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Mode of action of oxidation-active centres in Mo—V mixed oxides
on the partial oxidation of an unsaturated aldehyde
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The mode of action of the oxidation-active centres in Mo-V mixed oxides on the selective oxidation of an unsaturated aldehyde
was investigated by non-steady-state methods. Various oxidation-active centres, differing in activity and selectivity, were identified
by non-steady-state methods. In addition, the influence of the crystalinity of the Mo—V mixed oxides on the activity and selectivity
properties were investigated. It was shown that, in contrast to crystalline samples, only X-ray-amorphous MoV mixed oxides contained
selective oxidation centres. The measurements were used to derive amodel based on the interaction of active centres with various redox

properties.
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1. Introduction

The heterogeneoudy catalyzed partial oxidation of un-
saturated hydrocarbons is an important reaction class for
the synthesis of many key products and intermediates in
the chemical industry. Besides metallic systems, the main
catalysts used are solid-state oxide systems. Asarule, these
can store oxygen reversibly. Selective oxidation of the or-
ganic educt takes place as a result of the oxygen stored in
the catalyst, various oxygen species being capable of oxida-
tive activity. The catalyst is re-oxidized by molecular gas-
phase oxygen (Mars-van Krevelen mechanism [1]). The
catalysts investigated were molybdenum-vanadium mixed
oxides, which are the basic material for many industrial
catalyst systems. Acrolein served as an example of an un-
saturated aldehyde.

Schlogl et al. [2] used thermal analysis and transmission
electron spectroscopy (TEM) to investigate the conversion
of molecular gas-phase oxygen to active lattice oxygen on
Mo-V mixed oxides. The purpose of the present work
was to employ non-steady-state methods to obtain a deeper
insight into the mode of action of the different types of ox-
idation centres (selectivity/activity behaviour as a function
of temperature) in such catalyst systems. On the one hand,
non-steady-state methods such as temperature-programmed
reaction, reduction and oxidation (TP measurements) were
used. In addition, isothermic concentration-programmed
methods (CP measurements) were used, in which the in-
terference factor was not the usual temperature, but the
educt/product concentration (jump or pulse). A review of
these non-steady-state methodsis given in [3]. By means of
these non-steady-state investigation methods, the individual
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reduction/oxidation reactions on the catalyst system could
be separated and characterized with regard to their activ-
ity and selectivity properties. Such information is difficult
to obtain by steady-state kinetic experiments or traditional
surface test methods.

2. Experimental
2.1. Catalysts

Tests were carried out with three Mo—-V mixed oxides:

Sample 1: crystalline Mo—V mixed oxide with the com-
position Mog gV 20, and crystal structure
of hexagonal MoOs [7]; BET surface area
5.7 m?g~—1; XRD spectrum figure 1(a).

Sample 2: X-ray-amorphous Mo—V mixed oxide with the
composition Mog gV 20,; BET surface area
6.6 m?>g—%; XRD spectrum figure 1(b). Addi-
tional investigations by high-resolution electron
transmission microscopy (HR-TEM) confirm a

disordered structure [2].

Sample 3: X-ray-amorphousMo-V mixed oxide; BET sur-

face area 19 m?> g~ 1.

The samples were synthesized by thermal decomposition
of the corresponding ammonium salts under oxygen of a
specific partial pressure [2,4]. Thermal treatment at tem-
peratures <400°C resulted in X-ray amorphous structures
(sample 2). At higher temperatures (>450°C) and oxidiz-
ing gas atmospheres crystalline samples with the structure
of hexagonal MoO3; were formed (sample 1).
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Figure 1. (a) X-ray diffractogram of sample 1 (crystalline Mog.gVo 20z, BET surface: 5.7 m?); (b) X-ray diffractogram of sample 2 (amorphous
Moo gV.20:, BET surface: 6.6 m?).

2.2. Non-steady-state experiments

Construction of the apparatus for carrying out the non-
steady-state experimentsis explained in detail in [3,5]. The
experimental procedure for the TP and CP measurements
was divided into in situ pretreatment of the samples and
the actual measurement. The sample was pretreated at a
specific temperature and gas-phase composition to bring
it into a specific, reproducible initial state with regard to
its degree of oxidation and surface substances. The gas
composition was analyzed on-line by QMS.

2.3. Pretreatment of the samples

Before the TP measurements were made, the samples
were pretreated for 1 h at 270°C with oxygen (10 vol%
07 in N3). The purpose of this oxidative pretreatment was
to achieve a specific oxidation state and to remove surface
impurities.

2.4. TP reduction

After pretreatment of the samples, the TP reduction re-
actions were carried out with 5 vol% acrolein in N, at a
heating rate of 10 K min—! in the temperature range of 90—
500°C.

2.5. TP oxidation

After pretreatment, the samples were treated for 1 h at
290°C with acrolein (5 vol% in N) or 9 h with a reaction
gas mixture (5 vol% acrolein, 10 vol% O, and 5 vol% H»0,
the remainder N,). The samples were then oxidized with
oxygen (10 vol% in Ny) at a heating rate of 10 K min—* in
the temperature range of 90-550 °C. The oxygen consump-
tion was determined by WLD.

2.6. TP reactions

The TP reactions were carried out analogoudly to the TP
reduction reactions. However, the reactive gas consisted of
amixture of 5 vol% acrolein, 10 vol% oxygen and 5 vol%
water in nitrogen, and the heating rate was 5 K min—.



H. Vogel et al. / Oxidation-active centres in Mo-V mixed oxides 73

1 _‘WWWWWW : 5
0,9 + |
Sample 1 / l 45
0,8 + cristalline - 1,
BET surf. 5.7 m? Acrolein
g 037 T
o
a —
g 06 2\5
g 0,5 + co, I ‘_>:
= . <
& 041 :
s i
O
03 7 Acrylic acid \
0.2 + < ’
\\ -
0,1 + \'“—]
L M H 5
09+ Wm‘.‘.‘ vl ;"_" eodd
08 + Sample 2 ”_ [—>
amorphous Acrolein
0,7 + | BET surf. 6,6 m?
;\6‘ 0,6 T :::
o
205+ S
& £
"g 04 + %
g Acrylic acid 5
h ©
g 037 1\\
3 kg gtV
(&]
7
W

100 150 200 250 300

350 400 450

Temperature [°C]

Figure 2. TP reduction spectra of the products formed (in vol%) as a function of temperature when X-ray-amorphous sample 2 and crystalline sample 1
were heated. Pretreatment: 60 min with 10 vol% O, in N, at 270 °C; sample weight: 91 mg; reaction gas: 5 vol% acrolein in Ny; flow rate: 20 ml/min;
heating rate: 10 °C/min.

2.7. CP reactions

In the concentration-programmed experiments the con-
centration pulses were produced by six-way pneumatic
valves. After the usual sample pretreatment followed
by purging for 60 min with nitrogen, an educt/product
concentration pulse was applied at isothermic condi-
tions.

3. Reaults and discussion

Samples 1 and 2, with comparable chemical composition
and BET surface area (approximately 6 m?g—1), showed,
in accordance with their different crystallinities, large dif-
ferences with respect to the selective partial oxidation of
acrolein. The TP reduction spectra in figure 2 show that
the amorphous sample provided considerably more selec-
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Figure 3. TP reduction with acrolein of sample 3 (Mo-V-0) (red. =reduction). Pretreatment: 60 min with 10 vol% O, in N, a 350°C; sample
weight: 90 mg (sample 3), reaction gas: 5 vol% acrolein in Np; flow rate: 20 ml/min; heating rate: 10 °C/min.

tively acting oxygen for the partial oxidation of acrolein
to acrylic acid than the crystalline sample did. Both sam-
ples behaved similarly at temperatures above approximately
400°C with regard to total oxidation to CO..

This behaviour was confirmed by steady-state measure-
mentsin an integral reactor under industrial plant conditions
(5 vol% acrolein, 10 vol% O, 5 vol% H,0, the remainder
N2). The crystalline sample formed acrylic acid at a much
lower rate than the amorphous sample, with a similar rate
of formation of the complete-oxidation products. The com-
parison showed that only X-ray-amorphous Mo-V mixed
oxides exhibit a significant catalytic activity for the forma-
tion of acrylic acid. Asaresult, we describe the findings of
more detailed investigations of the various oxidation-active
centres of sample 3 (X-ray-amorphous Mo-V-0), which
has three times the specific surface of samples 1 and 2.
This BET surface is comparable with values of industrially
used catalysts.

3.1. TP reduction with acrolein

The TP reduction spectra (figure 3) of X-ray-amorphous
sample 3 shows three maxima for the formation of acrylic
acid (corresponding to three reduction processes). Com-
paring the conditions corresponding to these maxima (CO,
and acrylic acid) indicated that only the low-temperature
peaks (240 and 300°C) resulted in selective acrylic acid
formation. The amount of acrylic acid formed indicates
that the bulk oxygen is involved in oxidation of the alde-
hyde. This is in accordance to the postulated Mars-van
Krevelen mechanism.

3.2. TP oxidation reactions

In contrast to the reduction reactions mentioned above,
TP oxidation was used to test the oxygen absorption of a
sample reduced with acrolein at 290 °C. Figure 4 shows the
TP oxidation spectrum of sample 3 (X-ray-amorphous Mo—
V-0). The three peaks can be assigned to three processes
all incorporating oxygen. Reduction and re-oxidation of the
catalyst is reversible up to 390 °C. Thisis shown by cyclic
CP experiments, described in the following section. How-
ever, in interpreting this figure it should be remembered that
the oxygen consumption depends not only on the oxygen
incorporation of the solid but also on oxidation of surface
adsorbates to CO,,.

The first two peaks are at 290 (first oxidation process)
and 360 °C (second oxidation process). The peak at 480°C
(third oxidation process) can be attributed to the oxidation
of V4*. A fresh catalyst shows this peak too, even when it
is pretreated with oxygen. According to Andrushkevich[6],
at temperatures over 450 °C the mixed oxide is destroyed,
forming V,M0Og and M0Os.

3.3. CP measurements

The first and second oxidation processes were character-
ized in greater detail by means of cyclic CP measurements
with acrolein. This involved feeding acrolein repeatedly
stepwise (5 vol% in N») onto the same sample at 290 °C.
In between the acrolein jumps, the sample was purged with
nitrogen and re-oxidized alternately at 290 and 390 °C with
oxygen (10 vol% in Ny). A diagram of the experimental
procedure is given in figure 5.
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Figure 4. TP oxidation spectra of sample 3 (Mo-V-0). Pretreatment: 60 min with 5 vol% acrolein in N, at 290 °C; sample weight: 100 mg; reaction
gas. 5vol% O, in He; flow rate: 36 ml/min; heating rate: 10°C/min.
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Figure 5. Experimental sequence of cyclic step responses.

The re-oxidation temperature of 390 °C exceeds that of
the two re-oxidation processes, whereas the re-oxidation
temperature of 290°C lies below that of the second re-
oxidation process and within the range of the first (see fig-
ure 4). The diagram of figure 6 shows an acrolein jump after
re-oxidation at 390°C, and the lower diagram an acrolein
jump after re-oxidation at 290°C. The acrolein jump re-
sponses obtained during one cycle, an example of which
is represented in figure 6, change only very dlightly during
many cycles with the same sample, while the total amount
of oxidation-active oxygen decreases with increasing cycle
number.

From figure 6 it can be seen that only after re-oxidation
at 290°C acrylic acid is selectively formed from acrolein.
This must be caused by the oxygen species of the so-called
first oxidation process, since the oxygen centres of the sec-
ond oxidation process were not yet re-oxidized at a tem-
perature of 290°C (figure 4). Treatment with oxygen at
390°C aso re-oxidized the “higher” centres (second oxida-
tion process). First, one can see a sharp CO, peak and then
the acrylic acid formation follows. Therefore, the total-
oxidation products were caused by the oxygen species of
the first reduction process (see figure 3), which is coupled

with the second oxidation process (see figure 4). The sec-
ond reduction process is coupled with the first oxidation
process, which further oxidizes acrylic acid in a secondary
reaction.

3.4. TP reactions

To further elucidate the interaction of the reduction
and oxidation processes, TP reaction measurements were
carried out while the reaction mixture (acrolein/O,/H,0)
flowed over the sample and a temperature ramp was ap-
plied. These measurements provide a qualitative impres-
sion of the activity/selectivity properties as a function of
temperature. Figure 7 shows the corresponding TP reac-
tion spectrum of X-ray-amorphous sample 3 (Mo-V-0).

The TP reaction spectrum can be roughly divided into
three temperature ranges (I, I, 111). It is noteworthy that
no acrylic acid is formed in range | (100-200°C). This
is initially surprising, because acrylic acid formation in
the TP reduction reactions (see figure 3) aready begins
above 150°C, and, according to figure 4, re-oxidation be-
gins above 100°C.! This means that in the case of the first
reduction process replenishment with molecular gas-phase
oxygen closes the catalytic cycle only when the tempera-
ture exceeds 200°C. This is the temperature range of the
second oxidation process. The first reduction process can
therefore be assigned to the second oxidation process and
vice versa

In range Il (200-330°C), acrylic acid is formed with
high selectivity. In this temperature range, the second re-
duction process sel ectively oxidized acrolein to acrylic acid,

1 Because of the lower heating rate and lower sample weight of the TP
reactions compared with the TP reduction reactions, only 1/10 of the
signal intensity of the oxidation products of the TP reactions was due
to the stored lattice oxygen, so that the oxygen capacity of the catalyst
contributed only imperceptibly to product formation.
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Figure 6. Cyclic jump responses measured in sample 3 following isothermic acrolein concentration jump at 290 °C. The upper graph shows jumps
after isothermic treatment with oxygen a 390°C, and the lower graph after trestment at 290 °C. Pretreatment: 60 min with 10 vol% O, in Ny at
350 °C; sample weight: 100 mg; reaction gas. 5 vol% acrolein in Ny; flow rate: 20 mi/min.

as shown in figure 3. The supply of active lattice oxygen is
permanently maintained by the first oxidation process (see
figure 4), which can incorporate molecular gas-phase oxy-
gen into reduced lattice structures once the temperature ex-
ceeds 150 °C. Because the first oxidation process starts ap-
proximately 50 °C below the second reduction process, the
re-oxidation rate (obtained by TP measurements) at 290°C
(industrial conditions) is about six times as great as the
reduction rate (by TP measurements) of the catalyst with
acrolein. It can therefore be assumed that a high oxida
tion state will be achieved under industrial plant conditions
(T =~ 290°C). A high oxidation state prevents the selectiv-
ity from being adversely affected by coking of the catalyst,
for coke products, once formed, block the surface and are
only eliminated by total oxidation (to an appreciable degree
only above 300°C).

At higher temperatures (range 1), the oxygen species of
the second oxidation process (see figure 4) are incorporated,
allowing the first reduction process to proceed again. As
described above, the coupling of these two processes leads
to secondary oxidation of the acrylic acid.

If the O, curve is considered in terms of the above
ranges, a steady increase in O, consumption rate is ob-
served as expected at temperatures above 200 °C. Naturally,
with falling acrolein concentration (above 290 °C) aturning
point in the O, consumption rate is reached. Above 330°C
the curve again changes its slope and becomes increasingly
steeper despite decreasing acrolein concentration. The rea-
son isthat above this temperature the first reduction process
is again supplied with lattice oxygen by the now-proceeding
second oxidation process, so that the acrylic acid, present
in high concentration, can be completely oxidized by the
first reduction process.

To abtain further information, runs were carried out un-
der industrial, steady-state conditions [4] and subsequently
TP oxidation spectrawere recorded. Figure 8 shows acom-
parison of TP oxidation after pretreatment with 5 vol%
acrolein in N, and after pretreatment with a gas mixture
corresponding to industrial plant conditions. Measurements
after the latter pretreatment showed oxygen incorporation
only for the second oxidation process. This confirms that
although these oxygen species are consumed under indus-
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Figure 7. TP reaction spectra for sample 3 (Mo-V-0) with a reactor inlet gas flow whose composition corresponds to typical industrial values.
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rate: 20 ml/min; heating rate: 5°C/min.
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Figure 8. TP oxidation of sample 3 (Mo—V-O) after various pretreatments.

Pretrestment: upper curve: 60 min with 10 vol% acrolein in N, a 290 °C,

lower curve: 9 h with 5 vol% acrolein, 10 vol% O,, 5 vol% H»,0 in N, at 290 °C; sample weight: 100 mg; oxidation gas stream: 5 vol% O, in He;
flow rate: 36 ml/min; heating rate: 10 °C/min. The broken line is the zero line for the upper curve.

trial plant conditions, they are not re-oxidized by the second
oxidation process. The results also support the hypothesis
of a high oxidation state of the reduction—oxidation cycle
that is active under steady-state conditions between the sec-
ond reduction and first oxidation processes.

4. Derived model for the catalyst’s mode of action

A model concept was derived from the previoudly ob-
tained results. According to this model, the surface of an

Mo-V mixed oxide contains various centres Z; (i = «, 3,
~, w), which can be assigned to the reduction and oxidation
processes characterized by the TP and CP measurements.
A diagram of the model is given in figure 9 and then ex-
plained in the following text.

Centre Z,, causes the second reduction process at 280—
300°C and the first oxidation process at 300°C. It deter-
mines the catalytic process under industrial plant condi-
tions [4], characterized by highly selective formation of
acrylic acid. Centre Zg, on the other hand, is responsi-
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Figure 9. Model of partial oxidation of acrolein catalysed by an Mo-V mixed oxide. Z; (i = «, 8, v, w): active centres.

ble for the first reduction process at 230°C and the sec-
ond oxidation process at 350°C. Zs aready forms acrylic
acid “selectively” at temperatures below those of industrial
plant conditions, and does so until the oxygen capacity of
this centre is exhausted. At temperatures higher than those
of industrial conditions, this centre is oxidized. At these
higher temperatures, because of its strong oxidizing effect,
it can further oxidize acrylic acid to total-oxidation prod-
ucts. Below the “oxidation temperature range” of centre
Zg, centre Z,, dominates the catalytic process. Centres Z,,
and Zg are both on the catalyst surface.

However, the acrylic acid formed during the TP re-
duction measurements (no oxygen supplied from the gas
phase) indicated that bulk oxides must aso be involved,
for which additional centres (Z, and Z,) were postul ated
in the model. Z,, aready supplies lattice oxygen to centres
Zg and Z,, at temperatures <200 °C. This centre is respon-
sible for most of the active oxygen that selectively forms
acrylic acid during TP reduction reactions with acrolein in
the 200-300°C temperature range. Mechanistic concepts
for the release of oxygen from these bulk oxide species were
proposed by Werner et a. [2]. They postulate that lattice
oxygen is liberated when two polyhedralinked at a pair of
vertices “fold together” to form an edge-linked unit. This
process requires considerably less activation than, for exam-
ple, “shearing” of entire polyhedron planes. Such shearing
is assumed, for instance, with bismuthmolybdates used for
the oxidation of propene.

The oxidation-active oxygen released from centre Z,
at temperatures exceeding 400 °C is probably produced by
shearing of the structure. It represents the largest amount
of oxidation-active oxygen in the lattice. However, at these
high temperatures, the liberated oxygen acts as an unselec-
tive oxidizing agent. Comparison of the amorphous and
crystalline samples in figure 2 shows that the crystalline
samples also have Z,, centres.

5. Conclusions

It was possible to show that non-steady-state reaction
methods could be used to identify the individual oxidation
centres and characterize their activity/selectivity properties.
In steady-state experiments, on the other hand, it is only
possible to carry out averaging measurements over al the
individual processes a once, because of the simultaneous
interaction of the elementary steps. In contrast to this, non-
steady-state reaction methods provide additional, differenti-
ated information, by means of which the effect of morphol-
ogy, and the influence of production and process parameters
on individual selective and total-oxidation processes can be
elucidated directly. This allows catalyst design to be fo-
cused on specific objectives.
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