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Bulk VPO catalysts (VPO/bulk) and VPO catalysts supported on mesoporous SBA-15 material (VPO/SBA-
15) were treated sequentially in a flow of nitrogen loaded with n-butane and of synthetic air loaded with
n-butane in order to reach a complete reduction and reoxidation, respectively, of the catalyst surface. The
V5" species on these VPO catalysts were quantitatively investigated by solid-state NMR spectroscopy and
correlated with the catalytic activities of the corresponding materials in the selective oxidation of n-
butane to maleic anhydride. By 3'P{'H} cross-polarization MAS NMR experiments on the n-butane-
loaded VPO/SBA-15 catalyst was evidenced that n-butane is preferentially adsorbed at surface sites of
3-VOPO,-like phases. Based on the number of P/V°" species in 5-VOPOQ,-like phases as determined by
MAS NMR spectroscopy, the turnover frequency of the surface sites on the VPO/SBA-15 catalyst was esti-
mated to be about 0.2 57,

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Vanadium phosphate (VPO) materials belong to the most com-
plex catalysts in heterogeneous catalysis. VPO catalysts are indus-
trially applied in the selective oxidation of n-butane to maleic
anhydride (MA) comprising the stepwise abstraction of eight
hydrogen atoms leading to the formation of four water molecules
and the insertion of three oxygen atoms. Until now, there is a con-
troversy discussion on the composition of the highly active VPO
catalysts and the nature of their active surface sites [1]. It is widely
assumed that vanadyl pyrophosphate (VO),P,07 is the main com-
ponent of the bulk VPO catalysts, which are covered with defect
sites or other amorphous and crystalline vanadyl phosphate phases
[2-6]. Recent studies focusing on the investigation of the surface
structure and composition of VPO materials indicated that the sur-
face regions of the catalyst particles are very different from the
bulk phase [7-11]. Applying Raman spectroscopy, XPS, and EXAFS
techniques, various orthophosphates, such as members of the -
VOPO, family, could be indentified on vanadyl pyrophosphate par-
ticles, which are involved in redox and oxidation cycles [7,11]. In
contrast to the vanadyl pyrophosphate built by vanadium atoms
in the oxidation state +4 (V#*), vanadyl orthophosphates consist
of vanadium atoms in the oxidation state +5 (V°*).
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Generally, VPO catalysts are prepared via an in situ activation of
vanadyl hydrogenphosphate hemihydrate VOHPO4-0.5H,0 in a
flow of air loaded with n-butane [1]. This procedure leads to VPO
catalysts composed of vanadyl pyrophosphate and vanadyl ortho-
phosphate phases, such as o-, oy, -, y-, 6-VOPO, [1,12-15]. Fur-
thermore, a reversible transformation of orthophosphate phases
into the vanadyl pyrophosphate is discussed, which corresponds
to a change of the oxidation state of vanadium atoms from the
V5* to the V#* state and, possibly, to the V3* state and vice versa
[15]. The change, e.g., between the V°* and V** states is accompa-
nied by a release of oxygen atoms from the catalyst framework and
their transfer to reactant molecules. The formed framework vacan-
cies are filled by oxygen from the gas phase changing the oxidation
state of the framework vanadium back from V** to V°*. This cata-
lytic cycle corresponds to the Mars-van-Krevelen mechanism [16].

Since V4" and V3* species are paramagnetic, they are not acces-
sible for solid-state NMR spectroscopy in a direct manner. How-
ever, static 3'P spin-echo NMR spectroscopy allows the
separation of signals due to phosphorus atoms in the proximity
of V°* (—40 to 10 ppm), V*4* (very broad signal at ca. 2500 ppm),
and V3* species (very broad signal at ca. 4650 ppm) in VPO
compounds [17-19]. Magnetic susceptibility measurements of
vanadyl pyrophosphate confirmed the presence of paramagnetic
V4 species in this material. Li et al. [17] found that the observed
31p NMR shifts of up to 2500 ppm for phosphorus atoms in the
proximity of paramagnetic V** species are due to electron-nuclear
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dipolar-plus-contact interactions, which also cause the strong line
broadenings of the >'P NMR signals of up to 1000 ppm. In contrast,
phosphorus atoms in the proximity of diamagnetic V>* species
(P/V>*) and V> species themselves have been successfully investi-
gated by high-resolution 3'P and *'V MAS NMR spectroscopy
(MAS: magic angle spinning), respectively [20-24]. In these cases,
the residual line width of the 3!P and >'V MAS NMR signals mainly
depends on the distribution of bond distances and angles in the
local structure of the resonating nuclei.

In the present study, the sensitivity of solid-state NMR spectros-
copy for local structures and the quantitative character of this
method were utilized for, to the best of our knowledge, first quan-
titative investigation of P/V>* species in differently treated VPO
catalysts. For these studies, VPO catalysts were treated under reac-
tion conditions in such a manner that the number of catalytically
active V°* atoms was decreased by reduction in a flow of nitrogen
loaded with n-butane and increased in a flow of synthetic air
loaded with n-butane. The MAS NMR experiments focused on the
separation and quantification of P/V>* species and the assignment
of the corresponding vanadyl orthophosphate phases after transfer
of the spent catalysts into MAS NMR rotors. To enhance the sensi-
tivity of the MAS NMR spectroscopy for the catalytically interesting
P/V>* sites, the VPO compounds were dispersed on mesoporous
SBA-15 material acting as a catalyst support. For the obtained
VPO/SBA-15 material, a significantly higher specific surface area
of the VPO compounds in comparison with VPO/bulk catalysts
could be expected [25,26].

2. Experimental
2.1. Materials

The bulk VPO catalyst (VPO/bulk) used as reference material
was prepared via vanadyl hydrogenphosphate hemihydrate (VOH-
P0O4-0.5H,0). This precursor was obtained according to the follow-
ing standard procedure [27,28]: 1.46 g V,05 and 2.21 g 85% H3PO,
were given in 29-ml isobutanol and 2.9-ml benzyl alcohol. The
synthesis was carried out at 373 K for 6 h in a 250-ml round bot-
tom flask equipped with a stirrer and reflux condenser. After com-
pletion of the reaction, the precipitate was recovered by filtration,
thoroughly washed in acetone and demineralised water, and dried
in synthetic air at 393 K for 12 h leading to the blue vanadyl hydro-
genphosphate hemihydrate precursor. By ICP-AES, the phosphorus
to vanadium ratio of the precursor was determined to 1.01.

The synthesis of the SBA-15 material used as catalyst support
was performed as described by Zhao et al. [29]: 6.0 g of the triblock
copolymer P123 (Aldrich) was added to 29.4 g of HCI (37%) and
192 g deionised water until all the P123 was dissolved. Subse-
quently, this mixture was dropwise added to 13.2 g tetraethylor-
thosilicate (Aldrich, 98%) and vigorously stirred for 10 min. At
first, the mixture was heated at 313 K for 24 h and, upon transfer
into a Teflon-lined 200-ml autoclave, at 373 K for another 24 h.
After cooling to room temperature, the solid product was washed
with deionised water and dried in air at 353 K overnight. For
decomposing the templates, the as-synthesized material was
heated with a rate of 2 Kmin~! up to 823 K and calcined at this
temperature in synthetic air for 5 h.

For the preparation of the SBA-15-supported VPO catalyst (VPO/
SBA-15 with 60 wt.% VPO), the synthesis of the vanadyl hydrogen-
phosphate hemihydrate precursor VOHPO,4-0.5H,0 was performed
according to Li et al. [25,26]: 0.54 g of V,05 was refluxed at 413 K
for 5 h in a mixture of isobutanol and benzyl alcohol (10 ml each).
Then, 0.524 g of polyethyleneglycol 6000 (PEG 6000 by Fluka) and
0.90 g of the calcined SBA-15 material were added accordingly.
After 1 h, 0.274 g of 85% H3PO,4 was added dropwise to the mixture.

This mixture was allowed to reflux for 6 h before the suspension
was filtered, and the solid was washed with isobutanol and ace-
tone. The solid was dried in synthetic air at 393 K for 12 h. By
ICP-AES, the phosphorus to vanadium ratio of the VPO/SBA-15
material was determined to 1.04.

The activation of the VPO/bulk and VPO/SBA-15 catalysts under
study was carried out under a gas flow of 98.5 ml synthetic air and
1.5 ml n-butane per minute by heating with a rate of 2 Kmin™!
from room temperature to 678 K. This temperature was kept for
24 h under the above-mentioned gas flow.

2.2. Characterization techniques

The activated catalysts were characterized by chemical analysis
(ICP-AES, Varian Vista-MPX) and X-ray diffraction (Bruker D8 AD-
VANCE, Cu Ko radiation). Nitrogen adsorption was carried out at
a Quantachrom Autosorb 1C upon degassing the samples at
573 K for 3 h. Then, the adsorption was conducted at 77 K. SEM pic-
tures were recorded at a Cambridge CamScan 44 scanning electron
microscope for studying the morphology of the materials.

The selective oxidation of n-butane on the catalysts under study
was investigated using a fixed-bed laboratory reactor with a bed
diameter and bed height of each 10 mm, the feed rate of
100 ml min~! with compositions of 98.5 vol.% synthetic air and
1.5 vol.% n-butane under atmospheric pressure, and at the reaction
temperature of 678 K. The reactor was charged with 500 mg of the
catalyst precursor crushed and sieved to particles of 200-315 pm.
The reaction products were analyzed by an on-line gas chromato-
graph HP 6890 equipped with a column HP-5 (length 30 m). Before
the catalytic experiments, the catalysts were activated at 678 K for
24 h as described in Section 2.1. The end of this activation proce-
dure defined the starting point of the sequential catalytic experi-
ments. In these sequential experiments, an oxidizing feed
consisting of synthetic air loaded with n-butane (1.5 vol.%) was
introduced into the reactor for 20 min before the feed was
switched to a reducing gas mixture consisting of nitrogen loaded
with n-butane (1.5 vol.%) for 40 min and so on.

For the on-line study of the oxidation state of the vanadium in
the VPO catalysts, the fixed-bed laboratory reactor was equipped
with a high-temperature glass-fiber reflection probe HPSUV1000A
by Oxford-Electronics connected with a fiber-optic spectrometer
AvaSpec-2048 and an AvaLight-DH-S light source by Avantes. The
window of the reflection probe was fixed ca. 1 mm over the cata-
lyst bed (see Refs. [30,31]). With this technique, the absorbance
of the UV/Vis charge-transfer (between 02~ and V°*) band at ca.
400 nm, characteristic for vanadium species in the oxidation state
+5 (V°*), was detected [32]. The evaluation of the band intensity
was performed according to the Kubelka-Munk function [33].

31p and >'V MAS NMR investigations were performed on a Bru-
ker MSL-400 spectrometer at resonance frequencies of 161.98 and
105.25 MHz, with repetition times of 30 and 0.5 s, and with 4.800
and ca. 100.000 scans per spectrum, respectively. 3'P and °'V nu-
clei were studied using 4 mm and 2.5 mm MAS NMR rotors with
spinning rates of 8 kHz and 12.5-20.0 kHz, respectively. The quan-
titative 3'P MAS NMR studies of the number of phosphorous atoms
in the proximity of V>* species (P/V°>*) were carried out by compar-
ing the signal intensities of the catalyst samples with that of an
external intensity standard recorded with a repetition time of
120 s. This intensity standard consisted of a well-characterized sil-
icoaluminophosphate SAPO-34 diluted with SBA-15 in a ratio of
1:4 [34]. For the 3'P{'H} cross-polarization MAS NMR experiments,
a contact pulse of 5 ms and a repetition time of 2 s were used.

Before the XRD and solid-state NMR characterization of the
activated, reduced, and reoxidized catalyst samples, the corre-
sponding materials were transferred from the fixed-bed laboratory
reactor to the XRD sample carriers and into the MAS NMR rotors
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without contact to air in a glove box purged with dry nitrogen gas.
After the above-mentioned transfer, the XRD sample supports
were covered and sealed by a gas-tight foil, and the MAS NMR ro-
tors were sealed with gas-tight caps.

3. Results and discussion
3.1. Characterization of the materials under study

In Fig. 1, the SEM pictures of the calcined VPO/bulk and VPO/
SBA-15 catalysts (a and c) and the calcined SBA-15 material (b)
are shown. In contrast to the images of oy-, oy, 8-, y-, and 6-VOPO4
standard phases with large plate-like morphologies [14], the VPO/
bulk catalyst used in the present study consists of small rectangu-
lar-shaped crystallites with a diameter of ca. 1 um, which are
agglomerated to form large particulates (Fig. 1a). This morphology

Fig. 1. SEM pictures of the calcined VPO/bulk catalyst (a), the calcined SBA-15
material (b), and the calcined VPO/SBA-15 catalyst (c). Calcination of VPO/bulk and
VPO/SBA-15 was performed at 678 K for 24 h in synthetic air loaded with 1.5 vol.%
n-butane, while calcination of the SBA-15 material was carried out in synthetic air
at 823K for 5 h.

is very similar to that described by Kiely et al. [14] for (VO),P,0-
crystallites. The image of the pure SBA-15 material used as catalyst
support shows rope-like particles with uniform diameters of ca.
1 pum (Fig. 1b). After loading this SBA-15 material with the vanadyl
hydrogenphosphate hemihydrate precursor and subsequent calci-
nation (Fig. 1c), the sample consists of broken rope-like particles
and particles similar to (VO),P,0; crystallites. This observation
hints to the presence of SBA-15 covered by VPO compounds. This
explanation agrees with the significant decrease in the number of
SiOH groups of the SBA-15 materials upon loading with VPO com-
pounds as recently demonstrated by 'H and 2°Si MAS NMR inves-
tigations of VPO/SBA-15 materials in an earlier study [24].

The results of nitrogen adsorption on the calcined VPO/bulk,
SBA-15, and VPO/SBA-15 samples are summarized in Table 1.
The BET surface area of the VPO/bulk catalyst of 13 m? g~ ! lies in
the typical range of 2-43 m? g~! described for calcined bulk VPO
catalysts in literature [14,28]. For calcined VPO catalysts prepared
via the alcohol solution route, like used in the present work, Kiely
et al. [14] obtained a specific surface area of 14 m? g~!. The specific
surface area of 1164 m? g ! determined for the calcined SBA-15
material before loading with VPO compounds and the mesopore
size of 60 A are typical for this mesoporous structure [25,26,29].
Loading of the SBA-15 material with the vanadyl hydrogenphos-
phate hemihydrate precursor led to a decrease of the specific sur-
face area from 1164 to 456 m? g~ ! and of the mesopore diameter
from 60 to 48 A. These data and the significant decrease of the
SiOH groups upon loading of SBA-15 with the vanadyl hydrogen-
phosphate hemihydrate precursor and subsequent calcination
indicate that the external and internal surfaces of the SBA-15 par-
ticles in the VPO/SBA-15 material are directly covered by VPO com-
pounds. In connection with the dispersion of the VPO compounds
on the SBA-15 support, an increased specific surface area of the
catalytically active species is expected, which is advantageous for
the further spectroscopic investigations due to the larger number
of surface sites.

The XRD patterns of the activated VPO/bulk and VPO/SBA-15
catalysts, composed of the reflections of vanadyl pyrophosphate
and orthophosphates, are discussed in detail in Section 3.3.

3.2. Catalytic and UV/Vis characterization of VPO/bulk and VPO/SBA-
15 catalysts during the selective oxidation of n-butane

The catalytic data obtained after reaching the steady state in the
fixed-bed laboratory reactor, i.e., upon the reaction time of 24 h,
are summarized in Table 2. These data obtained for the selective
oxidation of n-butane at 678 K with the total feed rate of
100 ml min~! and 1.5 vol.% n-butane indicate that the VPO/SBA-
15 catalyst is as active as the VPO/bulk catalyst.

The further catalytic experiments focused on the preparation of
VPO catalysts with different oxidation states of the vanadium spe-
cies within a reasonable experiment time and in a reversible man-
ner. Therefore, after the activation of the VPO catalysts in a feed
consisting of synthetic air loaded with n-butane, the oxygen in
the gas flow was switched off and on for reaching a complete
reduction and reoxidation of the catalyst surface (see Figs. 2 and
3). Using 500 mg VPO catalyst in a fixed-bed laboratory reactor

Table 1
Nitrogen adsorption data of the calcined VPO/bulk catalyst, the calcined SBA-15
material, and the calcined VPO/SBA-15 catalyst.

Material BET surface area Mesopore size Mesopore volume
(m’g ™) (A) (cm’g™)

VPO/bulk 13 250 0.08

SBA-15 1164 60 1.25

VPO/SBA-15 456 48 0.54
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with the bed diameter and bed height of 10 mm and the total feed
rate of 100 ml min~! nitrogen loaded with 1.5 vol.% n-butane, a
reduction period (assigned in Figs. 2 and 3 with ‘no 0y") of
40 min led to a total decline of the MA yield. A period of 20 min
using the total feed rate of 100 ml min~! synthetic air loaded with
1.5 vol.% n-butane was necessary for the complete reoxidation
(assigned ‘Oy’) of the VPO catalysts. With this sequential reaction

Table 2

Conversion X of n-butane and selectivity S to maleic anhydride (MA) obtained on
500 mg of VPO/bulk and VPO/SBA-15 catalysts at the reaction temperature of 678 K
upon activation for 24 h and for the total feed rate of 100 ml min~! synthetic air
loaded with 1.5 vol.% n-butane.

Material Conversion X of n-butane (%) Selectivity S to MA (%)
VPO/bulk 36+2 542
VPO/SBA-15 36+2 45+2
A B C D
100 r I T T ! 10
| noO, |—>| noO, |—>| noO, |—=| noO, |—=
02 02 02 02 02

X! %, S1%, Y%
Kubelka-Munk units

120
time-on-stream / min

Fig. 2. Conversion X of n-butane (®), selectivity S to maleic anhydride (O), yield Y of
maleic anhydride (A), and UV/Vis absorption at ca. 400 nm (A ), evaluated according
to the Kubelka-Munk function, for catalysis on the VPO/bulk catalyst performed at
678 K and using a feed of synthetic air loaded with n-butane (periods assigned ‘0,’)
or nitrogen loaded with n-butane (periods assigned ‘no O;’). At the points assigned
A-D, samples were taken for the XRD and solid-state NMR investigations.

100 T T T ! 25

X! %, S %, Y%
Kubelka-Munk units

120
time-on-stream / min

Fig. 3. Conversion X of n-butane (@), selectivity S to maleic anhydride (O), yield Y of
maleic anhydride (A), and UV/Vis absorption at ca. 400 nm (a), evaluated according
to the Kubelka-Munk function, for catalysis on the VPO/SBA-15 catalyst performed
at 678 K and using a feed of synthetic air loaded with n-butane (periods assigned
‘0y’) or nitrogen loaded with n-butane (periods assigned ‘no O'). At the points
assigned A-D, samples were taken for the XRD and solid-state NMR investigations.

procedure, a reproducible reduction and reoxidation of the VPO/
bulk and VPO/SBA-15 catalysts was reached. Within an experimen-
tal accuracy of +1%, the conversion X of n-butane, the selectivity S
to maleic anhydride as well as the yield Y to maleic anhydride were
stable at the end of each reoxidation period over the whole time-
of-stream (see Figs. 2 and 3).

During the sequential reduction and reoxidation of the VPO cat-
alysts in the fixed-bed laboratory reactor, the change of the oxida-
tion state of vanadium species was observed on-line by fiber-optic
UV/Vis spectroscopy. In Figs. 2 and 3, top, the intensities of the UV/
Vis band of V°* species at ca. 400 nm, evaluated according to the
Kubelka-Munk function, are plotted. While the reduction of the
VPO catalysts (assigned ‘no O,’) was always accompanied by a sig-
nificant decrease of the UV/Vis band at ca. 400 nm, the reoxidation
(assigned ‘0;’) led to an increase of this band. This finding indicates
the transformation of V°* into V4" or V3* species and of V** or V3*
into V>* species, respectively. As also observed during selective oxi-
dation of n-butane under continuous flow of n-butane and syn-
thetic air (not shown), a monotone decrease of the transmission
and reflection behavior of the catalyst particles occurs especially
during the first 120 min of time-on-stream, which is responsible
for the systematic downward trend of the UV/Vis intensities at
ca. 400 nm in the first part of the experiment. This may be due to
coverage of catalyst particles with organic deposits on top of the
catalyst bed near the dip of the glass-fiber optics. On the other
hand, the systematic steps in the UV/Vis intensities at ca. 400 nm
occurring simultaneously with switching off and on of the oxygen
in the reactant flow (see Figs. 2 and 3, top) were found over the
whole time-on-stream in a similar manner for three independent
series of VPO/bulk and VPO/SBA-15 catalysts.

The on-line UV/Vis observation of the V°* species was success-
fully utilized to control the completeness of the reduction and
reoxidation of the catalysts before transferring them to the glove
box. This application demonstrates the high potential of the
glass-fiber UV/Vis spectroscopy for observing the oxidation state
of VPO catalysts, which could be interesting for on-line measure-
ments in industrial reactors.

For further XRD and solid-state NMR investigations of activated
and reduced catalysts and of catalysts reoxidized after the first and
fourth reduction period, samples were taken from the fixed-bed
laboratory reactor at the times indicated with A, B, C, and D,
respectively, in Figs. 2 and 3, top.

3.3. XRD characterization of VPO/bulk and VPO/SBA-15 catalyst
samples prepared by sequential selective oxidation of n-butane

The catalyst samples taken at times A-D of the selective oxida-
tion of n-butane (as assigned Figs. 2 and 3) were transferred in a
glove box purged with dry nitrogen to XRD sample carriers and
immediately covered and sealed by a gas-tight foil. With this treat-
ment, no hydration of samples occurred during 48 h. Figs. 4 and 5
show the XRD patterns of the VPO/bulk and VPO/SBA-15 samples
A-D from top to bottom, respectively.

According to literature [35], the main reflection lines of the van-
adyl pyrophosphate (VO),P,07 occur at 23.00°, 28.45°, and 29.95°.
Therefore, reflection lines of (VO),P,0; domains may contribute to
the reflections at 28.5° and 30¢° in the XRD patterns in Figs. 4 and 5.
In this case, the typical (VO),P,05 reflection line at 23° causes the
very broad reflection in the background in Fig. 4 and the broad
hump in Fig. 5 at ca. 23°. The strong broadening of these reflections
is a hint that the sizes of the corresponding crystalline (VO),P,0;
domains are in the order of the wavelength of the XRD radiation
(Acuko = 0.154 nm [36]). Because of the occurrence of additional
reflection lines in Figs. 4 and 5, the corresponding patterns cannot
be explained exclusively by (VO),P,0; domains. Additional phases,
which may contribute with their main reflection lines, are the var-
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Fig. 4. XRD patterns of the VPO/bulk samples A-D as assigned in Fig. 2.

Intensity / a.u.

10 20 30 40 50
20/°

Fig. 5. XRD patterns of the VPO/SBA-15 samples A-D as assigned in Fig. 3.

ious orthophosphate phases (o;-VOPO,4: 20.09°, 25.00°, 29.14°
[35]; p-VOPO,4: 17.05°, 19.28°, 26.17°, 29.09° [35], for y-VOPO, at
18.10°, 20,42°, 21.37°, 22.66°, 23.16°, 25.40°, 28.80°, 29.16°, and
36.61° [35]; 5-VOPO,4: 22.08°, 24.17°, 28.55°, 30.26°, 34.79°,
42.46° [35]). As evidenced by the reflection lines at ca. 19.5°, 21°,
36°, and 43¢ in Figs. 4 and 5, especially -, y-, and 6-VOPO, phases
may contribute to the corresponding XRD patterns.

The most important changes in the XRD patterns of the VPO/
bulk and VPO/SBA-15 catalysts comparing the samples A-D con-
sists in a systematic decrease (Fig. 4) and increase (Fig. 5) of the
reflections at 28.5° and 30°, respectively. There is no strong jump
in the XRD line intensities for the samples B obtained after reduc-
tion of the VPO/bulk and VPO/SBA-15 catalysts. Hence, the reduc-
tion and reoxidation of the VPO/bulk and VPO/SBA-15 catalysts
have no significant effect on the long-range order of their crystal-
line domains. The changes of the oxidation state of vanadium
atoms (V°* - V#, v3* and V#*, V3* - V°*) in the above-mentioned
catalysts must be local effects, e.g. occurring on the surface of these
crystalline domains, or are due to very small domains and amor-
phous compounds, both not accessible for X-ray diffraction
methods.

3.4. Solid-state NMR investigation of VPO/bulk and VPO/SBA-15
catalysts prepared by sequential selective oxidation of n-butane

Important advantages of solid-state NMR spectroscopy are the
high sensitivity for local structures and the quantitative character
of this method. As already mentioned in Section 1, strong line
broadenings and resonance shifts occur for the 3'P solid-state
NMR signals of phosphorus atoms in the proximity of paramag-
netic vanadium species (P/V3* and P/V*) in VPO materials. On

the other hand, highly resolved 3'P MAS NMR signals of four-
and five-coordinated phosphorus atoms in various diamagnetic
compounds are observed at ca. —100 to 100 ppm [37,38]). In the
case of VPO materials, narrow >'P MAS NMR signals appear exclu-
sively for phosphorus atoms in the proximity of diamagnetic V°>*
species (P/V°*). In the present work, therefore, 3>'P MAS NMR spec-
troscopy was utilized for the selective investigation of P/V>* spe-
cies in the VPO/bulk and VPO/SBA-15 catalysts causing
characteristic signals at —40 to 10 ppm [20,24,35]. By an evalua-
tion of the signal intensities, the changes in the number of P/V°>*
species in result of the catalyst activation, reduction, and reoxida-
tion were determined in a quantitative manner.

In Fig. 6, the 3'P MAS NMR spectra of the VPO/bulk samples A-D
are depicted. The spectrum of sample A consists of a central line
with a peak at —12 ppm and a shoulder at ca. —22 ppm due to P/
V>* species. Interestingly, these signals are absent in the spectrum
of the completely reduced VPO/bulk sample B. This finding indi-
cates a transformation of the former P/V>" species in sample A into
P/V#* and possibly P/V3* species in sample B, which cannot be ob-
served in the spectral range under study. After reoxidation of the
VPO/bulk catalyst leading to sample C, again >!P MAS NMR signals
occur at —12 to —22 ppm indicating that the former P/V*" and P/
V3* species were reoxidized to P/V>* species. Also in the spectrum
of the VPO/bulk sample D, which was obtained after four reduction
and reoxidation cycles, signals occur at —12 to —22 ppm. Consider-
ing the chemical shifts of the 3'P MAS NMR signals caused by the
various vanadyl orthophosphate phases, the central line of the
VPO/bulk catalysts in Fig. 6 may be due to a composition of oy~
VOPO,4 (—20.5 ppm), f-VOPO4(—11.5 ppm), y-VOPO, (—21.2 and
—17.3 ppm), and §-VOPO,4 (—17.6 and —8.4 ppm) [24,35]. Because
of the limited resolution, however, no detailed assignment of the
31p MAS NMR signals was possible.

In the further step, the number of phosphorus atoms in P/V>*
species as obtained by a quantitative evaluation of the integral
31p MAS NMR intensities in Fig. 6 was compared with the total
number of phosphorus atoms in the VPO/bulk catalyst as deter-
mined by ICP-AES. The corresponding data are summarized in Ta-
ble 3. According to these values, only 0.5% of all phosphorus atoms
in the activated VPO/bulk sample A exist in the proximity of V°*

-12

A: after activation

B: after reduction

C: after first reoxidation

%

D: after fourth reoxidation
MAMW
r T T T T T T 1
150 100 50 0 -50 -100  -150  -200
O31p/ PPM

Fig. 6. >'P MAS NMR spectra of the VPO/bulk samples A-D as assigned in Fig. 2.
Asterisks denote spinning sidebands.
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species. After reduction of the VPO/bulk catalyst, there is a total de-
cline of these species, while they appear again with a content of
0.3-0.4% of all phosphorus atoms after the reoxidation procedure
(samples C and D).

Like for the VPO/bulk catalysts, also the 3'P MAS NMR signals of
the VPO/SBA-15 samples A-D occur in the shift range of —12 to
—22 ppm, but with a significantly better signal-to-noise ratio and
spectral resolution (Fig. 7). In addition, there is a broad signal at
ca. —38 ppm due to phosphorus atoms bound to silicon atoms of
the SBA-15 support via oxygen bridges (P/SiO,) [20]. The quantita-
tive evaluation of the 3'P MAS NMR spectra of the VPO/SBA-15
samples A-D (see Table 3) led to significantly higher contents of
phosphorus atoms in P/V>* species in comparison with the VPO/
bulk catalysts treated in the comparable manner. While in the
VPO/bulk sample A only 0.5% of all phosphorus atoms exist in P/
V°* species, the content of 2.6% for the phosphorus atoms in P/
V5" and P/SiO, species in the VPO/SBA-15 sample A was deter-
mined, which goes down to 0.3% for the reduced sample B. In the
reoxidized VPO/SBA-15 samples C and D, 0.9-1.3% of the phospho-
rus atoms exist as P/V>* and P/SiO, species. The much stronger sig-
nals of P/V>* species in the spectra of VPO/SBA-15 catalysts may be
due to the larger specific surface area of the well-dispersed VPO
compounds in this material in comparison with the VPO/bulk cat-
alyst. This finding makes VPO compounds supported on SBA-15
material to interesting model catalysts for spectroscopic studies.

51y MAS NMR spectroscopy of vanadium atoms existing as V°*
species is a further approach for the investigation of the catalyti-
cally interesting VPO compounds. Numerous investigations on dia-
magnetic V°* species in solids were published [21-23]. Although
51V nuclei have a spin I = 7/2, i.e. are quadrupolar nuclei, the aniso-
tropic chemical shielding is the strongest line broadening mecha-
nism, since the quadrupolar coupling constant reaches values of
maximum Cq = 2 MHz only [21-23].

The >'V MAS NMR spectra of the VPO/SBA-15 samples A-D in
Fig. 8 were recorded with sample spinning rates of 12.5 and
20.0 kHz to allow an assignment of the central lines (equal position
for different sample spinning rates). In most spectra, signals with
isotropic chemical shifts of —735 and —765 to 775 ppm occur.
While the signals at —735 ppm dominates the spectra of the
VPO/SBA-15 sample A, this signal disappears in the spectra of sam-
ple B and appears again as weak signals in the spectra of samples C
and D. The signal at ca. —770 ppm exists also in the spectra of the
completely reduced sample B and shows a weak increase in the
spectra of samples C and D. The broad sideband patterns of the
51y MAS NMR spectra and the resulting low signal-to-noise ratio

Table 3

Contents of phosphorus atoms in P/V>* and P/SiO, species in the VPO/bulk and VPO/
SBA-15 samples A-D as determined by quantitative evaluation of the 3'P MAS NMR
spectra in Figs. 6 and 7.

Material Treatment  Contents of P/V5*  Contents of P/V®* in
and P/Si0,? (%) 5-VOPO,-like phases® (%)

VPO/bulk A 0.5

B 0

C 0.35

D 0.4
VPO/SBA-15 A 2.6 0.80

B 0.3 0.05

C 0.9 0.20

D 1.3 0.30

2 Contents of phosphorus atoms causing signals at chemical shifts of —40 to
10 ppm, i.e., in the vicinity of V>* species (P/V°*) and on the SBA-15 support (P/SiO,),
accuracy + 10%.

b Contents of phosphorus atoms causing signals at chemical shifts of —8 + 1 and
—18 =1 ppm, i.e., exclusively of phosphorus atoms in the vicinity of V°* species
contributing to 5-VOPO4-like phases, accuracy +10%.

A: after activation

B: after reduction

C: after first reoxidation

D: after fourth reoxidation

150 100 50 0 -50 -100 -150 -200
S31p/ PPM

Fig. 7. 3'P MAS NMR spectra of the VPO/SBA-15 samples A-D as assigned in Fig. 3.
Asterisks denote spinning sidebands.

of the central line hindered their quantitative evaluation. The qual-
itative comparison of the >'V MAS NMR spectra of the VPO/SBA-15
samples A-D, on the other hand, indicates a strong decrease of the
signal intensities upon reduction of the activated catalyst (sample
A — sample B) and a significant increase of the intensities after
reoxidation (sample B — sample C and sample D). Hence, the
changes in the total intensities of the 'V MAS NMR signals are
comparable with the intensity changes observed for the corre-
sponding 3'P MAS NMR spectra.

Previous investigations on VOPO, reference materials support
the assignment of the signals at —735 and —770+5 ppm [21-
23]. According to these studies, the o;,-VOPO, phase causes 'V
MAS NMR signals with isotropic chemical shifts of —755 and
—776 ppm explaining the high-field signals in the spectra of
Fig. 8. The signal at —735ppm may be due to B-VOPO,
(=735 ppm) and y-VOPO4 (—739 ppm). However, it must be men-
tioned that no reference data exist for the 5-VOPO,4 and, therefore,
a contribution also of this phase cannot be excluded.

3.5. Solid-state NMR characterization of surface species on the VPO/
SBA-15 catalyst

The observation, that the 3'P MAS NMR signals of phosphorus
atoms in P/V>* species and the >'V MAS NMR signals of the corre-
sponding V>* atoms are strongly influenced by the reduction and
reoxidation treatments of the VPO catalysts, is a hint that these
species exist in surface-near regions of the particles. A further sup-
port for their surface-near location was obtained by >!P{'H} cross-
polarization MAS NMR studies of the VPO/SBA-15 sample C with-
out and after loading with n-butane (Fig. 9). In this cross-polariza-
tion (CP) experiments, the 'H nuclei of surface compounds, such as
adsorbate molecules and hydroxyl protons, are excited via a 7t/2
pulse. Subsequently, the produced polarization is transferred from
the 'H nuclei to dipolarly coupled 3!P nuclei in the surface-near re-
gion of the catalyst particles. Finally, the >'P MAS NMR signal of
these dipolarly coupled 3'P nuclei is recorded.

The very weak signals in >'P{'H} CPMAS NMR spectrum of un-
loaded VPO/SBA-15 sample C (Fig. 9a) are due to a polarization
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Fig. 8. °'V MAS NMR spectra of VPO/SBA-15 samples A-D as assigned in Fig. 3 and each recorded at sample spinning rates of 20.0 kHz (top) and 12.5 kHz (bottom).

(a) unloaded
finding indicates that 'H nuclei in adsorbed n-butane molecules

—_— T ———  — contribute to the polarization transfer causing the significant
(b) loaded with -22 enhancement of the >'P{'"H} CPMAS NMR signals. The correspond-
-18.5 ing phosphorus atoms must be located in the local structure of the

n-butane -32 38

adsorption sites, i.e. in the surface-near region of the VPO com-
pounds. Interestingly, the low-field signal in the spectrum of
Fig. 9b occurs at —8 ppm and not at —12 ppm like in the spectra
of Fig. 7. In addition, the signal at —21 ppm has a significant shoul-

10 0 -1(I) -26 .3(|) .4lo -50 .6Io .7(') der at —18.5 ppm. Both these signals at —8 and —18.5 ppm are
531/ PpPm hints to a preferred adsorption of n-butane at surface site of ortho-
phosphate phases with a structure similar to 5-VOPO,4 (—17.6 and

Fig. 9. *'P{'H} cross-polarization MAS NMR spectra (CPMAS NMR) of the VPO/SBA- —8.4 ppm) [35]).
15 sample C recorded before (a) and after (b) loading with 200 mbar n-butane, both The 31p{1H} CPMAS NMR experiments indicate that 1)/\/5+ spe-

recorded with 4800 scans. cies in orthophosphate phases with a structure similar to §-VOPO,

play a role as surface sites of the VPO/SBA-15 catalyst. Therefore,
the central lines in the >'P MAS NMR spectra of the VPO/SBA-15
transfer between the 'H nuclei of surface hydroxyl groups (POH) samples A-D in Fig. 8 were simulated using signals of 5-VOPO,4-like
and neighboring 3'P nuclei in the VPO framework. After loading phases at —8 and —18 ppm [35], f-VOPO, at —12 ppm [35], ou-
the VPO/SBA-15 sample C with 200 mbar n-butane (Fig. 9b), a VOPO4 at —22 ppm [35], and two signals of phosphorus atoms
strong increase of the 3'P{'H} CPMAS NMR signals occurred. This bound to the SBA-15 support (P/SiO,) at —27 and —38 ppm [20]
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A: after
activation

B: after
reduction

C: after first
reoxidation

D: after fourth
reoxidation
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Fig. 10. Decomposition and simulation of the *'P MAS NMR central lines of the
VPO/SBA-15 samples A-D from top to bottom.

(see Fig. 10). The obtained contents of phosphorus atoms contrib-
uting to P/V>* species in 6-VOPO,-like phases are given in Table 3,
last column. These values change in a characteristic manner with
the reduction and reoxidation treatment.

According to the contents of phosphorus atoms in P/V>* species
of 5-VOPOg4-like phases (Table 3, last column), ca. 0.2% of all vana-
dium atoms may contribute to the oxidation reaction catalyzed by
the VPO/SBA-15 material. Due to the selectivity to maleic anhy-
dride of ca. 50%, only ca. 50% of the above-mentioned species cat-
alyze the reaction to the desired product. In this case, the n-butane
conversion of 36% and the selectivity to maleic anhydride of 45%
(Table 2) lead to the turnover frequency of 0.186s™! for the P/
V5" species exclusively active in the maleic anhydride formation.
The selective oxidation of one n-butane molecule requires the re-
lease of four oxygen atoms from the catalyst framework for the
dehydrogenation of n-butane to butadiene and of three oxygen
atoms for the oxidation of butadiene to maleic anhydride. The very
complex ‘surface sites’ catalyzing the selective oxidation of n-bu-
tane to maleic anhydride, therefore, must consist of seven P/V>*
species at the catalyst surface, which must be reduced and reoxidi-
zed at least with the above-mentioned turnover frequency of about
02s L

Considering the low resolution of the 3'P MAS NMR spectra, fu-
ture investigations are required for supporting the solid-state NMR
evidence for the active role of V>* species in 5-VOPO,-like phases in
the selective oxidation of n-butane to maleic anhydride.

4. Conclusions

Sequential selective oxidation of n-butane to maleic anhydride
was performed by switching off and on the oxygen flow in the feed,
which led to a complete reduction and reoxidation, respectively, of

the VPO/bulk and VPO/SBA-15 catalysts under study. The complete
reduction and reoxidation of the VPO materials were observed on-
line by fiber-optic UV/Vis spectroscopy via the charge-transfer
band of V°* species occurring at ca. 400 nm.

After transferring the activated, reduced, and reoxidized VPO/
bulk and VPO/SBA-15 catalysts into MAS NMR rotors, quantitative
ex situ solid-state NMR investigations indicated that maximum
0.5-2.3% of the total number of phosphorus atoms contribute to
P/V>* species contribute to oxidation reactions catalyzed by the
VPO materials under study.

By 3'P{'H} cross-polarization MAS NMR experiments on the
VPO/SBA-15 catalyst loaded with n-butane was demonstrated that
most of the above-mentioned P/V°* species are located in a sur-
face-near region. Furthermore, a preferred adsorption of n-butane
at orthophosphate phases with §-VOPO,-like structure was found.
The number of P/V>* species in these orthophosphate phases with
0-VOPOg4-like structure correlates well with the reduction and
reoxidation cycle of the VPO/SBA-15 catalyst.

Based on the n-butane conversion and the selectivity to maleic
anhydride reached on the VPO/SBA-15 catalyst and the number of
active P/V>* species in 5-VOPO, phases as determined by quantita-
tive 3P MAS NMR spectroscopy, the turnover frequency of these
sites was estimated to about 0.2 s7".

In future investigations, solid-state NMR spectroscopy of spent
oxidation catalysts is planned to combine with surface-sensitive
analytical methods, such as Raman spectroscopy, in one equip-
ment. This approach would be useful for comparing the state of
the catalyst samples under in situ and ex situ conditions. Until
now, however, in situ solid-state NMR spectroscopic investigations
of VPO catalysts during the selective oxidation of alkanes are hin-
dered due to the required reaction temperature and the low con-
tent of P/V" species in the activated catalyst samples as
estimated in the present study.
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