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Abstract

An evolutionary approach was applied to create five generations of �-Al2O3-supported multi-metal-oxides to be used
as catalytic materials for the oxidative dehydrogenation of propane at 773 K. Each generation consisted of 56 differently
composed materials, i.e., a total amount of 280 materials. These catalytic materials were tested in parallel. For the best
materials propene yields from 7% (1st generation) to 9% (5th generation) were achieved. Some of these superior catalysts
were characterised by XRD, XPS and EPR. A correlation between catalytic performance and the Mg/V ratio on the surface
was found. Based on the structural knowledge obtained, from which the requirement of isolated or at least weakly interacting
vanadium sites was derived, VOx (2.8 wt.%)/MCM-48 and VOx (2.8 wt.%)/MCM-41 catalysts with a high dispersion of
vanadia were used as reference giving a maximal propene yield of 17 and 15%, respectively. © 2001 Elsevier Science B.V.
All rights reserved.

Keywords: Combinatorial catalysis; Evolutionary catalyst optimization approach; Propane oxidative dehydrogenation; Solid mixed metal
oxides

1. Introduction

The development of new catalytic materials occurs
still mainly on an empirical basis although signif-
icant progress has been made in the fundamental
understanding of catalysis. Nevertheless, it is still not
possible to design a catalyst “ab initio” predicting its
required composition and its resulting activity and se-
lectivity for a given reaction; this is particularly true
for heterogeneous multi-compound catalysts.

We have recently suggested a combinatorial
approach including an evolutionary optimisation
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procedure for finding new or improved catalytic ma-
terials [1,2]. Fundamental pre-knowledge is applied
for defining a pool of elements (or compounds) from
which a 1st generation of numerous materials is
prepared by randomisation of their qualitative and
quantitative composition. The evolutionary procedure
consisting of mutation and cross-over processes is
then applied to prepare subsequent generations based
on the catalytic performance of the materials of the
preceding generation; a genetic algorithm with the
ability to search a large parameter space in a highly
directed way was used for the mathematical treatment
of the procedure.

By using high-throughput testing and parallel syn-
thesis a large number of different materials can be pre-
pared and tested in a relatively short time compared
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to conventional methods. Several applications of the
high-throughput techniques have been reported for the
development of solid materials (see e.g. [3–7]).

The aim of the present contribution is to illustrate
how the fundamental knowledge is used in designing
the 1st generation by the above-described procedure;
the best materials obtained after a series of genera-
tions are then improved based on fundamental insights
derived from their characterisation using classical
methods of preparation of catalytic materials. This
is outlined in the search for and optimisation of cat-
alysts for the oxidative dehydrogenation of propane
(ODP). This reaction was chosen as a model reaction
since we were interested to learn whether the applied
combinatorial procedure, which was only based on
some general pre-knowledge on partial hydrocarbon
oxidation, would lead to similar results.

Numerous multi-component oxide materials have
been developed for the transformation of alkanes into
desired products [8–12]. In a more general sense, the
catalytic surface process, which may lead to propene
formation in ODP can be classified according to the
following assumptions:

• participation of removable lattice oxygen (redox-type
catalysts);

• participation of adsorbed oxygen;
• participation of non-removable lattice oxygen.

Our methodology in applying fundamental know-
ledge in the evolutionary procedure and in optimising
the “best” catalytic materials obtained hereby is de-
scribed below. Since this work aimed at proofing the
principle it should not be surprising that materials are
found which have already been discovered earlier.

2. Methodology

2.1. Pre-selection of individual compounds

Based upon the three assumed reaction mechanisms
(see above), eight individual metal oxides were se-
lected:

• redox properties: V2O5, MoO3, MnO2, Fe2O3,
Ga2O3;

• dissociative adsorbed oxygen: La2O3;
• non-removable lattice oxygen: B2O3, MgO.

By arbitrary decision all the materials of the 1st
generation consisted of only four individual metal ox-
ides deposited on �-alumina. The composition of the
various materials of the 1st generation was reported
earlier [1]. The compositions of the subsequent four
generations were always defined by the catalytic per-
formance of the materials of the preceding generation
whereby emphasis was put on the composition of the
best performing materials [1].

2.2. Feed back of characterisation results of
catalytic materials for further optimisation

For materials of significantly good catalytic perfor-
mances XRD was applied for identifying phase com-
positions. The composition space, which appeared
attractive for further improvement, was more deeply
studied. Furthermore, the surfaces and the bulk of the
materials were characterised by UV/Vis and EPR.

3. Experimental

3.1. Catalyst preparation

Most of the materials were prepared manually,
more recently the preparation can also be done auto-
matically applying a SOPHAS robot, the operation
of which and reproducibility of catalytic materi-
als will be explained separately. For preparing cat-
alytic materials, the following compounds were used:
NH4VO3 (Merck, p.a.), Mg(NO3)2·4H2O (Merck,
p.a.), H3BO3 (Merck, p.a.), (NH4)6Mo7O24·4H2O
(Riedel de Haën, p.a.), La(NO3)2·6H2O (Merck, p.a.),
Mn(NO3)2·4H2O (Merck, p.a.), Fe(NO3)3·9H2O
(Fluka, p.a.), Ga(NO3)3·6H2O (Alfa, 99.9%). These
primary compounds were dispersed or dissolved in
water in the presence of granulated �-Al2O3 (CON-
DEA, particle size: dp = 1 mm, SBET = 5 m2/g)
which served as an inert support of the active mass
amounting to 30 wt.%. The volume of the aqueous
solution used per gram of support was 10 ml. The
mixture was stirred for 30 min at 80◦C. The excess
water was evaporated while stirring at ca. 100◦C; the
remaining solid was then dried at 120◦C for 10 h and
finally calcined at 600◦C for 3 h in air. Furthermore,
a ternary V–Mg–Ga oxides library was similarly
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prepared. For preparation of two binary V–Ga and
V–Mg oxide materials Ga2O3 or Mg(OH)2 was added
to a water solution of NH4VO3 (Merck, p.a.) followed
by water evaporation, drying and final calcination at
600◦C for 3 h in air.

3.2. Catalyst characterisation

Specific surface areas of the catalysts were deter-
mined by the one-point BET method using Gemini III
equipment (Micromeritics).

XRD powder analyses were carried out using a
STADIP transmission powder diffractometer (Stoe)
with Cu K�1 radiation.

EPR spectra were acquired with an ELEXSYS
500-10/12 (Bruker) spectrometer in X-band at both
298 and 77 K. The magnetic field was measured with
respect to the standard 2,2-diphenyl-1-picrylhydrazyl
hydrate (DPPH).

UV/Vis–DRS measurements were performed using
a Cary 400 UV/Vis spectrometer (Varian) equipped
with a diffuse reflectance accessory (praying man-
tis, Harrick). The reflectance spectra were converted
into the Kubelka–Munk function F(R) which is pro-
portional to the absorption coefficient for low values
of F(R). Spectra were deconvoluted into Gaussian
bands using the GRAMS/386 program (Galactic
Industries).

The near-surface composition of catalysts was de-
rived from XPS spectra recorded with an ESCALAB-
220i-XL (Fisons Instruments) using Al K� radiation
(1486.6 eV).

3.3. Catalytic testing

The catalytic tests were carried out at ambient pres-
sure in U-form fixed-bed quartz reactors operating
in parallel which were immersed into a bed of flu-
idised sand serving as a source or sink of heat; hereby
isothermal operation was achieved. The feed con-
sisted of oxygen, propane and nitrogen; the mixtures
applied amounted to: C3H8/O2/N2 = 30/10/60 or
C3H8/O2/N2 = 40/20/40 vol.%. For acquiring se-
lectivities at different degrees of propane conversion
the total flow rate was varied from 10 to 150 cm3/min
per reactor which was charged with 300 mg of cat-
alytic material. The reaction temperature was fixed
at 773 K. The products and reactants were analysed

by using a gas chromatograph (Satochrom) equipped
with Poraplot Q and Molesieve 5 columns.

4. Results and discussion

4.1. Catalytic performances

For oxidative dehydrogenation of propane catalytic
materials of different compositions were studied at
773 K. The catalysts can be classified into five groups
based on their chemical composition and preparation
method:

Evolutionary method
1st group: 56 catalytic materials in each genera-

tion amounting to a total number of 280 for five
generations.

Further optimisation of best performing materials
(non-combinatorial approach)

2nd group: 36 V–Mg–Ga–O/�-Al2O3 combina-
tions;

3rd group: 11 V–Ga–O combinations;
4th group: 4 V–Mg–O combinations [13];
5th group: VOx /MCM-41, VOx /MCM-48 [14];

The catalytic materials of 1st group were evalu-
ated based on a combinatorial procedure described
earlier in detail [1,2]. The chemical composition and
catalytic performance of these materials were also re-
ported [1,2]. Based on the catalytic performance of the
materials of the 1st generation, the 2nd generation of
catalytic materials were produced applying evolution-
ary operators (mutaion, crossover). According to this
procedure, five generations were prepared and tested
for ODP in this study. As a result of the evolution-
ary procedure, an improvement of catalytic perfor-
mance was found. The materials with which the best
propene yields were obtained in each generation are
summarised in Fig. 1; the respective compositions are
given in Table 1. It should be noted that the degree
of oxygen conversion was close to 100% in all these
experiments. In Fig. 1, the average performance data
of all materials of each generation are presented in-
dicating also an improvement when proceeding from
one to the next generation. It is obvious that MgO,
V2O5, and Ga2O3 are the essential compounds of the
best materials; however, even the best materials of the
5th generation still contain minor amounts of Fe, Mn,
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Fig. 1. Best (open bar) and mean yield (solid bar) of propene
in each generation (C3H8/O2/N2 = 30/10/60, T = 773 K,
X(O2) ∼ 100%).

and Mo, respectively. To exclude the effect of the later
three compounds on catalytic performance of the cat-
alysts of 1st group, 36 V–Mg–Ga mixed metal-oxides
of different composition supported on �-Al2O3 were
tested for ODP at 773 K using a reaction mixture of
C3H8/O2/N2 = 30/10/60. The best materials along
with their performance data are shown in Table 2; for
illustration all the yields of all materials are presented
in Fig. 2. The propene yields obtained are slightly

Table 1
Performance and composition of the best catalytic materials in each generation along with the contact time for nearly complete oxygen
conversion (C3H8/O2/N2 = 30/10/60, T = 773 K, mcat = 300 mg)

Generation No. Me-oxide composition τ (s gcat cm−3) X(C3H8) (%) Y(C3H6) (%) S(C3H6) (%)

1 V0.25Mg0.52Ga0.11Mo0.12 0.12 12.4 7.5 60.4
2 V0.47Ga0.21Mo0.05Mn0.27 0.12 14.7 7.7 52.1
3 V0.22Mg0.47Ga0.2Mo0.11 0.9 15.7 9.0 57.4
4 V0.27Mg0.37Ga0.11Mo0.12Fe0.13 0.12 15.2 8.8 57.9
5 V0.32Mg0.18Ga0.27Mo0.04Mn0.19 0.12 16.9 9.0 53.3

Table 2
Performance and composition of the best catalytic materials of V–Mg–Ga library along with the contact time for nearly complete oxygen
conversion (C3H8/O2/N2 = 30/10/60, T = 773 K, mcat = 200 mg)

Me-oxide composition τ (s gcat cm−3) X(C3H8) (%) S(COx ) (%) S(C3H6) (%) Y(C3H6) (%)

V0.2Mg0.1Ga0.7 0.12 16.1 45.9 47.9 7.7
V0.2Mg0.2Ga0.6 0.12 16.2 43.9 49.5 8.0
V0.2Mg0.3Ga0.5 0.12 16.1 44.2 48.7 7.9
V0.2Mg0.4Ga0.4 0.12 16.4 45.1 48.9 8.0
V0.2Mg0.5Ga0.3 0.08 16.5 43.2 51.0 8.4

lower than the results described above which may be
due to the absence of Fe, Mn or Mo. Weight con-
centrations of vanadium (3.5–4.6%) in the superior
catalytic materials were close to those in the best mate-
rials created by the combinatorial procedure. Decreas-
ing or increasing the vanadium content resulted in a
loss of catalytic efficiency.

The two best catalysts from 3rd and 5th generation
(1st group) and from the V–Mg–Ga–O library (2nd
group), respectively, were chosen to check the effect
of oxygen partial pressure on ODP. A C3H8/O2/N2 =
2/1/2 reaction mixture was used. The results obtained
and presented in Fig. 3 show that decreases and in-
creases in propene yield vary from −0.59 to +2.17 on
increasing oxygen partial pressure from 15 to 20 kPa.
The differences found will be discussed in connection
with the catalyst composition further below.

For comparison, V–Ga and V–Mg oxides prepared
by non-combinatorial approach were tested for ODP
to study the effect of MgO or Ga2O3 separately on the
catalytic performance of vanadia using a reaction mix-
ture of C3H8/O2/N2 = 2/1/2. For the V–Ga oxide
systems the catalytic performance, i.e., degree of con-
version, selectivity and yield of propene have a max-
imum at low vanadia content; at V/Ga = 0, however,
there is no conversion at all (Fig. 4). A similar effect of
vanadia loading was found on VOx /SiO2 [15]. In our
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Fig. 2. Catalytic performance of V–Mg–Ga mixed oxides in the oxidative propane dehydrogenation (C3H8/O2/N2 = 30/10/60, T = 773 K,
X(O2) = 20–100%).

study, the best yields were obtained on materials with
a weight concentration of vanadium in the range from
2.6 to 8.3%. Comparing the catalytic performances of
the various V–Ga–O compositions with those of the
library consisting of 36 V–Mg–Ga–O compositions or
the materials from the combinatorial study it turns out

Fig. 3. Yield of propene for the two best-performing catalytic
materials from the evolutionary procedure (3rd and 5th gen-
erations) and V–Mg–Ga-mixed oxides: (1) V0.3Mg0.63Ga0.07;
(2) V0.22Mg0.47Mo0.11Ga0.2; (3) V0.16Mg0.11Mo0.17Fe0.09Ga0.47;
(4) V0.32Mg0.18Mo0.04Mn0.19Ga0.27; (5) V0.2Mg0.2Ga0.6; (6)
V0.2Mg0.5Ga0.3. Solid bar — C3H8/O2/N2 = 30/10/60,
T = 773 K, X(O2) ∼ 100%; open bar — C3H8/O2/N2 =
40/20/40, T = 773 K, X(O2) ∼ 100%.

that VOx /Ga2O3 catalysts have the lowest selectivity.
This means that mainly the presence of magnesium
oxide but also possibly of Fe, Mo or Mn is necessary
to obtain a good catalytic performance. This impor-
tant information is a direct result of the combinato-
rial approach. Fig. 5 shows catalytic performance of
V–Mg oxidic systems. Propene yields of up to 13%
were achieved. As for V–Ga oxides both selectivity
and yield of propene decreased with an increase of
vanadia concentration. A composition of V0.1Mg0.9Ox

leads to the best catalytic performance.

Fig. 4. Catalytic performance of various V–Ga oxides in the
oxidative propane dehydrogenation (C3H8/O2/N2 = 40/20/40,
T = 773 K).
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Fig. 5. Catalytic performance of various V–Mg oxides in the
oxidative propane dehydrogenation (C3H8/O2/N2 = 40/20/40,
T = 773 K, X(O2) = 95–100%).

4.2. Results on catalyst characterisation

From the above it became obvious that catalytic
performance of complex oxide system depends on
structural peculiarities of these systems. Therefore, it
was of particular interest to characterise systematically
the more effective catalysts to derive structural infor-
mation needed for improving catalyst design. Charac-
terisation results on SBET, paramagnetic VOx species
(EPR), phases (XRD) and surface composition (XPS)
are discussed.

Bulk and surface composition as well as surface
areas of the best catalytic materials from both com-
binatorial approach and classical preparation are

Table 3
Results of bulk and surface characterisation and catalytic performance (T = 773 K, C3H8/O2/N2 = 40/20/40)

Oxide materials SBET

(m2/g)
Crystalline phases (XRD) Mg/V, Ga/V

(XPS)
τ (s g cm−3) S(C3H6)

(%)
X(C3H8)
(%)

V0.3Mg0.63Ga0.07 10 Mg2V2O7 2 0.18 49 22.4
V0.22Mg0.47Mo0.11Ga0.2 17 Mg2V2O7 3.33 0.30 49.7 22.3
V0.32Mg0.18Mo0.04Mn0.19Ga0.33 13 MgV2O6, Mn(VO3)2, Mn(V2O7) 0.47 0.12 40.3 19.5
V0.16Mg0.11Mo0.17Fe0.09Ga0.47 14 Ga2O3, FeVO4, MoO3, FeGa2O4 0.21 0.08 45.2 21.1
V0.2Mg0.2Ga0.6 13.5 MgV2O6, Ga2O3, V2O4 0.34 0.12 42.1 19.5
V0.2Mg0.5Ga0.3 14.1 Mg3(VO4)2, V2O4, MgxVyOz 0.5 0.06 45.4 20.8
V0.8Mg0.2 1.9 V2O5, MgV2O6 0.2 0.80 32.8 16.3
V0.5Mg0.5 7.9 Mg2V2O7 1.2 1.20 46 18.9
V0.2Mg0.8 46.9 Mg3V2O8, MgO 4.5 0.24 55.2 23.6
V0.1Mg0.9 87.4 Mg3V2O8, MgO 9.3 0.24 57.5 24
V0.5Ga0.5 7.2 V2O5, Ga2O3 2.1 0.18 31 24.2
V0.33Ga0.67 4.9 V2O5, Ga2O3 0.91 0.18 36.4 22
V0.16Ga0.84 4.8 V2O5, Ga2O3 0.63 0.18 35 22

summarised in Table 3. The materials consisted of
both amorphous and crystalline phases. Different
crystalline phases were found to depend on chemical
composition. For V–Ga oxides only phases of pure
oxides (V2O5 or Ga2O3) were detected. In all V,
Mg-containing materials different MgxVyOz phases
were found. These phases differ in Mg/V ratio rang-
ing between 0.5 and 1.5. Differences in the Mg/V
ratio derived from XPS were significantly higher
(0.2–9.3). This ratio is assumed to reflect the surface
distribution of vanadia; the higher the ratio, the lower
the concentration of closely associated vanadia sites.

The catalysts V0.8Mg0.2Ox and V0.1Mg0.9Ox

which are associated with the highest and lowest
propene yields, respectively (Table 3), have been
studied by EPR and UV/Vis diffuse reflectance
spectroscopy to gain information on the degree of
vanadium-site isolation [13]. The UV/Vis spectrum
of sample V0.8Mg0.2Ox (Fig. 6(B)) shows the typical
charge-transfer (CT) bands of pentavalent vanadyl
species in crystalline V2O5 [16]. This is in agreement
with XRD results which confirm the presence of
V2O5 as the main component in V0.8Mg0.2Ox . The
mean vanadium valence state determined by poten-
tiometric titration [17] amounts to 4.912 indicating
that 8.2% of all vanadium ions are tetravalent. This
percentage is too small to be detected in the UV/Vis
spectra besides V5+. However, the EPR spectrum in
which only tetravalent vanadium ions can be detected
under the recording conditions applied, shows a nar-
row isotropic singlet (Fig. 7) which is characteristic of
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Fig. 6. UV/Vis–DRS spectra of the catalysts V0.1Mg0.9Ox (A) and
V0.8Mg0.2Ox (B).

closely neighbouring VO2+ ions coupled by effective
spin–spin exchange interactions [18]. These species
are most likely formed by partial reduction of V2O5.
Thus, as a rough approximation, the distribution of
tetravalent vanadium sites reflected by EPR can be
taken as a monitor for the distribution of VO3+, too.

In the UV/Vis spectrum of sample V0.1Mg0.9Ox

CT bands of isolated tetrahedral V5+ [16] can be
identified by spectra deconvolution at 224, 268 and
326 nm (Fig. 6(A)). They arise most likely from mag-
nesium orthovanadate detected, besides MgO, as a mi-
nor component in this catalyst by XRD. Additionally,
a weak band at 380 nm points to the presence of some
V5+ in isolated octahedral or square–pyramidal co-
ordination [19]. The EPR spectrum of V0.1Mg0.9Ox

shows the characteristic hyperfine splitting (hfs) mul-
tiplet of well-isolated octahedrally coordinated VO2+
species [20] superimposed on a broad isotropic sin-
glet of weakly interacting VO2+ species (Fig. 7). By
spectra simulation it has been derived that the latter
comprise about 97% of the overall EPR active V4+
content. Those species are probably isolated dispersed
on the surface of MgO being the main component
in V0.1Mg0.9Ox . In contrast to sample V0.8Mg0.2Ox

Fig. 7. EPR Spectra at T = 77 K of V0.8Mg0.2Ox (1) and
V0.1Mg0.9Ox (2).

in which a narrow EPR singlet arises from effec-
tive spin–spin exchange interactions between closely
neighbouring VO2+ sites, the mutual distance of these
species in sample V0.1Mg0.9Ox should be markedly
longer since the large line width of the isotropic EPR
singlet suggests weak dipolar interactions only. This is
confirmed, too, by the UV/Vis spectrum (Fig. 6(A)) in
which no bands of oligomeric V5+Ox units at wave-
length higher than 390 nm are observed. Thus, all
vanadium species in sample V0.1Mg0.9Ox including
those giving rise to the broad EPR singlet can be re-
garded as more or less isolated insofar as they do most
probably not form V–O–V bonds.

The EPR spectra of catalytic materials with vana-
dium contents between those of V0.1Mg0.9Ox and
V0.8Mg0.2Ox (3.3 < V content/wt.% < 15) show
also a superposition of an hfs multiplet of isolated
VO2+ species and a more or less broad isotropic
singlet of interacting VO2+ species. With increasing
vanadium concentration the fraction of interacting
vanadyl species increases.

4.3. Dependence of catalytic properties on structural
characterisation and further improvement of the
catalytic material

The results on catalyst characterisation are dis-
cussed to explain the catalytic performance of the
various best performing materials (groups 1–4) for
which data are presented in Table 3. In all the ex-
periments reported the degree of oxygen conversion
amounted to 100% or was close to this value (>95%).
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The materials differed both in selectivity and yield of
propene. V0.8Mg0.2 and all V–Ga–O materials have
the lowest selectivity and yield of propene. For these
materials a pure V2O5 phase was detected by XRD. In
general, supported catalysts with high concentration
of vanadia or bulk V2O5 are not selective for propane
oxidation as has been shown previously [15,21]. This
was explained by the acceleration of non-selective
propene oxidation due to the presence of neighbour-
ing vanadia species. The present study showed that
vanadium oxide is agglomerated in V0.8Mg0.2Ox .
The surface dispersion of vanadia as determined by
XPS is also low in comparison to other V–Mg ox-
ides materials containing less bulk vanadium. For the
materials with low vanadium content, no formation
of crystalline V2O5 was observed (Table 3); different
VxMgyOz phases were detected. In literature [21–23],
there are contradictory conclusions concerning the
active phases responsible for olefin formation. In our
case XPS data show that the materials differ strongly
in surface dispersion of vanadia which is determined
by the surface ratio of Mg/V (Table 3). If the distribu-
tion of vanadia species does play the important role in
ODP the catalytic performance should depend on the
Mg/V ratio. Fig. 8 shows this correlation; an increase
in propene yield is achieved by increasing the Mg/V
ratio. The increase of propene yield can be explained
by the fact that the non-selective oxidation of propene
to COx is inhibited with decreasing the concentration
of closely associated active centres (VOx clusters).

Fig. 8. Propene yield versus the Mg/V ratio determined by
XPS (C3H8/O2/N2 = 40/20/40, T = 773 K, X(O2) ∼ 100%):
(�) V0.3Mg0.63Ga0.07; (�) V0.22Mg0.47Mo0.11Ga0.2; (�) V0.16

Mg0.11Mo0.17Fe0.09Ga0.47; (�) V0.32Mg0.18Mo0.04Mn0.19Ga0.27;
(�) V0.2Mg0.5Ga0.3; (�) V0.2Mg0.2Ga0.6; (�) V0.8Mg0.2; (∇)
V0.5Mg0.5; (�) V0.2Mg0.8; (�) V0.1Mg0.9.

Fig. 9. Increase of propene yield versus the Mg/V ratio deter-
mined by XPS when propane/oxygen ratio is increased from 3
to 2: (�) V0.22Mg0.47Mo0.11Ga0.2; (�) V0.3Mg0.63Ga0.07; (�)
V0.16Mg0.11Mo0.17Fe0.09Ga0.47; (�) V0.32Mg0.18Mo0.04Mn0.19

Ga0.27; (�) V0.2Mg0.2Ga0.6; (�) V0.2Mg0.5Ga0.3.

This observation is in agreement with the well-known
“site-isolation” theory [24–26]. This theory claims
that a statistically controlled number of active sites
favors selective oxidation reactions over combustion
reaction. The dependence of propene yield on oxy-
gen partial pressure can support the conclusion on
importance of vanadia distribution (Fig. 3). A change
of propene yield with increasing oxygen partial pres-
sure depends on the catalytic material. Fig. 9 presents
the dependence of the change of propene yield on
the Mg/V ratio. The propene yield increases more
strongly on materials with a high Mg/V ratio on an
increase in oxygen partial pressure from 15 to 20 kPa.

From all the above results discussed it can be de-
rived that a good catalytic performance for ODP is
achieved by an optimal concentration of the active
VOx species which have to be well dispersed on the
surface of effective catalytic materials.

This conclusion was ascertained by using high-
surface area meso-porous siliceous MCM-48 and
MCM-41 on which vanadia is well dispersed
and stabilised as isolated vanadia species; this
has been proven by 51V solid state NMR, EPR,
UV-Vis spectroscopy and TPR [14]. The catalytic
performance data of VOx (2.8 wt.%)/MCM-48 and
VOx (2.8 wt.%)/MCM-41 are presented in Table 4.
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Using different propane/oxygen ratios it was possible
to reach a maximal propene yield of 17.4%. These re-
sults confirm our above assumption that the catalytic
performance is improved by a high dispersion of the
isolated VOx species.

5. Conclusions

For the identification of catalytic active materials
and their further development for the ODP which was
used as a model reaction for illustration it could be
shown that the input of fundamental knowledge in the
only seemingly empirical process of high-throughput
synthesis and testing of materials for catalysis is a
valuable method to develop new catalytic materials
or to improve existing compositions. Fundamental
knowledge supports the design of a 1st generation
of materials to start with; this does not necessarily
exclude to provide for the unexpected. Further, the
characterisation of best performing materials identi-
fied in subsequent materials generations leading to
fundamental insight was shown to give additional
hints for improvement of the catalytic material.
The more fundamental insights from a multitude of
catalytic results are in agreement with earlier find-
ings, in particular with respect to the isolated-sites
concept.
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