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Ion oxide conductor as a catalytic membrane for selective oxidation
of hydrocarbons
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A catalytic membrane reactor using ion-oxide conductors as catalysts is experienced in selective oxidative dimerization of propene
to C6-dimers. Structural and textural properties, catalytic and non-catalytic reactivities of M-doped Bi2O3 (M = La, Ce, Eu, Er, V, Nb)
are studied. TGA experiments show that dopants increase the rates of reduction and reoxidation of Bi2O3, but that the reoxidation of
the catalysts is rate limiting. During catalysis, the best yields in 1,5-hexadiene and benzene are obtained with cerium-doped Bi2O3.
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1. Introduction

Applications of membrane reactors are found in several
fields, mainly in biotechnology and chemical processes [1].
Their interest lies in the possibility of coupling the reac-
tion to the separation of products (or reactants). Catalytic
membrane reactors (CMR) are more and more investigated.
In the field of petrochemistry, studies on dehydrogenation
and on oxidation reactions are flourishing, as shown by
symposia dedicated to this subject. The membrane can be
passive, permeaselective or not, and the catalyst is gener-
ally supported on it. Cases where the membrane is active
by itself are less numerous. Recently, dense oxide mem-
brane reactors have drawn attention for oxidation reactions.
Oxygen-ion conducting membranes can be operated with
air as an economical source of oxygen, without the draw-
back of nitrogen ballast. Perovskite-type materials are now
proposed for conversion of natural gas to syngas or to C2+

hydrocarbons [2–4].
The role of ionic conductivity in catalysis has been al-

ready our concern. About ten years ago, copper and silver
cationic conductors of the NASICON family were exam-
ined in the selective oxidation of propene to acrolein [5–7].
Recently we have studied lanthanum-doped bismuth ox-
ide catalysts in a CMR configuration to perform the oxida-
tive dehydrodimerization of propene to benzene [8]. At that
time, the aim was to confirm the feasibility demonstrated
by Di Cosimo et al. [9], and to examine the role of ion-
oxide mobility in selective oxidation. Indeed, the oxygens
of the selective oxidation catalysts are known to participate
in the reaction according to the two-stepped kinetic mech-
anism proposed by Mars and van Krevelen [10]. The first
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step is the oxidation of the reactant molecule by surface
lattice oxygen (i.e., O2− oxygen ion in normal crystallo-
graphic position) of the oxidized form of the catalyst, and
the second step is the reoxidation of the reduced catalyst
by the cofed gaseous dioxygen (pure or in air). Depend-
ing on whether the rate-limiting step is the reduction or
the reoxidation of the catalyst, and depending on the struc-
ture of the catalyst, the surface vacancies created during
the first step can be replaced by oxide ions coming from
the bulk by ionic diffusion. This is particularly the case of
bismuth molybdates in the oxidation of propene to acrolein
or acrylonitrile [11] and of vanadium pentoxide in oxida-
tion of, e.g., o-xylene to phthalic anhydride [12]. A certain
degree of ionic conductivity is therefore required in many
cases [13,14].

The oxidative coupling of propene to 1,5-hexadiene
and benzene has been already studied using bismuth-based
mixed oxide catalysts in several types of reactor: fixed-
bed reactor [9,15], pulse reactor [16–18] or sequential re-
actor [19,20]. As in the case of bismuth molybdate for
mild oxidation of propene to acrolein [11], the first step
of the reaction is the abstraction of a hydrogen atom from
propene by an oxygen linked to bismuth [21,22]. Bismuth
vanadate and some BIMEVOX (ME = Sr, Cu, Fe) which
are solid solutions of metal in Bi4V2O11 [23] have also
been studied in the oxidative coupling of methane and ox-
idative dehydrogenation of propane [24]. The main draw-
back of Bi oxides is their poor stability on-stream because
they are easily reduced, as shown by metallic bismuth
occurring during the reaction. The principle of the cat-
alytic membrane reactor (figure 1) using bismuth oxide as
a dense membrane is an illustration of the Mars and van
Krevelen mechanism: (i) on the reaction side, propene is
oxidized by surface O2− so that the surface is depleted
and bulk O2− diffuse to refill vacancies; and (ii) on the
oxidation side, gaseous O2 is first reduced and then the
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Figure 1. Schematic of the catalytic membrane reactor using ion-oxide
conductor.

O2−oxide ion diffuses towards the other side. The driving
force is the oxidation of the hydrocarbon, and the mobil-
ity of O2− depends on the ionic conductivity of the cat-
alyst. Like in the case of the recirculating fluid solid re-
actor [25], the advantage of CMR is that oxygen (air) is
not cofed with propene, which avoids the formation of by-
products due to direct reactions between propene and oxy-
gen.

Among the various allotropic forms of Bi2O3, γ and
δ are the best ionic conductors, but they are stable at
high temperature only (640 and 729 ◦C, respectively) [26].
These forms can be stabilized at room temperature by pro-
moters modifying their reactivity, such as alkaline earths,
lanthanides or transition metals. In the case of La-doped
Bi2O3 used in a CMR configuration [8], a small amount
of metallic bismuth was found after reaction. In order to
improve the stability and to examine the influence of ionic
conductivity on the reaction, other dopants (Ce, Eu, Er,
V and Nb) have been used. The preparation of the cat-
alysts, their structural characterization, reactivity in redox
conditions and catalytic properties in CMR configuration
are presented in this paper.

2. Experimental

2.1. Preparation of catalysts and of catalytic membranes

The solids were prepared by synthesis methods from
literature [27–29]. The conditions and compositions are re-
ported in table 1. Depending on the promoters, two meth-
ods were used. In the case of La and Ce, precursors were
co-precipitated from aqueous nitrate solutions, the precipi-
tate being then dried overnight at 110 ◦C [9]. The oxides
Eu2O3, Er2O3, V2O5 and Nb2O5 were mechanically mixed
in stoichiometric amount with Bi2O3. In all cases, the ob-
tained solids were calcined in air at 3 ◦C min−1 heating rate
for various periods and temperatures (table 1), and then
cooled slowly to room temperature.

The catalytic membrane disks were obtained by press-
ing and sintering catalyst powders. 2 g of solid were used
to make a 2 mm thickness and 13 mm diameter disk by
compression (8 tons cm−2). The disk was sintered in air at
800 ◦C during 16 h, and then sealed on the disk carrier to
be inserted in the catalytic reactor with an adhesive ceramic
paste (Durabond 954 loaded with steel, from Cotronics).

2.2. Characterization of catalysts and of catalytic
membranes

The X-ray diffraction (XRD) patterns (2θ = 5◦–125◦)
of powder samples were obtained by using a diffractometer
(Inel CPS 120) equipped with a copper anticathode (Cu
Kα1 = 1.5406 Å) and a curved detector.

The surface area measurements by nitrogen adsorption
were carried out using the multipoint BET method, after
degassing the sample 3 h at 250 ◦C under nitrogen. The
mean size of catalyst grains suspended in ethylene glycol
was measured with a laser granulometer (Galaı̈ CIS-1). The
pore size distribution of the membrane was measured with
a mercury porosimeter (Micromeritics 9320). Two series
of measurements allowed the high (<100 µm) and low
(<0.01 µm) pore size ranges to be covered.

The reducibility and reoxidability of the catalyst were
studied by thermogravimetry on a Setaram mtb10−8 mi-
crobalance at 6 ◦C min−1 and with 3 l h−1 STP flow rates.
The powder sample (30–35 mg) was reduced with diluted
hydrogen (N2/H2 = 70/30) and reoxidized with diluted oxy-
gen (N2/O2 = 85/15).

Table 1
Composition and operating conditions during preparation of catalysts.

Catalyst Composition Preparation method Sintering temp. Step time
(◦C) (h)

BiEuO (Bi2O3)0.7–(Eu2O3)0.3 Mechanical 800, 1000 10, 24
BiErO (Bi2O3)0.75–(Er2O3)0.25 mixing 850 4
BiVO (Bi2O3)0.85–(V2O5)0.15 of oxides 850 10
BiNbO (Bi2O3)0.85–(Nb2O5)0.15 900 10

BiLaO (Bi2O3)0.85–(La2O3)0.15 Co-precipitation 290, 425, 800 4, 16, 16
BiCe0.1Oy (Bi2O3)0.83–(CeO2)0.17 from aqueous 290, 425, 800 4, 16, 16
BiCe0.33Oy (Bi2O3)0.75–(CeO2)0.50 nitrate 290, 425, 800 4, 16, 16
BiCeOy (Bi2O3)0.33–(CeO2)0.67 solutions 290, 425, 800 4, 16, 16
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Figure 2. Catalytic bench-scale apparatus.

When data were not available in literature, the electric
conductivity σ was measured by impedance spectroscopy.
The disk was placed as a solid electrolyte between an elec-
trode and a counter-electrode. The impedance variation of
this circuit was studied vs. frequency, which was varied
between 1 Hz and 1 MHz by means of a frequency analyst
(Solartron SI 1255).

The surface of the membrane before and after catalytic
reaction (reaction side and oxidation side) was examined
by scanning electronic microscopy (JSM 840) and X-ray
emission spectrometry to determine the sample composi-
tion.

2.3. Catalytic reactor and operating conditions

The configuration of the stainless-steel membrane reac-
tor (figure 2) was inspired from the work by Di Cosimo et
al. [9]. Two reaction chambers were separated by the mem-
brane disk which was sealed on the inconel sample carrier.
Inlet gas flows of propene/N2 20/80 and O2/N2 (from 10/90
to 40/60) were controlled with mass flow controllers. The
reactor was placed in a tubular furnace and connected to
the catalytic bench scale test (figure 2). The effluents were
analyzed on-line by gas chromatography (Varian GC3300
equipped with TCD). When oxygen was fed on the oxi-
dation side, no oxygen could be detected on the reaction
side, and conversely, propene fed on the reaction side was
not detected on the oxidation side. The total gas flow on
each membrane side was 0.216 l h−1 STP at 1 bar. The
partial pressure of O2 was made to vary in the range 0.05–
0.5 bar on the oxidation side, while the partial pressure of

C3H6 was maintained at 0.20 bar on the reaction side. The
conversion of reactants was determined in the temperature
range of 400–600 ◦C. Conversion of propene, selectivities
and yields in benzene, 1,5-hexadiene, ethylene and carbon
oxides were expressed in mol%.

3. Results

3.1. Structural and textural properties

Solid solutions of the promoter oxide in Bi2O3 were ex-
pected to form, but sometimes the XRD patterns of the
obtained solids show that additional phases, like fcc δ-
Bi2O3 or cc γ-Bi2O3, are detected (table 2). In the case
of cerium-containing oxides (Ce/Bi = 0.1–1/1), the XRD
patterns were identified by comparison with β-Bi2O3. No
cerium oxide (Ce2O3 or CeO2) was detected and a solid so-
lution of β-Bi2O3 type was supposed to form. The δ form
of Bi2O3 was found as a secondary phase but the presence
of Bi4V2O11 could not be ascertained [23].

All specific surface areas (table 2) are lower than
1 m2 g−1, as expected from the high temperature of sinter-
ing. As generally observed, the lower the specific surface,
the larger the size of grains is (case of BiVO), and con-
versely (case of BiLaO). The specific surface area before
compression (0.54 m2 g−1) and the mean grain diameter
(5.3 µm) of a BiLaO membrane is typical of our cata-
lysts. The porosity of the BiLaO membrane prepared by
co-precipitation has been measured. The distribution of the
porous volume vs. mean pore diameter is monomodal and
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Table 2
Identification of phases by XRD and textural characteristics of catalysts.

Catalyst xa Main phase Secondary Ref. Surface area d50
b

phase (m2 g−1) (µm)

BiLaO 0.15 Bi1.648La0.352O3 [31] 0.5 5.3
hexagonal

BiCe0.1Oy 0.17 β-Bi2O3 tetragonal γ-Bi2O3 cc 0.4 5.4
solid solution

BiCeOy 0.67 β-Bi2O3 tetragonal – 0.7 7.0
solid solution

BiEuO 0.30 Bi1.25Eu0.75O3 Bi1.212Eu0.788O3 cubic [27] 0.2 5.2
cubic + Bi2O2.33 tetrag.

BiErO 0.25 Bi1.5Er0.5O3 cubic Er2O3 cubic [31] 0.3 7.5
BiVO 0.15 Bi1.7V0.3O3.3 δ-Bi2O3 fcc [29] 0.1 10.7

monoclinic [32]
BiNbO 0.15 Bi1.7Nb0.3O3.3 – [29] 0.2 6.0

cubic

a x as (Bi2O3)1−x–(MyOz)x.
b Mean grain diameter.

Figure 3. SEM image of the membrane surface before catalytic test (×12,500).

the mean pore diameter amounts to 0.5 µm. This porosity
is certainly intergranular because the specific surface area
is very low.

Two series of pictures were observed by SEM according
to whether the membrane had been used in catalysis or not.
Taking again BiLaO as a representative sample, the mi-
crographs before catalysis show that the surface is smooth
and constituted by sealed particles after sintering at 800 ◦C.
Some particles, the size of which is close to that measured
by laser granulometry (5 µm), can be distinguished too
(figure 3). Pores with various sizes (0.25–4.5 µm diame-
ter) are seen at higher magnification (figure 4), in agree-
ment with the mean pore diameter found by porosimetry
(0.5 µm). Cracks of few microns wide (figure 3) are also
observed. X-ray emission analysis shows that bismuth, lan-
thanum and oxygen are present in the same proportions

throughout the analyzed area, confirming the homogeneity
of the sample. After catalysis, on the oxidation side, the
surface appearance has changed: separated grains are more
numerous and small particles look as if they were dropped
onto the surface (figure 5). However, according to X-ray
emission, these particles have the same composition as the
surface. On the reaction side also the surface looks dif-
ferent. Small aggregated particles are observed, as well
as spherical particles on the surface or in the membrane
upper layer (figure 6). Pure metallic bismuth is identified
in spherules. The presence of Bi, La and O is checked
but the proportion of La is far higher than the initial one.
Very probably, after the reduction of Bi3+ and the migra-
tion of Bi0 towards the surface, lanthanum oxide domains
are formed which are not detected by XRD because of their
small size.
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Figure 4. SEM image of the membrane surface before catalytic test (×4,000).

Figure 5. SEM image of the oxidized side of the membrane after catalysis (×1,000).

The electric conductivity σ was measured for BiCe0.1Oy
and BiVO at 600 ◦C or taken from literature data (table 3).
The highest conductivity is found for BiErO while the
lowest values are obtained for pure Bi2O3 forms which
are stable at 600 ◦C. The most effective conductors ex-
hibit a cubic or rhombohedral structure (BiLaO). The ionic
contribution of the electric conductivity is expressed by
E/E0 = σi/(σi+σe), where E is the measured f.e.m, E0 its
standard value, σi the ionic conductivity, σe the electronic
conductivity. According to whether the conductivity is es-
sentially electronic or ionic, the ratio E/E0 is respectively
close to 0 or 1. Except the case of α-Bi2O3 which is mostly
an electronic conductor, all the solids known in literature,

including the other forms of Bi2O3, are ionic conductors.
The E/E0 ratio varies, according to the oxides and the
temperature, between 0.96 and 1 [26,30,31].

3.2. Reactivity of catalysts: reducibility and reoxidability

The reducibility and reoxidability of the doped bismuth
oxides before catalysis was examined by thermogravime-
try and compared with that of pure Bi2O3. The behavior
of various samples is compared in terms of temperature
at maximum rate of reduction (TR) and (re)oxidation (TO),
maximum reaction rate (% min−1) and extent of transfor-
mation.
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Figure 6. SEM image of the reduced side of the membrane after catalysis (×1,000).

Table 3
Electric conductivity of catalysts measured at 600 ◦C.

Catalyst BiMO Conductivity σ Reference
(Ω−1 cm−1)

α-Bi2O3 5× 10−4 [26]
β-Bi2O3 8× 10−4 [26]
γ-Bi2O3 3× 10−3 [26]
BiLaO 8× 10−2 [31]
BiCe0.1Oy 1.2× 10−4 This work
BiCeOy 2.5× 10−3 This work
BiEuO 7.3× 10−3 This work
BiErO 1× 10−1 [31]
BiVO 1.5× 10−3 This work
BiNbO 7× 10−2 [29]

Lanthanide promoters accelerate the reduction (figure 7).
Indeed, TR is much lower for Ln-containing Bi2O3 (130–
230 ◦C less) than for pure Bi2O3 and the reaction rates are
greater (from 0.70 to 0.92% min−1 instead of 0.36% min−1

for Bi2O3). For Ln–Bi2O3, the experimental weight loss
corresponds to the reduction of Bi2O3 to Bi0 showing that
the dopant itself is not reduced. This hypothesis is sup-
ported by the fact that pure Ln2O3 did not present any sig-
nificant weight loss at 700 ◦C in the same conditions. Con-
trary to Ln, Nb and V hinder the reduction which proceeds
at 80–100 ◦C higher than for pure Bi2O3. As shown by the
weight loss, the dopant is partially reduced, pure V2O5 be-
ing reduced to V2O3 at 520 ◦C. The reduction rate of BiCeO
depends on the cerium content. When it increases, TR

decreases and the reduction is faster (0.89–0.95%min−1)
compared to that of pure Bi2O3 (0.36% min−1), while pure
CeO2 is not reduced before 700 ◦C (figure 8). The curves
clearly show that the higher the cerium content, the lower
the weight loss is, in accordance with the hypothesis that
only bismuth is reduced.

Figure 7. Influence of dopants on the reduction of Bi2O3 (TGA).

Figure 8. Influence of the cerium content on the reduction of Bi2O3

(TGA).
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Figure 9. Influence of dopants on the reoxidation of Bi2O3 (TGA).

Figure 10. Influence of the cerium content on the reoxidation of Bi2O3

(TGA).

The reoxidation of doped catalysts proceeds by two steps
at lower rate and temperature than reduction (figure 9).
Pre-reduced Bi2O3 (to Bi0) is not fully reoxidized even
at high temperature (TO = 775 ◦C), as shown by the gain
of weight which corresponds to the oxidation of Bi0 to
Bi2+. The second step Bi2+ → Bi3+ proceeds at 850 ◦C.
Reduced BiLnO are reoxidized in two steps, Bi0 → Bi2+

and Bi2+ → Bi3+. The effect of all dopants is to decrease
strongly the temperature of the second step, from 850 ◦C
with pure Bi2O3 to 500 ◦C on the average. In the case of
V and Nb, both the (reduced) dopant and the bismuth are
partly reoxidized. The reoxidation of bismuth takes place
at lower temperatures (TO = 476 ◦C with Nb and 560 ◦C
with V) than in pure Bi2O3, and BiLnO are reoxidized at
ca. 460 ◦C. In the case of Ce-doped oxides, even a low
cerium content promotes the reoxidation, which starts at
very low temperature (44 ◦C) for BiCeOy (figure 10). The
rates decrease with increasing cerium content. The weight
gain corresponds to the same amount of bismuth which was
concerned during reduction, showing again that no cerium
was reduced.

To summarize, the dopant is responsible for the in-
creased reactivity of bismuth oxide. If Ln increase both

Figure 11. Selectivity to C6-dimers vs. conversion of propene at various
temperatures. Solid line: iso yield of C6-dimers (2 mol%); numbers

indicate reaction temperatures.

rates of reduction and reoxidation, V and Nb increase only
the rate of reoxidation of Bi0 to Bi2+ and Bi3+.

3.3. Catalytic properties

In the catalytic membrane reactor, the reactants (propene
and oxygen) diluted in nitrogen are separated by the cat-
alytic membrane. Propene is oxidized on one side (reaction
side), and oxygen fed on the other side (oxidation side) is
supposed to refill the vacancies which are created on the re-
action side. The expected reaction products of the oxidative
coupling of propene are 1,5-hexadiene and benzene (called
C6-dimers). At constant feed flows, the influence of oper-
ating parameters like the temperature of reaction and the
oxygen partial pressure (oxidation side) on catalytic prop-
erties has been examined for doped catalysts.

Studies of the stability on-stream were first performed at
pO2 = 20 and 40% on BiLaO. The steady state is reached
after 2 h, the figures being stable for 60 h at 550 ◦C. During
the first 2 h, propene conversion and selectivity to CO2 de-
crease while selectivity to ethylene increases. Selectivity to
C6-dimers remains low. Bismuth oxide was found not sta-
ble enough (reduction to Bi0 occurred almost immediately)
and BiVO yielded only carbon oxides and ethylene.

At fixed pO2 = 40% in the oxidation side, temperature
was made to vary on the same sample (figures 11 and 12).
Depending on the promoter, the conversion of propylene
ranges from 10 to 65% at 450–600 ◦C and increases with
temperature. Typically, the selectivities to C6-dimers are
low (3–17 mol%), while selectivity to ethylene is close to
30 mol%. The remaining part is carbon oxides, the CO2/CO
ratio being close to 6–7/1. The formation of ethylene and
CO2 by degradative oxidation of propene is observed with
all catalysts, including BiVO. No acrolein or other oxy-
genated products are detected. Above 500 ◦C, the formation
of benzene is promoted at the 1,5-hexadiene expense, from
which it is inferred that C6H6 is a secondary product. Yields
to C6-dimers are low (1–5 mol%). The most selective cat-
alyst to C6-dimers is La-doped bismuth oxide (figure 11)
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Figure 12. Propene conversion and selectivity to C6-dimers and other
products vs. temperature for BiLaO and BiCe0.1O.

Figure 13. Influence of the partial pressure of oxygen (oxidation side) on
propene conversion and selectivity to products for BiLaO at 550 ◦C.

while BiErO and BiCe0.1Oy are more active. A higher
yield is obtained at lower temperature (500–550 ◦C) with
BiCe0.1Oy which is the most active catalyst, but a higher
content of Ce is not favorable since no C6-dimer is found at
500 ◦C when using Ce/Bi = 1/1. Europium- and niobium-
doped catalysts give the lowest yields of C6-dimers. The
influence of temperature on propene conversion is shown
in figure 12 for the most interesting catalysts, BiLaO and
BiCe0.1O. A change of regime occurs between 500 and
550 ◦C. The increase of conversion corresponds to the de-
crease of selectivity to C6-dimers and to an increase of the
selectivity to ethylene.

The influence of the partial pressure of oxygen on ox-
idation side (figure 13) was studied on BiLaO at 550 ◦C.
A new sample was used for each pO2. The propene conver-
sion decreases slightly with increasing pO2 , all the oxygen
being consumed at pO2 = 10 and 20%. Higher conversions
than in the former experiments (26.6 vs. 14 mol% at 550 ◦C
and 40% O2) are obtained at steady state but selectivities to
C6-dimers and C2H4 are lower (less than 3 mol%) and in
a larger range (21–38 mol%), respectively. The production
of carbon oxides is not strongly affected.

4. Discussion

It has been shown that the oxidative coupling of propene
obeys to the Mars and van Krevelen (1954) mechanism
because superficial lattice oxygens O2− participate to the
reaction [8,22] and are responsible for selectivity. For a
given catalyst, the surface vacancies are replenished either
by gaseous dioxygen (when cofed with the reactant) or by
bulk O2− oxide ions, depending on the relative rates of
these processes [13]. In redox catalysis, the reoxidizing
step can be (case of vanadyl pyrophosphate in n-butane
oxidation) or not (case of bismuth molybdate in propene
oxidation) rate limiting, this behavior determining the state
of the solid at the catalytic steady state. In conventional
reactors, the cofed oxygen is generally not the limiting
reagent, so that the turnover is high enough even when
the reoxidation is rate limiting. In the case of catalytic
membrane reactors for oxidation, a rate-limiting reoxida-
tion becomes a problem to solve, and the diffusion of oxy-
gen through the membrane must ensure the reoxidation of
the reactive surface. Accordingly, it is necessary to know
if the ionic diffusion of O2− from bulk to surface is fast
enough compared to the eventual molecular diffusion of O2

through the pores. Therefore, three questions have to be an-
swered: (i) since dopants influence the redox mechanism in
non-catalytic conditions, is that redox related or not to the
catalytic activity and/or selectivity; (ii) is the ionic conduc-
tivity related or not to catalytic properties; and (iii) what is
the prevailing mechanism of reoxidation in the CMR.

Taking into account the error made on specific surface
area measurement when values lower than 1 m2 g−1 are ob-
tained (table 2), the texture of the samples is not strongly
different so that their reactivity may be directly compared.
TGA experiments show that the reduction of LnBiO by
hydrogen proceeds at higher temperature than their reox-
idation by oxygen, and the same effect is expected with
propene [19]. With lanthanides which are more reactive
than V and Nb, particularly during reduction, the metal-
lic bismuth formed is reoxidized easily to Bi2+ and then to
Bi3+ at higher temperature. When comparing with catalytic
conditions (ca. 450–600 ◦C) (figures 11 and 12), one can
see from thermogravimetric experiments that the reduction
is faster than the reoxidation, so that the reoxidation would
be the rate-limiting step. Among Ln-doped oxides, BiEuO
exhibits the slowest rates of reduction and of reoxidation, in
accordance with low propene conversion (25% at 600 ◦C),
contrary to BiCe0.1O which exhibits the higher redox rates
and a high conversion of propene (62% at 550 ◦C). Adding
cerium boosts the activity of Bi2O3 and allows benzene to
be produced at lower temperature, as shown by experiments
in conventional pulse reactor [18]. BiLaO is the most se-
lective catalyst to C6-dimers while giving similar yields as
BiErO (at 500 ◦C) or BiCe0.1O (at 600 ◦C).

From the ionic conductivity data (table 3), σ is seen to
decrease from BiErO (10−1 S cm−1) to BiCe0.1O (1.2 ×
10−4 S cm−1) along Er > Nb, La > Eu > Ce1 > Ce0.1.
What is to be expected in the CMR is that the more con-
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ducting, the more active the catalyst because of the higher
turnover due to an easier replenishment of oxygen vacancies
by O2−. Highly conducting perovskites are good catalysts
for the total oxidation of organics and in other reactions like
coupling of methane [4], but a direct correlation between
ionic conductivity and selectivity has not yet been found.
Several reasons could be invoked, but in our case, one of
the prevailing could be the texture of the solid which is not
properly designed so as to favor a good ionic conductivity.
If a simple sintered disk of material allows the determina-
tion of the conductivity by electric methods, it is certainly
not so in the present case. Another reason is that all the
expected, highly conducting phases have not been synthe-
sized, as shown in table 2. Finally, molecular oxygen must
be reduced on the surface of the membrane (oxidation side)
in order to further diffuse as O2− inside the solid. There-
fore, a certain degree of electronic conductivity is neces-
sary. This requirement could not have been met because
the solids we examined are mostly ionic conductors [13].

Therefore, it is probable that the prevailing conduction
mechanism is not by oxide ions but by molecular diffusion
of O2. Such a diffusion would account for the poor selec-
tivity to C6-dimers we observe, propene being able to react
directly with O2 so as to yield CO2. Dioxygen (and nitro-
gen) could flow through the open pores or cracks created
on-stream during the first minutes by the very fast forma-
tion of Bi0, the melting temperature of which is very low
(270 ◦C). The coexistence of solid and liquid domains at re-
action temperature increases the influence of diffusion paths
on the catalytic reaction, as well as on the replenishment
of oxygen vacancies on the reaction side. The experiments
performed with BiLaO at various pO2 (oxidation side) but
at the same pressure of propene (reaction side) show that, at
the steady state, a low partial pressure of oxygen seems to
be favorable to the conversion of propene. This behavior is
somewhat surprising (figure 13), and since each fresh sam-
ple is submitted to one pO2 and experiments are performed
at steady state, it cannot be attributed to the evolution of
the solid with time. The reproducibility of the catalytic
material manufacture (“membrane” disk) is probably ques-
tionable, as well as the formation of pores and the creation
of diffusion paths in the first 2 h of transient regime.

5. Conclusion

Lanthanides or transition elements doped Bi2O3 allow
the formation of cubic or rhombohedral oxides having a
greater electric, essentially ionic, conductivity than pure
Bi2O3. The effect of lanthanide dopants on reactivity is to
decrease strongly the temperatures of reduction by hydro-
gen (by 130–230 ◦C) and of reoxidation (by 300–400 ◦C)
while increasing mostly the rate of reduction. The turnover
of the oxidative dimerization of propene is then higher than
with undoped Bi2O3 but the formation of Bi0 is not avoided
and reoxidation is the rate-limiting step. This characteristic
should not be a trouble in a CMR, provided that oxygen is

fed in due time to refill the oxygen vacancies produced by
the reaction. Because the catalysts are poor electronic con-
ductors, the first step which is the reduction of O2 to O2−

on the oxidation side is too slow, and the oxygen vacan-
cies on the reaction side are not replenished. The texture
of our solid samples is not appropriate, not only because
of numerous grain boundaries, but also because of the (un-
controlled) porosity due to the formation of liquid droplets
of Bi0. Therefore, the molecular diffusion of dioxygen is
prevailing, which accounts for the large amount of carbon
oxides formed during the reaction. To progress, the “mem-
brane” state (controlled porosity or dense membrane) of the
disks must be improved and the oxygen permeability of the
catalysts has to be measured.
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