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Abstract

An evolutionary optimisation procedure combined with high-throughput synthesis and testing has been applied for discover-
ing new catalytic materials for the oxidative dehydrogenation of ethane to ethylene (ODHE). After 10 generations comprising
a total of 600 vanadium-free catalytic compositions supported on�-Al2O3, Cr/Co/Sn/W and Cr/Mo mixed oxides have been
identified as new well performing catalytic materials for the ODHE reaction; ethylene yields of up to 20% and selectivities
of 55–65% (500◦C; C2H6:O2:Ar = 20:10:70) were achieved.

The surface and bulk characteristics of the new catalytic materials derived from near-surface composition, binding energies
of the elements (XPS), and phase analysis (XRD) as well as from their surface area (BET) lead to the assumption that for
both systems (Cr/Mo or Co/Cr/Sn/W oxide) the active phase is located in the X-ray amorphous part of the material. Based on
transient and isotopic experiments it was concluded that the ODHE reaction follows the Mars–Van Krevelen mechanism. The
different selectivities towards CO2 and CO between the two systems have been attributed to parallel and consecutive reaction
schemes of the product formation, derived from transient experiments. From the fundamental insights obtained improvements
of the catalytic performance in the ODHE reaction are suggested.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Oxidative dehydrogenation; High-throughput synthesis and testing; Evolutionary approach; Transient study

1. Introduction

The oxidative dehydrogenation of ethane to ethy-
lene (ODHE) has attracted a growing interest during
the last decade since it may present an alternative to
the highly endothermic thermal pyrolysis[1]. Differ-
ent reaction conditions have been investigated compri-
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sing: (i) easily reducible metal oxide catalysts within
a low-temperature range between 300 and 500◦C and
contact times from 0.1 to 10 s[2]; and (ii) platinum
[3,4] or rare-earth metal oxide catalysts[5] within a
high-temperature range between 750 and 1000◦C at
millisecond contact times. For the low-temperature
conditions, mainly vanadium containing catalysts
were identified as best performing materials and their
ethylene yields did not exceed 30–40%[6]. In the
high-temperature range catalyst-assisted homogenous
gas-phase reactions generally play an important role
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and ethylene yields of up to 60% are obtained. From
an industrial point of view, ethylene yields between
65 and 70% are required to compete with the steam
cracking process. The aim of the present contribu-
tion is to illustrate the application of an evolutionary
approach[7,8] for the search of new vanadium-free
catalytic materials for the ODHE reaction in the
low-temperature range. A further characterisation
of the new well performing materials shall reveal
insights into the active phase and the reaction mech-
anism, which might lead to a new working hypoth-
esis for improved catalytic compositions or reaction
operation as has been shown in a previous study
[9].

2. Methodology and experimental

2.1. Evolutionary approach

For the evolutionary optimisation strategy each gen-
eration comprises 60 individual catalytic materials.
Each material of the first generation was prepared by
randomly choosing three elements and their amounts
from a pool of 13 elements. The compositions within
the following generations were derived by an evolu-
tionary procedure, applying mutation and crossover
operators taking into account the objective function,
i.e. the ethylene yield under standard condition of
the preceding generations. The pool of elements has
been chosen on the basis of fundamental knowledge
[2,10,11]and is listed inTable 1. In order to discover
a new class of active materials, elements with a known
catalytic activity like vanadium were replaced by other
elements, whose mixtures have not been considered
for this reaction until now. Halides have been inten-
tionally excluded because of their possibility to leach
into the product gas and cause corrosion, emission of

Table 1
Selection of the pool of elements excluding vanadium and chlorines for the evolutionary approach from fundamental knowledge

Assumed mechanism Required property of active phase Metal oxidea [17,21,23]

Participation of removable lattice
oxygen (redox-type catalysts)

Redox properties: medium
O–Me binding energy

Cr2O3, CuO, MnO2, MoO3, WO3,
Ga2O3, CoO, SnO2

Activation by adsorbed oxygen Dissociative adsorption of oxygen CaO, La2O3

Activation by lattice oxygen High O–Me binding energy ZrO2

a Dopants: P and Au (in traces).

halogenated compounds, and poisoning of catalysts in
subsequent processes, like selective hydrogenations or
ethylene polymerisation.

2.2. Materials synthesis and testing

The catalytic materials were prepared using a
Sophas Synthesis Robot (Zinsser). In the prepara-
tion procedure metal salt precursors were deposited
on �-Al2O3 spheres (Condea, BET 5 m2/g; dp =
250–355�m). The total mass of each individual cat-
alytic material amounted to about 1.25 g. Twenty
weight percent corresponds to the active components
which were mainly deposited as an eggshell around the
support. After calcination (air/350◦C/12 h), 200 mg
of each material were tested for the ODHE reaction
in a 64-channel fixed-bed continuous flow reactor,
under standard conditions (500◦C; C2H6:O2:Ar =
20:10:70;τ = 0.4 g s/ml; 1 bar). Some materials were
calcined at temperatures between 350 and 600◦C.
In order to find the optimum conditions for the in-
dividual catalytic materials the reaction temperature
and the contact time were varied between 300 and
500◦C and 0.1–1 g s/ml, respectively. Details of the
accelerated synthesis and testing procedure have been
reported earlier[12].

2.3. Materials characterisation

Specific surface areas of the materials were deter-
mined by the one-point BET method (Gemini III Mi-
cromeritics). XRD powder analysis was carried out
using a STADIP transmission powder diffractometer
(Stoe) with Cu K�1 radiation. The near-surface com-
position of the catalytic materials and binding energies
of the metal ions were derived from XPS spectra (ES-
CALAB 220i-XL, Fisons Instruments) using Al K�
radiation (1486.6 eV).
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For a more detailed understanding of the reaction
mechanism transient experiments were carried out in
the TAP-2 reactor system. Information on the reactor
system is described in[13]. In the TAP reactor the
catalytic material (30–140 mg;dp = 250–355�m)
was placed between two layers of quartz of the
same particle size. The transient experiments were
carried out at different temperatures between 350
and 500◦C. One pulse consists of 1014–5 × 1014

molecules.
Before each experiment the catalyst was treated in a

flow of O2 (30 ml/min) at 350◦C and ambient pressure
for ca. 1 h. Then the reactor was evacuated for 20 min
at 350◦C to a final pressure of ca. 10−4 Pa. After the
vacuum treatment the temperature of the catalyst was
set to the desired value. Two types of transient exper-
iments were carried out:

• Gas mixtures of a certain composition (C2H6:Ne =
1:1, C2H4:Ne = 1:1, CO:Ne= 1:1 and CO2:Ne =
1:1) were pulsed into the reactor and transient
responses were monitored at atomic mass units
(AMU) related to the reactant, reaction products and
inert gas. Pulses for each AMU were repeated 10
times and averaged to improve the signal-to-noise
ratio.

• 18O2:Ne = 1:1 and C2H6:Ne = 1:1 reaction mix-
tures were sequentially pulsed by two different
pulse valves with different time delays. As in the
case of single pulse experiments, pulses were re-
peated 10 times for each AMU and averaged to
improve the signal-to-noise ratio.

Fig. 1. Evolutionary development of ethylene yield of the best materials after optimising 10 generations of catalytic materials for the
ODHE reaction under standard conditions (500◦C; C2H6:O2:Ar = 20:10:70;τ = 0.4 g s/ml; 1 bar).

3. Results

3.1. Catalyst optimisation

The evolutionary optimisation procedure was car-
ried out up to 10 generations. The development of
catalytic performance of the best materials after each
generation is shown inFig. 1. The ethylene yield in-
creases from 9 to 18% under standard conditions. Af-
ter the seventh generation, no further improvement is
observed.

During the optimisation procedure the genetic al-
gorithm has focused on elements, which can be con-
sidered as essential for the good performance in the
ODHE reaction under the chosen standard conditions
(Fig. 2). The elements Cr and Mo have the highest in-
fluence on the catalytic performance of the examined
complex mixed metal oxides. Other elements like Ca,
P, Ga and Zr are less important. Elements of low sig-
nificance for the ODHE reaction under the conditions
examined are La and Cu.

Two different catalytic systems of vanadium-free
mixed metal oxides with a certain composition are
identified in the best performing materials in the 10th
generation. One system consists of Cr and Mo oxides,
whereas the other is a complex mixture of Co, Cr, W,
and Sn oxides. To the authors’ knowledge these mix-
tures have not yet been reported as active compositions
for the ODHE reaction. The compositions of the dif-
ferent systems and their catalytic performance at opti-
mised contact time at 500◦C are listed inTable 2. The
ethylene yields achieved in this study are comparable
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Fig. 2. Appearance frequency of the elements in the 15 best catalytic materials after the 1st and the 10th generation.

to those found for vanadium containing materials un-
der the applied conditions[14–16].

Cr and Mo oxides can be assumed to be active com-
ponents responsible for a good performance in the
ODHE reaction, whereas additional elements like Au
and Sn seem to have no influence (Table 2). Cr or Mo
oxides alone on�-Al2O3 are either less active (Mo)
or unselective (Cr) for the ODHE reaction. For the
Co/Cr/Sn/W system it is not clear whether only Co
and Cr are the active elements or Sn or W are also
necessary for a good performance. Co-oxide alone

Table 2
Catalytic performance of different Co/Cr/Sn/W and Cr/Mo systems under optimised conditions for the ODHE reaction after 10 generations
of catalyst optimisation

Composition of the active phase on�-Al2O3 X(C2H6)
(%)

X(O2)
(%)

S(C2H4)
(%)

S (CO2)
(%)

S (CO)
(%)

S (CH4)
(%)

Y (C2H4)
(%)

Co0.280Cr0.398Sn0.158W0.164Ox 33 88 63 23 12 2 21
Co0.350Cr0.249Sn0.197W0.205Ox

a 34 81 54 38 8 0 18
Co0.086Cr0.278Ca0.196Mn0.208P0.074Sn0.064W0.093Ox 30 88 46 22 22 10 14
Cr0.501Mo0.471Sn0.028Ox 32 79 56 7 30 7 18
Cr0.693Mo0.284Au0.023Ox 34 90 52 12 31 5 18
Cr0.790Mo0.290Ox 32 99 54 12 33 1 17
Cr0.426Mo0.161Ga0.245Sn0.043Zr0.124Ox 32 99 53 17 29 1 17
Cr0.601Mo0.246Au0.041Mn0.112Ox 32 99 54 12 33 1 17
Cr0.570Mo0.233Au0.038Ga0.109Zr0.049Ox 32 98 51 17 31 1 16
CrOx 16 71 19 58 22 1 3
CoOx 15 100 18 81 1 0 3
MoOx 4 15 57 23 17 3 2
Sn0.49W0.51Ox 1 4 71 8 20 1 1

Conditions: 500◦C; C2H6:O2:Ar = 20:10:70;τ varied from 0.1 to 1 g s/ml. For comparison the catalytic performance of single oxides of
Cr, Mo, Co and a Sn/W are shown. The stoichiometric factors relate to the fraction of the most stable oxide in the active phase.

a C2H6:O2 = 1.55.

on �-Al2O3 exhibits a similar behavior as Cr-oxides
whereas a mixture of Sn and W oxides leads to a poorly
active material. However, the supported single oxides
of Cr, Mo and Co on TiO2 or ZrO2 are known to be
active materials for the oxidative dehydrogenation of
light alkanes[17–21].

The calcination temperature of the materials in-
fluences the ODHE performance of the Cr/Mo and
Co/Mo/Sn/W systems (Table 3). Calcination at 350◦C
results in a better performing material compared
to the corresponding material calcined at higher
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Table 3
Influence of calcination temperature on catalytic performance of Cr/Mo and Co/Cr/Sn/W catalytic materials

Composition T (calcination)
(◦C)

X (C2H6)
(%)

X (O2)
(%)

S (C2H4)
(%)

S (CO2)
(%)

S (CO)
(%)

Y (C2H4)
(%)

Cr0.710Mo0.290Oy 350 24 51 69 4 27 17
500 20 61 48 16 34 10

Co0.280Cr0.398Sn0.158W0.164Ox 350 14 37 71 19 10 10
500 9 27 71 18 11 6

S (CH4) remains always below 2% (500◦C; C2H6:O2:Ar = 20:10:70).

temperatures. The good catalytic performance of
the materials calcined at 350◦C was sustained dur-
ing one week at 500◦C under the reducing reactant
atmosphere (C2H6:O2 = 2).

The data shown inTable 3andFig. 3 reveal signif-
icant differences between the Cr/Mo and Co/Cr/Sn/W
systems.

(I) Both systems exhibit comparable ethylene yields
and ethane conversions under standard conditions,
whereas the Cr/Mo material shows a higher ratio
of S (CO):S (CO2) in contrast to the Co/Cr/Sn/W
material.

(II) Ethylene selectivity is almost independent on the
ethane conversion over the Co/Cr/Sn/W system,

Fig. 3. S (Ethylene) vs.X (Ethane) for the two best catalytic systems from the evolutionary strategy and a vanadium containing material
(500◦C; C2H6:O2:Ar = 20:10:70; 1 bar;τ varied from 0.1 to 1 g s/ml).

whereas it decreases significantly with conversion
over the Cr/Mo system and a vanadium contain-
ing reference material (V2O5: 15%; MoO3: 73%;
Nb2O3: 12%) as shown inFig. 3.

3.2. Surface and bulk characteristics

The characterisation data were derived for the
Cr/Mo and Co/Cr/Sn/W systems calcined at different
temperatures. From BET measurements, the surface
area is found to be nearly independent on the calcina-
tion temperature and ranges between 15 and 20 m2/g.
Dissimilarity of the different calcined materials can
be seen for the binding energies (BE) of the electrons,
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Table 4
Results from XPS (reference peak C1 284.7 eV) and ICP measurements

Element Binding energy (eV) Mi/�(Mj)XPS

(at.%)
Mi/�(Mj)ICP

(at.%)
Mi/�(Mj)XPS

(at.%)
Mi/�(Mj)ICP

(at.%)

1a 1b 2a 2b 1a 1b 1a+ b 2a 2b 2a+ b

Mo(VI) 3d 232.4 232.3 – – 0.2 0.7 0.4 – – –
Cr(III) 2p 576.8 576.4 576.8 576.4 0.6 0.2 0.6 0.3 0.4 0.3
Cr(VI) 2p 579.9 578.8 – – 0.2 0.1 0.6 – – 0.3
Co(II) 2p – – 780.5 781.4 – – – 0.3 0.3 0.3
Sn(IV) 3d – – 485.3 484.4 – – – 0.3 0.3 0.2
W(IV)–W(VI) 4f – – 34.7 35.4 – – – 0.07 0.05 0.2

Samples: (1a) Cr0.790Mo0.290Ox (calcined at 350◦C); (1b) Cr0.790Mo0.290Ox (calcined at 500◦C); (2a) Co0.280Cr0.398Sn0.158W0.164Ox

(calcined at 350◦C); (2b) Co0.280Cr0.398Sn0.158W0.164Ox (calcined at 500◦C).

as determined from XPS and for the amount of the
elements determined for the near-surface region by
XPS and for the bulk by ICP (Table 4).

For the Cr/Mo material calcined at 350◦C higher
Cr 2p binding energies for trivalent Cr(III) and hex-
avalent Cr(VI) [22,23] have been found in compari-
son to the corresponding sample calcined at 500◦C.
The Mo 3d BE which is nearly independent on the
calcination temperature exhibits the typical values of
Mo(VI) species[24]. Calcination at a lower temper-
ature leads to a higher surface concentration of both
Cr(III) and Cr(VI) oxide species and to a correspond-
ing decrease of the Mo(VI) species concentration on
the surface. The surface concentration of the Cr and
Mo species shows that the optimal Cr:Mo ratio at the
surface is around 4. XRD measurements show that
the sample calcined at 350◦C is X-ray amorphous
whereas the sample calcined at 500◦C contains crys-
talline chromium molybdate (Cr2(MoO4)3).

In contrast to the Cr/Mo material, only Cr(III) ox-
ide is detected in the Co/Cr/Sn/W composition. XRD
measurements of the Co/Cr/Sn/W material calcined
at 350◦C reveal only CoWO4 as crystalline phase,
the rest of the oxides is located in a X-ray amor-
phous phase. Since tungsten has a low XPS surface
concentration it can be concluded that the part of Co
species located in the CoWO4 phase plays a minor
role for the performance. The role of Sn is not clear
yet.

For the Cr/Mo and Co/Cr/Sn/W systems the active
phase is mainly X-ray amorphous. The XRD-patterns
of less performing materials exhibit crystalline
chromium molybdate or chromium oxide phases.
Earlier studies have shown that crystalline chromia

is a total oxidation catalyst[25]. For supported cat-
alytic materials it is generally accepted that the spatial
isolation of active sites on the catalyst surface is a re-
quirement for selective production of partial oxidation
products in ODH reactions[26].

3.3. Mechanistic insights into the ODHE reaction

From the catalytic data inTables 2 and 3it can be
assumed that steps in the reaction mechanism are dif-
ferent for the Cr/Mo and Co/Cr/Sn/W materials. In
order to derive mechanistic insights into the ODHE
reaction, heterogeneous steps of the activation of O2,
C2H4, C2H6 and CO were studied by transient mea-
surements in the TAP reactor.

The interaction of C2H6 with Co/Cr/Sn/W and
Cr/Mo/Au materials reveals that ethylene, CO and
CO2 were the main products detected at the reactor
outlet. In order to check if short-living adsorbed oxy-
gen species take part in the oxidative dehydrogenation
of ethane under transient conditions, labelled oxy-
gen (18O2) and ethane were sequentially pulsed over
the catalysts at different time intervals. The degree
of ethane conversion and product’s selectivities did
not significantly change when the time interval was
varied, indicating that the active oxygen species were
stable enough not to be desorbed between two pulses
under vacuum. Additionally, only non-labelled oxy-
gen (16O) was observed in C16Ox products (Fig. 4).
This means that lattice oxygen of the catalytic mate-
rial takes part in both the selective oxidative dehydro-
genation of ethane towards ethylene and the formation
of non-selective reaction products (COx). Thus, both
the selective and non-selective oxidation of ethane
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Fig. 4. Transient responses of ethane oxidation reaction.18O2 and ethane were sequentially pulsed atT = 500◦C: (A) Cr/Mo/Au-Ox; (B)
Co/Cr/Sn/W-Ox; both supported on�-Al2O3. (Ethane has been pulsed 0.125 s after the oxygen pulse.)

occurs over the above materials via a Mars–Van Krev-
elen redox sequence[27], in which ethane reacts with
lattice oxygen resulting in anion vacancies followed
by oxygen dissociative adsorption and catalyst reoxi-
dation.

The distribution of COx products over these materi-
als under transient conditions is the same as observed
in the continuous flow experiments; Co/Cr/Sn/W pro-
duces more CO2 than CO in contrast to the Cr/Mo
system (Table 2). From the order of the reaction
products in the transient responses it can be con-
cluded that over the Co/Cr/Sn/W oxide CO is mainly
formed from ethylene followed by its further oxida-
tion to CO2. This stands in contrast to the Cr/Mo/Au
material where CO2 and CO are parallel products
of the secondary oxidation of ethylene. Pulsing of
CO2 alone reveals no interaction with both catalytic
materials. Single pulses of ethylene showed that CO
and CO2 are formed in the same sequence as found
for the experiments with ethane. From these experi-
ments the following reaction scheme can be suggested
(Scheme 1).

Scheme 1.

Additional experiments on CO pulsing confirmed
that the Co/Cr/Sn/W material is much more active for
CO oxidation than the Cr/Mo/Au material (Fig. 5A).
This may be related to the presence of cobalt and tin
oxides in the former material, which have been earlier
identified as effective catalysts for CO oxidation[28].

Based on our results on oxygen isotopic exchange
(Fig. 5B) we can relate the higher activity of the
Co/Cr/Sn/W material towards CO oxidation to its abil-
ity to remove easily lattice oxygen.

From the transient experiments, it can be anticipated
that for Co/Cr/Sn/W, both CO and ethylene are com-
peting for the same active catalyst sites. This might be
the reason for the different dependency ofS (ethylene)
on X (ethane) shown for the two materials inFig. 3.
The subsequent oxidation of ethylene at high ethane
conversions over Co/Cr/Sn/W-Ox is suppressed by the
reaction of the formed CO to CO2 with catalyst lattice
oxygen. Therefore, it can be expected that introduc-
ing CO into the reactant feed will inhibit the sec-
ondary oxidation of ethylene to CO and consequently
the ethylene yield might be improved. Preliminary
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Fig. 5. Activity of Cr/Mo/Au-Ox/�-Al2O3 and Co/Cr/Sn/W-Ox/�-Al2O3 towards CO oxidation (A) and oxygen isotopic exchange (B) from
transient experiments atT = 500◦C.

experiments with CO addition to the reaction feed
showed that ethylene selectivity and yield are in-
creased for a Co/Cr/Sn/W material when the CO con-
centration in the feed was changed from 0 to 7.8 vol.%.

4. Conclusions

The application of the evolutionary strategy in
search of new catalytic materials for the ODHE
reaction excluding vanadium leads to an optimi-
sation of the ethylene yield from 9 to 18% under
standard conditions. Two new redox catalytic sys-
tems were found comprising oxides of Cr/Mo and
Co/Cr/Sn/W. By optimizing the reaction condi-
tions the yield can be further increased up toY =
21% over Co0.280Cr0.398Sn0.158W0.164Ox (500◦C;
C2H6:O2:Ar = 20:10:70;τ = 1 g s/ml) and it is com-
parable to those found for vanadium-based ODHE
catalysts. For the two systems, XPS and XRD mea-
surements revealed that the active phase (Cr/Mo or
Co/Cr/Sn/(W) oxide) is located in the X-ray amor-
phous part of the material.

From transient experiments it can be concluded that
the Co/Cr/Sn/W material is more active for the further
reaction of CO to CO2, whereas CO competes with
ethylene for the same active sites. This leads to: (i) a
higher selectivity towards CO2; and (ii) a higher ethy-
lene selectivity at high ethane conversions compared
to the Cr/Mo system.

It can be assumed that the performance of the two
systems is improved by increasing the dispersion of the
mixed Cr/Mo and Co/Cr/Sn/(W) oxides. This can be

achieved by applying new preparation methods lead-
ing to a high surface area or support materials with
a high surface area. Another possibility for materials
with increased catalytic performance might be the use
of porous MoO3 as a support for highly dispersed Cr
oxide for the Cr/Mo system and high surface SnO2
or WO3 for the deposition of Co/Cr oxides for the
Co/Cr/Sn/W system.
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