0 wt% V, which is still
free of V05 crystallites, exhibits well-ordered regions in the
range of tens of nm.

Summarizing our findings, it seems that the 1.7 and 2.4 wt%
V samples (<2 V/nm?) are characterized primarily by isolated
amorphous vanadate species, while in the 4.8 and 6.1 wt% V
(3.6-4.9 V/nm?) catalysts, well-ordered polymerized vanadate
is dominating. Crystalline V,Os is present at V loadings of
9.5-15.7 wt% V; this is in accordance with [14,16—19]. The
following sections report investigations of reducibility, oxida-
tion states, and redox cycles of these different phases by TPR
and XPS.

3.2. TPR and TPO studies

3.2.1. Initial reducibility

The reducibility of catalysts can be evaluated by TPR using
hydrogen diluted in argon as a reactant. It is widely accepted
that low reduction temperatures correspond to a high degree
of V dispersion [54-56], and thus that the different vanadia
phases can be well distinguished within a TPR pattern. Only
for very low V loadings or weak vanadia—support interaction
(as for silica) is the reduction temperature reported to increase
again, which is attributed in [46,57,58] to the presence of an
ultra-dispersed V species. In addition, by quantifying hydrogen
consumption and its correlation to the degree of metal doping,
it is possible to calculate the original or final average oxida-
tion state of the sample if the corresponding reference state is
known. This is explored in Section 3.4.

Two series of initial TPR experiments were performed with
the fresh catalysts using different pretreatments. In the first se-

(a)

(b)

Fig. 4. TEM images of 1.4 (a) and 5.0 wt% V (b) on y-alumina support. Microscope: Philips CM 200 LaBg (by courtesy of [53]).
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Fig. 5. TPR patterns of the fresh catalysts. Pretreatment: (a) 3 h in He at 250 °C, (b) 2 h in air at 600 °C for 2 h both followed by 1 h in He at the same temperature.

TPR measurement: 25 ml/min 10% Hj in Ar, heating rate 3 K/min.

ries, samples were pretreated in 50 ml/min He at 250 °C for 3 h
to remove the absorbed moisture; in the second series, samples
were pretreated in 50 ml/min air at 600 °C for 2 h, followed
by a 1-h He purge at the same temperature to destroy any re-
maining organic impurities. The corresponding TPR patterns
are shown in Fig. 5. Their quantitative analysis is discussed in
Section 3.4.

For V;,0s, in both series of experiments, reduction peaks ap-
pear at ~660, ~681, ~741, and ~783 °C. This is in a range
comparable to the data reported in [29,30]. However, due to
the fact that the patterns obtained in TPR are rather sensitive to
the experimental conditions (apparatus, heating rate, and sam-
ple weight), the number of peaks differs in the publications.

For the vanadate catalysts with V loadings up to 6.1% V,
two reduction peaks can be observed with maxima at 430-440
and 470-480 °C. In the case of He pretreatment, the first reduc-
tion peak appears only as a shoulder of the latter, in contrast
to air pretreatment, where this peak is significantly more pro-
nounced. This indicates that these most-reducible V species are
formed only after the organic ligands are removed. Note that
the peak at 430-440 °C increases with increasing V loading. In
the literature, often only the high-temperature reduction peak,
commonly found at 460-520 °C, is reported [26,28,54,59].

For the higher-loaded V,0s-containing samples, the two
vanadate reduction peaks are only barely visible. Here the main
reduction peaks can be found at 530-550 and 580-610 °C, with
the latter peak increasing with increasing V loading. No signif-
icant differences are found for He and air pretreatment.

In agreement with the literature (see e.g. [27,30]), it is ev-
ident that the V,0Os-containing catalysts are more difficult to
reduce than the vanadate-containing samples, parallel to the
decreased degree of V dispersion. Apparently, the presence of
peaks at temperatures above 500 °C can be used as an indica-
tor for the presence of agglomerated (bulk-like) V,Os phases.

However, the reduction temperature of the V,Os-containing
catalysts is still lower than that of pure V,0Os, indicating a
significant interaction of the crystalline V,0Os5 phase with the
support as well, consistent with the DRIFTS experiments.

From Arrhenius plots calculated from the TPR patterns, ac-
tivation energies of 80-100 kJ/mol for vanadate reduction and
140-180 kJ /mol for the V,0O5 phases can be estimated. A sim-
ilar value for vanadate reduction was recently published by
Kanervo et al. [60]; for V,05 phase reduction, these authors
reported an activation energy of 119 kJ/mol, somewhat lower
than in our experiments but still larger than for vanadate.

In recent theoretical studies, Todorova et al. [61] and Braz-
dové et al. [62] investigated the reducibility and other properties
of vanadia films and of V,0s5 clusters on «-Al,O3(0001) sur-
faces. In these papers, reducibility was defined as the energy
of oxygen defect formation at the catalyst surface and corre-
lated to the catalytic activity, assuming that the latter depends
on the catalyst’s ability to release lattice oxygen following the
Mars—van Krevelen mechanism [67]. These authors found that
reduction of small V,0Os vanadia clusters on «-Al,O3(0001)
should be more difficult than reduction of the (001) V;0Os
single-crystal surface but significantly easier than reduction of
thin vanadia films on this support [62]. This is in an apparent
contradiction to the findings of the present study, where TPR
experiments showed that ultra-thin vanadia films on amorphous
y-alumina supports are reduced more easily by hydrogen than
V,0s-containing phases, and that bulk V,0s is the most dif-
ficult to reduce under these conditions. However, although the
discrepancy between the studies may be due to the different
support materials, it seems more likely that it stems from the
other authors’ definition of “reducibility” as being related to the
energy of defect formation, whereas in the intuitive, qualitative
“chemists’ interpretation” reducibility includes both kinetic and
thermodynamic contributions (i.e., activation energies as well
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Fig. 6. TPR-TPO redox cycles: (a) TPR patterns from the third run; (b) TPO patterns from the second run. Pretreatment in all TPR and TPO runs: 3 h in He at
250 °C. TPR measurement: 25 ml/min 10% H, in Ar, heating rate 3 K/min. TPO measurement: 25 ml/min 4% O in He, heating rate 5 K/min.

as enthalpies). We have shown above that the activation energy
for vanadate reduction by hydrogen is significantly lower than
that for the V,0s phases.

It also should be noted that the catalytic activity found in
our investigation is higher for ultra-thin vanadia layers than for
V105 crystallites, and can be correlated to the degree of directly
accessible V(V) sites (see Section 3.5).

3.2.2. Catalyst changes in H»-reduction/O;-reoxidation
sequences

It is known that the V dispersion and the fractions of the
different vanadia phases can change due to prolonged thermal
treatment, after passing through several redox cycles [54], or
under working conditions. Under reaction conditions, the Tam-
mann temperature is exceeded significantly, so that significant
surface mobility of vanadia becomes likely [63]. This can even
cause changes in the nature of the surface species, as reported
by Ballarini et al. [64]. To investigate such changes, we exposed
the catalysts to different reducing and oxidizing environments
at elevated temperatures. Two types of experiments were car-
ried out: (I) Hy-TPR-O,-TPO redox sequences, introduced in
this section, and (II) pretreatment with different diluted ethane—
oxygen mixtures to simulate catalyst operation in the catalytic
oxidation of hydrocarbons, discussed in the next section.

During the TPR-TPO redox cycles, the He pretreatment pro-
cedure (3 h in He at 250 °C) was applied for both TPR and
TPO as described in the previous chapter, to avoid thermally in-
duced structural changes during the pretreatment step. For each
catalyst, the sequence TPR-TPO-TPR-TPO-TPR was studied.

Fig. 6 shows the patterns from (a) the third (i.e., last) TPR run
and (b) the second TPO run.

Comparing the third and first TPR run (Fig. 6a vs. Fig. 5a)
reveals several changes that depend on the V loading. For the
catalysts with isolated V species (1.7 and 2.4% wt% V), the
area of the reduction peaks at 430—440 and 470-480°C de-
creases, and a new low-temperature peak appears already at
around 250°C. The latter increased with increasing number
of reduction—reoxidation cycles. In contrast, the polyvanadate
catalysts with V loadings of 4.8 and 6.1 wt% V show no sig-
nificant changes in the corresponding TPR patterns. For the
catalysts with V loadings of 9.5-13.1 wt%, the vanadate shoul-
der becomes slightly more visible. The area of the other peaks
remains nearly constant; however, the position of the peak orig-
inally located at 530550 °C shifts by about 30 K toward higher
temperatures, whereas in contrast, the second V,0s5 reduction
peak remains at nearly the same position (600—-610 °C). For the
catalyst with 15.7% V the peak at 460 °C disappears, while the
one at 535 °C shifts to 575 °C and increases in intensity, indi-
cating growth of the V,0Os crystallites on this catalyst. The area
of the third reduction peak at 605 °C remains nearly constant.

The TPO patterns from the reoxidation, reported in Fig. 6b,
are rather flat, especially for the reduced vanadate catalysts,
where only a weak maximum close to 400 °C is observed. The
higher-loaded catalysts show two more pronounced oxidation
peaks with maxima at ~400 and 430-450 °C, respectively. Ap-
parently, reoxidation occurs at lower temperatures than reduc-
tion, as was also e.g. found by Le Bars et al. [65]. Consequently,
its activation energies are significantly lower than those of re-
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Fig. 7. TPR experiments with ‘time on stream’ pretreatment at 600 °C. Pretreatment gases: (a) 0.7% ethane in air, (b) 7% ethane and 3.5% oxygen in He. TPR mea-

surement: 25 ml/min 10% Hj in Ar, heating rate 3 K/min.

duction: 20 kJ/mol for the dispersed and 40 kJ/mol for the
bulk-like vanadia phases, respectively.

Note that the appearance of a more reducible phase due
to Hr-reduction—O,-reoxidation sequences is not limited to
low-loaded VO, /y-Al,O3 catalysts. Similar changes were also
found for silica- and titania-supported samples; it seems that
H»/O; redox cycles strengthen the interaction between V and
the support. Partially contradictory studies can be found in the
literature. Gervasini et al. [54] reported no structural changes
for their y-alumina- and silica-supported vanadia catalysts but
significant alterations for their catalysts on titania support, ac-
companied by a loss of reducible species (TPR and TPO up to
527°C). In contrast, Besselmann et al. [56] performed redox
cycle experiments with various VO,/TiO; Eurocat samples and
observed no structural changes (TPR up to 600 °C, TPO up to
450°C). Similar results were reported by Arena et al. [66], who
investigated the reducibility of vanadia catalysts on a wide vari-
ety of supports in all steps of a H»/O» redox cycle at 367 °C. It
seems possible that the structural changes in the present study
are due to the higher final temperature (650 °C) in the TPR and
TPO runs used herein.

3.2.3. Structural changes of the catalysts after testing in
ethane oxidation

The catalytic oxidation of hydrocarbons is assumed to be
based on reduction—reoxidation cycles, following the well-
accepted Mars—van Krevelen mechanism [67]. Therefore, struc-
tural changes of the catalysts can be expected, which also can
affect catalyst performance. For this reason, the catalysts un-
der working conditions in the partial oxidation of ethane were
also investigated. Note that for this reaction, supported vanadia
catalysts are not the most efficient ones and are significantly
outperformed by the new class of Mo—V-Nb-Se/Te-O, cata-
lysts, which can selectively activate sp>-hybridized but not sp>-
hybridized C-H bonds, leading to efficient suppression of the

nondesired consecutive oxidation of ethylene. These Mo—V-
Nb-Se/Te—O, catalysts can be used profitably in the oxidation
of ethane to ethylene [68—71] and of propane to acrolein [72—
78] as well as acrylonitrile [77,79,80], but not for the oxidative
dehydrogenation of hydrocarbons with more than two carbon
atoms [81]. For the latter, vanadia catalysts remain the preferred
material. However, because the focus of this study is on gaining
more insight into vanadia-based catalysts in general, we choose
the partial oxidation of ethane, which can be easily monitored
by GC analysis, as the test reaction.

To evaluate structural changes of the catalysts in ethane ox-
idation, before H>-TPR, the catalysts were pretreated at 600 °C
with mixtures of ethane and oxygen at oxygen-to-ethane ra-
tios of 0.5 or 30 (i.e., conditions similar to those in the activity
tests). At this temperature, all catalysts have sufficient activ-
ity. The pretreatment for the first TPR run was performed with
35 ml/min of 0.7% ethane in air for 2 h to simulate catalyst
operation under oxygen-excess conditions. Afterward, the sam-
ples were purged for 1 h in 50 ml/min He at 600 °C to remove
adsorbed gases, then cooled in He. After the corresponding TPR
run, the catalyst samples were reoxidized with 35 ml/min of the
same ethane—air mixture for 0.5 h at 600 °C. Next, they were
pretreated with 35 ml/min of a mixture of 7% ethane and 3.5%
oxygen in He for 2 h at the same temperature, that is, under
oxygen-lean conditions, as commonly applied in catalytic tests
in the literature. Subsequently, the samples were again purged
with 50 ml/min He at 600 °C for 1 h and cooled in He, before
the second TPR was started. The patterns obtained from these
TPR runs are shown in Fig. 7.

First, note that the TPR patterns obtained after these pre-
treatments show distinct similarities, suggesting that even under
oxygen-lean conditions, no significant reduction occurs and the
same vanadia phases are present. This is in agreement with
the study of Gao et al. [8] on ethane and butane oxidation,
which found that the working catalyst is in the oxidized state
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Table 2
Oxidation states evaluated by XPS, and H/V ratios from TPR
Catalyst No.
1 2 3 4 5 6 7 8
V content (wWt%) 1.7 2.4 4.8 6.1 9.5 11.7 13.1 15.7
Oxidation state evaluated by XPS n.d. 4.3 43 43 4.8 4.8 4.7 4.8
Hydrogen consumption (H/V atomic ratio) in TPR
Initial TPR pretreatment in He/250 °C 1.2 0.9 0.9 1.3 1.9 1.8 1.7 1.7
Pretreatment in air at 600 °C 0.7 1.1 1.4 1.2 1.7 1.5 1.5 1.7
3rd TPR in TPR-TPO redox sequences 1.3 1.4 1.3 14 1.8 1.9 1.7 1.9
Pretreatment 0.7% CHg in air at 600 °C 1.5 1.4 1.4 1.4 1.8 1.8 1.8 1.8
Pretreatment 7% CHg and 3.5% O, in He at 600 °C 14 1.4 1.2 1.2 1.8 1.6 1.6 1.5

in both reactions. However, larger differences can be observed
compared with air pretreatment (Fig. 5b) and TPR-TPO se-
quences (Fig. 6). For all vanadate catalysts, the first reduction
peak located at 430-440°C is moderately decreased relative
to the reference TPR with air pretreatment (slightly stronger
for lean than for oxygen-excess conditions) and appears only
as a shoulder of the second reduction peak at 470—480°C,
which remains nearly unchanged with respect to position and
area. This suggests that the peak at 430—440°C corresponds
to the species involved in ethane activation. No difference be-
tween isolated and polymerized vanadate species is seen; the
reducibility of these two vanadate species also remains compa-
rable after time on stream in the ethane oxidation. In contrast
to the H>-TPR—-O,-TPO redox sequence experiments, the low-
temperature peak at 250 °C does not appear. This indicates a
full reversibility of the processes described in the previous sec-
tion, if the catalyst is exposed to a different reaction environ-
ment.

In contrast to the vanadate-containing samples, changes in
the V,0O5-containing catalysts after exposure to ethane—oxygen
mixtures are much more significant. In particular, the TPR pat-
tern of the 9.5 wt% V catalyst changes almost completely and
appears similar to that of the vanadate catalysts, with the main
reduction peak at 470-480 °C and a significant shoulder at 430—
440 °C. From the original reduction peak at 530-550 °C, only
a weak residual signal remains. A new peak at 430—440°C,
along with a shoulder close to 480 °C, also can be identified
in the patterns of the catalysts with 11.7-15.7 wt% V. These
low-temperature peaks indicate an at least partial transforma-
tion of the V,05 phases during time on stream in hydrocarbon
oxidation, accompanied by the formation of more reducible and
more dispersed species (possibly amorphous vanadia overlay-
ers). The V,0s reduction peaks at 530-550 °C and 580-610°C
are still present for the latter catalysts. The results from the
second TPR run can be reproduced when performing the mea-
surements with fresh catalyst material. Two conclusions can
be drawn: (I) The phase composition of fresh and working
catalysts may differ significantly, and (Il) the changes in the
catalysts are specific to the reducing agent (hydrogen or hydro-
carbon) and are at least partially reversible.

The almost identical amounts of hydrogen consumed in the
TPR experiments with the two ethane—oxygen mixtures and in
the third TPR within the TPR-TPO sequences (Table 2) indi-
cate that in ethane oxidation under steady-state conditions, the

catalysts are in the oxidized state, independent of the nature
of the active vanadia phase. This is consistent with the TPO
measurements, where the reoxidation started already at 300 °C
and was completed at 500 °C (Fig. 6b). Similar observations
have been reported by Gao et al. [8] and Le Bars et al. [65].
Quantification of the TPR results is discussed in more detail in
Section 3.4.

3.3. XPS results

The XPS investigations in this study were focused on de-
termining the initial vanadium oxidation state for the differ-
ent catalysts as a reference for interpretating the TPR results.
The V(V) and V(IV) contributions were determined from the
V 2p3;2 peak deconvolution, whereas the position of the V(V)
peak was calibrated using the photoelectron spectra obtained
from a reference sample (VOPO,4) with phase structure con-
firmed by XRD [82]. The measured reference value of 518 eV
is in a good agreement with the literature values [83-85] and
with our latest measurements performed using a monochro-
matic X-ray source (FOCUS-500, SPECS) for the same sample
embedded in indium foil to minimize charging effects [86]. The
foregoing value for V(V) and the value of 516.9 eV for the
V(V) contribution [87] were used for the V 2p3» peak de-
convolution for all samples studied herein. The results obtained
from the deconvolution procedure were also compared with the
average oxidation state calculated from analysis of the splitting
between the O Is and V 2p3, peaks as an independent cri-
terion [88]. Good agreement between these two methods was
observed for all samples.

The results from the “fast transfer” XPS measurements, per-
formed under minimized exposure of the samples to UHV con-
ditions and X-rays, are reported in Table 2. The vanadate cat-
alysts (2.4-6.1 wt% V) show initial oxidation states of ~4.3;
those containing V205 phases (9.5-15.7 wt% V), an initial ox-
idation state of ~4.8. All fresh catalysts contain only V(V) and
V(V) species, and no contributions from V(III) can be detected
in the XPS spectra.

To evaluate the stability of the different VO, phases under
UHYV conditions, selected samples were exposed continuously
to UHV for hundreds of hours. The main result of our first
investigation [87] was confirmed, that is, a vacuum-induced re-
duction of the vanadium oxide catalysts could be observed. The
oxidation state drops from 4.7—4.8 by ~0.3 for the high-loaded
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V1,05 containing samples, but by only 0.15-0.2 (from 4.3—4.35)
for the vanadate catalysts, respectively. However, the time scale
for this decay is on the order of 100—150 h, and only a negligi-
ble decrease is observed within the first 30 min, during which
the reference oxidation states for the interpretation of the TPR
experiments are determined. Thus, it can be concluded that also
previous XPS studies by other authors on y -alumina-supported
vanadium oxide catalysts probably reflect the original oxida-
tion state of the sample and are not significantly influenced by
exposure to the reducing vacuum conditions.

When comparing XPS and TPR data, it must be kept in mind
that in contrast to TPR, which measures the complete amount
of accessible reducible species including deeper layers and is
kinetically controlled by hydrogen activation, XPS is sensitive
only to a few upper layers of the catalyst surface, and that a re-
duction under UHV conditions is accompanied by a release of
the outermost lattice oxygen species. However, regarding the
initial oxidation states, TPR and XPS can be expected to pro-
vide consistent results, especially for monolayer catalysts with
their thin vanadate layers.

3.4. Initial and final oxidation states in TPR-TPO redox
cycles of vanadia catalysts

Besides providing information on the reducibility of the dif-
ferent vanadia phases, TPR allows correlation of Hy consump-
tion and catalyst oxidation states. Based on stoichiometry, H/V
ratios of either 1 or 2 may be expected, corresponding to re-
duction of V(V) to V(IV) or V(III), respectively. A reduction
to lower oxidation states is unlikely due to the high stability
of V203 even at elevated temperatures (see, e.g. [89]). How-
ever, as mentioned in the Introduction, often in practice (as in
the present study), fractional H/V ratios of 1-2 are measured
that cannot be attributed unequivocally to an original or final
oxidation state based on the TPR experiment alone. Here, for,
example, reference XPS data are needed.

Table 2 summarizes the different H/V ratios for the experi-
ments reported in Sections 3.2.1-3.2.3, together with the XPS
data from Section 3.3. Because the comparison of TPR and
TPO indicates that vanadia reoxidation occurs faster and at
lower temperatures than reduction, it can be expected that the
XPS measurements reflect the catalysts in their fully oxidized
state after cooling in air. The slightly lower H/V ratios for the
fresh catalysts (“initial TPR”) in comparison to the “used” ones
(pretreatment with oxygen—ethane mixtures and the third TPR
in the TPR-TPO sequence) are due to the initial existence of
organic residuals from catalyst preparation, evidenced by the
significant carbon content in the fresh catalysts (Table 1) and
by the CO; release observed in the initial period of the catalytic
tests. The lower H/V ratios after oxidizing air pretreatment in-
dicate that complete precursor oxidation seems to require inter-
mediate vanadia reduction, and that only after passing through
several redox cycles is the “real catalyst” obtained.

Taking the measured XPS data as the initial oxidation state
for the TPR experiments, it is evident that hydrogen completely
reduces all vanadia phases to the oxidation state 4+3. The ob-
served H/V ratios of <2—particularly for vanadium loadings

of <6.1 wt%—are consistent with the presence of V(IV) in the
XPS spectra and unambiguously not due to incomplete reduc-
tion of a pure V(V) species. For the higher-loaded samples, this
conclusion was also confirmed by XRD measurements of the
reduced samples directly after TPR, where V,03 was identified
as the only V-containing phase (library file 01-071-0343 [41]).

From these data, it can be concluded that in the dispersed
vanadate catalysts, only approximately 1/3 of vanadium is in
the oxidation state 45, in contrast to nearly 80% in the catalysts
with a V205 phase. These percentages cannot be enhanced by
moderately oxidizing atmospheres (TPO or air pretreatment at
600 °C), which means that the V(IV) fractions are rather stable
even under oxidizing conditions. Thus, it can be concluded that
in all y-alumina-supported vanadia catalysts studied herein,
two different species of V atoms with different redox behaviors
exist: one species that can show the full redox cycle between
V(V) and V(II) and another species that undergoes a redox cy-
cle only between V(IV) and V(III). The VIV)/V(V) ratio in
the oxidized state depends on the nature of the vanadia phase
present in the catalysts; a V(IV) excess corresponds to highly
dispersed vanadates, whereas a V(V) excess corresponds to ag-
glomerated V205 phases.

Note that the structural changes observed during the H-
TPR-0,-TPO redox sequences and for the catalysts “at work”
in the ethane oxidation are characterized by changes in the po-
sitions of the reduction peaks but not in the measured hydrogen
consumption. Consequently, the more reducible phase formed
during the interaction of the V,Os-containing catalysts with the
ethane—oxygen mixtures must be a V(V) phase. This means its
chemical nature differs from the mainly V(IV)-containing vana-
date phase in the low-loaded catalysts. These conclusions are
supported by the catalytic tests on ethane oxidation presented
in the next section.

The results given herein are in good agreement with data
from Casaletto et al. [90], who compared TPR and XPS results
from a series of alumina-supported vanadyl and iron vanadyl
phosphate catalysts. From XPS, they found the presence of
mainly V(IV) and V(V) and an only minor fraction of V(III)
in the fresh catalysts (after 3 h of calcination at 550 or 650°C
in air) and a final oxidation state of +3 after TPR.

3.5. Structure—activity relationships in ethane oxidation

The activity of the catalysts in ethane oxidation was mea-
sured at oxygen-to-ethane ratios of 0.5 and 30 (similar to the
TPR experiments reported in Section 3.2.3) at 430-630 °C, for
a GHSV of 46000 h~!. The catalytic performance is reported
in Fig. 8 for oxygen-lean conditions and in Fig. 9 for oxygen-
excess conditions. Ethane conversion, Xc,H,, exhibits the ex-
pected correlation to temperature, oxygen supply, V loading,
and available surface area. Under lean conditions, oxygen be-
comes limiting at ethane conversions >30%. The selectivity to
ethylene, the main product, decreases with increasing ethane
conversion, accompanied by increased selectivity toward CO.
The consecutive oxidation of ethylene to CO becomes stronger
with increased V loading, particularly for the V,Os-containing
samples. However, significant direct CO formation from ethane
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also occurs. The selectivity toward CO, remains rather constant
over a wide range of ethane conversion except at the highest
V loading of 15.7%, where it rapidly decreases. Thus, up to
30% ethane conversion, CO; is primarily formed directly from
ethane. The initial product distribution and activation energies
for all catalysts are given in Table 3; these activation energies
are in good agreement with published data [19].

The highest ethylene yields of 22-24% were obtained for
the vanadate catalysts at 630 °C under oxygen-lean conditions.
This yield is at the upper end of performance data reported
for supported vanadia catalysts (e.g. [19,65,91-94]), whereas
the activation energies and the initial product distribution sum-
marized in Table 3 are in the range reported in the literature.
Interestingly, the polyvanadate catalysts are less selective for
ethylene and more strongly oxidizing toward CO than the cat-
alysts with isolated vanadate species or V,0Oj5 crystallites. No
coke formation was observed during the ethane oxidation ex-
periments.

Experiments on ethylene oxidation, using a similar set of ex-
perimental conditions (0.7% C2Hy; 1 and 21% O;; temperature
range 430-630 °C; contact time, W/F =75 gs/1), also led to
acetaldehyde with catalysts containing V,0s5, which was not
observed in the oxidation of ethane. The acetaldehyde selectiv-
ity behaves opposite to that of CO.

It should be mentioned that, as already reported by Hera-
cleous and Lemonidou [95], the bare alumina support has a
considerable activity in both ethane and ethylene oxidation, but
ethylene formation from ethane is rather poor (S = 10-20%,
Ymax < 3.5%).

CO oxidation to CO, was also studied separately, and ac-
tivation energies of 83 kJ/mol for the vanadate catalysts and
72 kJ/mol for those containing V205 crystallites were found,
in reasonable agreement with earlier reports [96,97]. It should
be mentioned that this reaction appears to be strongly inhibited
by ethylene, which may be the reason for the low CO» selectiv-
ity in ethane oxidation.
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Fig. 9. Catalytic activity of the different catalysts in the oxidation of ethane under oxygen-excess conditions: (A) 1.7, (O) 2.4, () 4.8, () 6.1, (A) 9.5, (@) 11.7,
(M) 13.1, and (@) 15.7% V. Feed composition: 0.7% CoHg, 21% O3, balance No, GHSV 46 000 h—1l.

Table 3

Activation energies and initial product distribution in the oxidation of ethane and ethylene

V loading Activation energy Initial selectivity at Initial selectivity at

(Wt%) (kJ/mol)? oxygen-lean supplyb oxygen-excess supplyb

Ethane oxidation CrHy CcO CO, CrHy CcO CO,
1.7 109.8 80.8 11.5 7.7 68.2 16.7 15.1
2.4 102.9 78.7 14.9 6.4 69.5 22.9 7.5
4.8 94.8 76.8 21.5 1.7 67.6 24.3 8.1
6.1 96.5 72.7 22.4 4.9 64.8 26.1 9.0
9.5 98.2 76.7 19.2 4.1 66.2 24.2 9.7

11.7 88.4 75.3 12.5 12.1 67.8 17.5 14.8

13.1 99.6 84.7 5.4 9.8 67.8 10.3 21.9

15.7 90.6 74.6 14.8 10.6 63.9 24.6 11.5

Ethylene oxidation CH3CHO CO CO, CH3CHO CO CO,
1.7 52.6 n.d. 78.2 21.8 n.d. 81.2 18.8
2.4 71.7 n.d. 82.0 18.0 n.d. 86.5 13.5
4.8 80.7 n.d. 91.0 9.0 n.d. 90.5 9.5
6.1 93.3 n.d. 88.3 11.7 n.d. 89.3 10.7
9.5 80.8 6.0 86.2 7.8 traces 93.3 6.7

11.7 70.2 6.1 88.8 5.1 4.8 934 1.7

13.1 88.8 54.3 31.3 14.4 36.2 49.8 14.0

4 Data estimated from the rates of consumption of CoHg, CoHy, and CO, respectively.
b Data estimated from extrapolation of conversion—selectivity plots to zero conversion (based on data between 10 and 20% conversion). Herein the lower limit is
given by the appearance of CO, for which the GC has a slightly lower sensitivity.
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Fig. 10. Surface normalized turnover rate constants klf (see Egs. (7) and (8)): @) &/, (A) ké, and (A) kj‘. Left-hand scales—reaction (1) (ethane to ethylene) and

reaction (2) (ethane to CO). Right-hand scales—reaction (4) (ethylene to CO).

In principle, coke can be formed from ethylene and CO by
pyrolysis and Boudouard reactions, respectively. We found that
these reactions occur only if oxygen is consumed completely
and at contact times much longer than those applied in this
study. In this case, propylene, benzene, and toluene also can
be formed from ethylene [40].

To establish relations between structure and activity, a ref-
erence temperature of 600 °C was chosen, comparable to the
conditions in the TPR experiments reported in Section 3.2.3.
Here all catalysts have adequate activity, which is sufficient
to allow an accurate quantitative analysis of the product dis-
tribution. Based on standard estimations of the degree of pore
utilization, diffusion limitations were found to be still negligi-
ble. They become significant at 630 °C, the highest temperature
applied in the catalytic tests. At 600 °C, for oxygen-lean condi-
tions, oxygen was almost completely consumed in the 4.8 and
6.1 wt% V samples and thus is the rate-limiting reactant. In all
other experiments, the conversion was not limited by oxygen
availability. Catalyst performance was analyzed taking into ac-
count the following network of six reactions:

CyHg + 0.50, — CyHy + H;0, (1)
C,Hg + 2.50, — 2CO + 3H,0, )
CyHg + 3.50, — 2CO, + 3H,0, 3)
CyHy + 20, — 2CO + 2H,0, @)
CyHy + 30, — 2C0O, + 2H,0, (5)
CO + 0, — CO,. (6)

The rates of the partial reactions in the network were cal-
culated from the initial product distribution and data on the
oxidation of ethylene and CO. Because of the lack of acetalde-
hyde formation in ethane oxidation, its formation from ethylene
and oxidation to CO, as well as the direct ethylene oxidation to
CO, were put together in reaction (4). To evaluate correlations
between the V species present on the catalysts and the catalyst
performance, turnover rate constants at 600 °C were calculated
for the reactions of the network, assuming reaction orders of 1

for ethane, ethylene, and carbon monoxide and 1/2 and O for
oxygen in the lean mixture and under oxygen-excess condi-
tions, respectively. The six turnover rate constants (k1—k¢) were
normalized to the available surface area of the catalysts (klf) as
follows:

ki

— fori=1,...,6,
Meat © SBET

k= @)
with
ri

=..=05
Cj- C02

ki = for oxygen-lean conditions

ri
ki=_—
€j

for oxygen-excess conditions,

where k] is the surface normalized turnover rate constant
(112 / (mol'®> m2h) orl /(mol m? h)], k; is the turnover rate con-
stant [1'/(mol' h) or 1/(mol h)], r; is the turnover rate [mol
reactant j/(mol V h)] at 600 °C, m4 is the mass of the catalyst
inserted into the reactor (g), Sget is the BET specific surface
area of the catalyst (m?/g), ¢ j 1s the average concentration of
reactant j (CoHg, CoH4, CO) (mol/L), and co, is the average
concentration of oxygen (mol/L).

The following discussion is focused on reactions (1), (2), and
(4) as the main reactions determining catalytic performance.
Reaction (1), the initial formation of ethylene from ethane, is
known to occur via a Mars—van Krevelen mechanism under par-
ticipation of reducible sites of the catalyst. Fig. 10 plots the
surface area-normalized turnover rate constants klf (i=1,2,4)
for all catalysts versus V loading. To better understand this
figure and Fig. 11, keep in mind that the turnover rate con-
stants were calculated in a different manner for oxygen-lean
and oxygen-excess conditions [see Eq. (7)] and cannot be com-
pared directly. For the vanadate catalysts, a continuous decrease
of k{ with increasing V loading is observed up to 6.1 wt%
V under oxygen-lean conditions, in contrast to oxygen-excess
conditions, under which ké remains rather constant (except for
the 1.7 wt% V-containing catalyst). The decrease in turnover
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rate constants under oxygen-lean conditions can be attributed
to the limited availability of oxygen. In terms of V density, this
tendency is similar to that reported in [19,21]. Under oxygen-
excess conditions, the constancy of k| is in agreement with
the linear increase of the V density (see Table 1), which cor-
responds to a linear increase in the number of active sites and a
similar reducibility of these sites.

In contrast to k|, k} increases slightly with V loading. An
even stronger tendency can be observed for k.

Surprisingly, apart from the sample doped with 15.7 wt%
V, the catalysts containing a V,0s phase show equal or even
higher normalized turnover rate constants than the vanadate-
containing samples for all reactions. At first glance and with
respect to reaction (1) (i.e., the formation of ethylene from
ethane), this result seems to contradict the literature, which pos-
tulates the opposite order with respect to the performance of
vanadates and V,0Os phases [5—7]. However, the TPR and XPS
results reported above should be taken into account. According
to the latter, only ~33% of the V atoms are in the oxidation state
V(V) in the vanadate catalysts, but nearly 80% of the V atoms
are in the oxidation state V(V) in the catalysts containing a
V105 phase, with the remainder being V(IV) in both catalysts.
To prove the participation of only one of the different V species
in the above reactions, the turnover rate constants were normal-
ized to the vanadium oxidation state fractions [V(IV) or V(V)]
(which were calculated from the TPR and XPS experiments,
see Section 3.4) according to

ki vy = ki /1 (8)

where kl{,V -

stant for the considered vanadium fraction (1'3/(mol!> m? h)
or 1/(molm? h)) and £ is the fraction of V atoms in the respec-
tive oxidation state.

Meaningful results were obtained only when the V(V) frac-
tion was considered active (see Fig. 11). For ethylene formation
from ethane (reaction (1)), the catalysts with V loadings up to

is the surface normalized turnover rate con-

9.5 wt% have a similar V(V)-specific activity independent on
surface area and percentage of V(V) in the present working
state for both lean and oxygen-excess conditions. This corre-
lates with the identical reducibility of these catalysts after time
on stream pretreatment (Fig. 7). The decrease in the V(V) spe-
cific activity observed here for the catalysts loaded with 11.7-
15.7 wt% V is consistent with the nonaccessibility of the deeper
layers of the V,0s5 crystallites detected in the corresponding
TPR patterns (Fig. 7). Catalyst reduction, which was measured
in cases of complete oxygen consumption and hydrocarbon ex-
cess as it was found for the 4.8 and 6.1 wt% V catalysts, results
in a loss of activity in ethylene formation due to the disappear-
ance of the V(V) species. Apparently, the V(IV) fraction, which
is reducible by hydrogen, is not able to activate ethane.

As can be seen from Fig. 11, the CO formation from ethane
(reaction (2)) increases initially with the degree of vanadate
polymerization, but returns to the level of isolated vanadates
when V,0s5 crystallites appear. This tendency is opposite to that
of Brgnstedt acidity, which was found to be lower for polyvana-
date than for isolated vanadate species and V,Os crystallites.
Based on our findings and on the literature data (e.g. [5,20,98-
104]), it is sensible to correlate primary CO formation to the
number and strength of Brgnstedt acid sites. Again, the corre-
lation of activity to V(V) is stronger than that to V(IV) or to
the total vanadia content. In agreement with Le Bars et al. [21],
we found that Lewis acidity plays only a minor role in catalyst
performance. Finally, the consecutive ethylene oxidation to CO
appears to be favored by the presence of bulk-like V,0s crys-
tallites.

It should be noted that all results regarding reducibility, ox-
idation states, acid—base properties, phase transformations, and
catalytic activity reported herein could be fully reproduced in
experiments with another series of VO, catalysts prepared by
impregnation of y-alumina with NH4VO3; in water—acetone
mixtures and subsequent calcination at 650 °C. The sole impact
of preparation procedure was a somewhat lower dispersion of
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Fig. 12. Proposed vanadate species: (a) isolated amorphous vanadate
([V3Og]3_ base unit); (b) ‘polyvanadate’ chain structure.

vanadia, leading to XRD detection of V,0Os already at a load-
ing of 5.5 wt%. These results are consistent with data reported
in [19,21].

3.6. Proposed structure of VO,/y-Al,O3 catalysts

The coexistence of two kinds of vanadium atoms with dif-
ferent redox behavior within the vanadate structure can be re-
flected in a new structural model that is in agreement with our
findings as well as previous reports. The high sensitivity of the
catalytic performance on the kind of support suggests an as-
signment of the active V(V) species to the M—O-V bond as the
crucial site for performance, reducibility, and acid-base proper-
ties. On the other hand, TPR and XPS results reveal that in the
dispersed vanadate catalysts only ~1/3 of the V atoms are in
this oxidation state and ~2/3 occupy the oxidation state +4.

The smallest structural unit that can fulfill these require-
ments is [V30g]>~ (see Fig. 12a), with three bonds to the sup-
port and a V(V)/V(V) ratio of 1:2, as found in the experiments.
We suggest that this structure is present predominantly in low-
loaded catalysts (<2 V atoms/nm?), where the vanadia phase
was found to be amorphous and described as “isolated vana-
dates.” However, for ultra-low loadings, the existence of other
structures [e.g., the up-to-now favored (VO4)3~ monovanadate
unit], cannot not be ruled out completely.

At loadings above 2 V atoms/nm? but below the appearance
of V,0s, a polymerized vanadate phase appears that differs
from the isolated vanadates by a long-range ordered structure

and lower Brgnstedt acidity, resulting in a different initial prod-
uct distribution. XPS and TPR findings suggest a similar ratio of
V(V)/V(V) as above. In addition, comparable behavior with re-
spect to reducibility and initial ethylene formation is observed.
The “polyvanadate” net structure proposed in Fig. 12b consists
of chains with [V307]™ as the base unit and reproduces the ex-
perimentally observed ratio of oxidation states. Note that except
for comparable reducibility, this polyvanadate structure differs
from the amorphous V(V) overlayer phase formed from V;0s5
crystallites during exposure to oxygen—ethane mixtures.

The two vanadate structures are stable against redox cycles
in hydrocarbon oxidation, but they might collapse if vanadia is
reduced (by, e.g., hydrogen) to V(III). Note that V(IV)-V(V)
mixed oxides, like VgOg3, are also known to exist for bulk
species [12,105].

It is important to note that the proposed structures are in
agreement with previous spectroscopic findings on vanadate
catalysts. V=0, M-0O-V, and V-O-V bonds (which cause, e.g.,
the various known IR and Raman absorptions) are included, and
not in contradiction to the average oxidation state experimen-
tally found in the study reported herein.

4. Conclusions

In the present study, y-alumina-supported vanadia catalysts
with loadings of 1.7-15.7 wt% were investigated to evaluate
structural properties, redox cycles, and changes due to expo-
sure to various reactive environments. Three different vanadia
phases were identified for fresh catalysts: amorphous isolated
vanadate species (<2 atoms V/nm?), well-ordered polyvana-
date species (2-5 V atoms/nm?), and bulk-like V,O5 crystal-
lites. The two vanadate phases showed identical reducibility,
but different Brgnstedt acidity. The bulk-like V,Os5 crystallites,
in turn, were less reducible; their acidity was similar to that of
isolated vanadate and thus greater than that of polyvanadates.

Structural changes were observed on exposure of the cat-
alysts to various redox environments. Hy-TPR-O,-TPO se-
quences lead to a more reducible species from isolated vana-
dates, whereas polyvanadate and crystalline V,Os5 phases re-
main almost unaffected. In contrast, under time on stream in
ethane oxidation, neither vanadate phase was modified, but a
new phase was formed from the V,Os5 crystallites with a re-
ducibility similar to that of the vanadates. This phase transfor-
mation can even be complete. It seems that such phase con-
versions are specific to the reactive environment and also are
reversible if any changes occur in the reactant system to which
the catalyst is exposed.

A comparison of TPR and XPS data shows that even un-
der oxidizing conditions in vanadate catalysts, only ~30% of
V is in the oxidation state 45, whereas the majority is present
as V(IV). In V,0s5 phases, the V(V) fraction is much larger,
typically 80% even after phase transformation by exposure to
hydrocarbon oxidation (if oxygen is not limiting). In both cases,
reduction by hydrogen in TPR leads to a final oxidation state
of +3.

These results contradict the common assumption that V(V)
is the only oxidation state in oxidized vanadia catalysts, par-
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ticularly for those containing well-dispersed vanadate species.
Consequently, the presence of two different kinds of V species
within the vanadates on y-alumina with different redox cycles,
V(AV) < V{II) and V(V) < V(II), can be concluded. The
maximum V(V) fraction of ~30% for the vanadate phases is
independent of V loading and indicates that both V(IV) and
V(V) are well distributed within the vanadate layer; a “core—
shell” structure seems unlikely. We suggest that the smallest
unit present in the amorphous vanadate phase comprises one
V(V) cation and two V(IV) cations bridged and bound to the
y-alumina support via oxygen, resulting in the composition
[V303]3~. We postulate chains consisting of [V307]™ units for
the well-ordered polyvanadates.

These suggestions are supported by experiments on the se-
lective oxidation of ethane as well as analyses of structure—
activity relationships. TPR and XPS measurements confirmed
that V(V) is the necessary species for the activation of ethane
and V(IV) is not involved. The TPR experiments with differ-
ent ethane—oxygen mixtures indicate that in ethane oxidation
under steady-state conditions, the catalysts are in the oxidized
state, independent of the nature of the active vanadia phase,
because reoxidation is faster than hydrocarbon activation. Sig-
nificant catalyst reduction and loss of activity occurs only if the
surrounding gas-phase oxygen is completely consumed. This
aspect should be considered in the design of reactors operated
under oxygen-shortage conditions, such as membrane reactors
or periodically operated fixed-bed reactors.

Our surface-sensitive experiments and the independent cat-
alytic tests have revealed the existence of distinct V species
in the studied y-alumina-supported vanadia catalysts. The role
and possible structure of the detected V species should be taken
into account in future investigations of vanadia phases in sup-
ported catalysts.
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