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Liquid and solid membranes commonly use the molecular
recognition function based on complexation properties between
a carrier located in the membrane and guest molecules, or ions
in liquid media to facilitate mass transport.1 For biomembranes2

and well-designed synthetic membranes,3 the molecular recogni-
tion is directed by a redox function of the receptor leading to the
concept of a redox-switchable membrane.

Here, we report a new type of redox switchable gas transport
for an original porous ceramic membrane. Although supra
molecular recognition is not involved in gas transport mechanisms
for porous membranes, the permeability of this vanadium oxide-
based membrane is directly controlled by its oxidation state. At
low-oxidation state, the membrane permeability is high, whereas
its permeability is much lower at high-oxidation states. We report
here on the synthesis and characteristics of a composite V2Ox-
AlPO4/R-Al 2O3-supported membrane which, to the authors’
knowledge, is the first example of a porous ceramic membrane
able to control reversibly its permeability by its redox properties
(Scheme 1). The structure-property relationships of the mem-
brane are described and discussed in terms of morphological and
textural transformations.

The composite V2Ox-AlPO4/R-Al 2O3 membranes were pre-
pared by infiltrating an organic sol derived from a vanadium
alkoxide and a mixture of alkyl phosphates4 in a tubularR-Al 2O3

support.5 After drying, the as-made membranes were calcined at
923 K in air for 2 h. Results from FESEM observations (Figure
1a) and Hg porosimetry measurements show that the inner porous
R-Al 2O3 layers of the support (∼60 µm) are almost completely

filled by crystalline materials, yielding composite layers with a
very low porosity. Nitrogen permeance studies6 as a function of
the transmembrane pressure and as a function of the temperature
indicate that gas transport is governed by both Knudsen diffusion
and viscous flow mechanisms. This behavior is typical for a
porous texture containing both macro- and mesopores. Nitrogen
sorption analysis confirmed the very low porosity of the as-
prepared membrane (5× 10-5cm3‚g-1) and a broad pore-size
distribution (Figure 2a).

The membrane N2 permeance was measured at 773 K after
successive reducing and oxidizing treatments at 773 K for 0.5 h
undern-C4H10 and O2 flows respectively (Figure 3a). A permeance
evolution was spontaneously observed when switching the
permeating gas from N2 to puren-C4H10 or pure O2 at 773 K.
The N2 permeance drastically increases up to 10-7 mol‚Pa-1‚s-1‚m-2

and decreases down to 2× 10-9 mol‚Pa-1‚s-1‚m-2 after reducing
and oxidizing treatments, respectively. This permeation behavior
is almost entirely reversible over the eight performed redox cycles.
The average ratio between the N2 permeance for the “reduced”
and “oxidized” states of the membrane is about 30.

The evolution of the C2H6 and O2 single gas permeances were
measured as a function of the temperature after an oxidizing or
reducing treatment, respectively (Figure 3b). Since the reducing
or oxidizing gas permeates through the membrane, these tem-
perature programmed permeation studies (TPP) reflect the
membrane redox properties by means of temperature programmed
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Scheme 1.Crystalline Structure, Porous Texture and
Permeability Relationships

Figure 1. FESEM observations of the membrane cross-section after (a)
an oxidizing treatment, (b) a reducing treatment.

Figure 2. Pore-size distribution of the membrane, after (a) an oxidizing
treatment, (b) a reducing treatment.

Figure 3. Effect of the redox conditions on the membrane permeance;
(a) N2 permeance evolution at 773 K during redox cycles, (b) TPO and
TPR analyses from the O2 and C2H6 permeance measurements, respec-
tively.
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reduction (TPR) and oxidation (TPO). The derivative of the C2H6

permeance curve versus temperature shows a broad positive peak
centered at 750 K, indicating an increase in the permeance
corresponding to the reduction step. The derivative of the O2

permeance curve shows the oxidation occurs at 160 K lower. The
results of TPP studies with various gases7 were in good agreement
with conventional TPR and TPO experiments measured by
transient gravimetric analysis.8 At 773 K, the completion of the
oxidation process with pure O2 is much faster than reduction under
n-C4H10 flow (4 and 25 min, respectively). Under steady-state
conditions at 773 K, the ideal selectivities for H2/O2, C2H6/O2,
andn-C4H10/O2 derived from the ratios of single gas permeances
are 120.9, 34.0, and 14.3, respectively. These ideal selectivities
between a reducing gas and O2 at high temperature are much
greater than those classically reported in the literature for porous
ceramic membranes9 and particularly higher than the Knudsen
ideal selectivities (i.e., for H2/O2, C2H6/O2, andn-C4H10/O2 the
Knudsen selectivities are 4.00, 1.03, and 0.74, respectively).

The crystalline structure and morphology, as well as the porous
texture of the membrane material, were characterized during the
redox treatments. Solid-state NMR (51V, 31P, 27Al) and X-ray
diffraction studies reveal that the material occluding the pores of
theR-Al 2O3 support consists of AlPO4 and V2O5 crystallites after
the oxidizing treatment, the latter transforms to V2O3 after the
reducing treatment.10 The structural changes during the reduction
step induce a drastic modification of the vanadium oxide
morphology, which transforms from a compact porous texture
exhibiting elongated crystals, to platelets and small grains (Figure
1b). Nitrogen adsorption-desorption experiments performed on
the reduced and oxidized membranes reveal that the reducing
treatment: (i) generates a new family of mesopores with a narrow
size distribution centered at 3 nm (Figure 2b), (ii) increases the
specific surface area by a factor 2.5, and (iii) increases the porous
volume by a factor 7. Similar results have been obtained with a
V2O5 commercial powder,11 thus confirming the role of the
vanadium oxide redox properties on the membrane porous
structure and permeance behavior. The membrane changes in
crystalline structure and related textural transformations were
found to be reversible (Figures 1 and 2).

When the vanadium is VV, the low porosity of the oxidized
membrane material partially hinders the gas transport, resulting
in a decrease in permeance, the membrane is in the “closed” state.
When the vanadium is VIII , the higher porosity of the reduced
membrane material enhances gas transport, increasing its per-
meance; the membrane is in the “open” state. The membrane
therefore exhibits specific chemomechanical property as its pore
volume reversibly expands and contracts in response to an external

input.12 Although the AlPO4 andR-Al 2O3 materials do not play
a role on the redox switchable property, they contribute to the
overall transport resistance. The unusual ideal selectivities reported
for the V2O5-based membrane do not result from a highly
“selective” transport mechanism but from a porous texture
modification of the membrane during mass transport. Since the
permeance of the “open” membrane is 1-2 orders of magnitude
higher than the permeance of the “closed” membrane, we may
state that the reactivity of this V2O5-based composite membrane
allows a redox-switchable permeance. Further studies reveal that
the V2O5-based membrane is not only capable of “switch-on/off”
effects but is also able to regulate continuously its permeance as
a function of the redox characteristics of the gas phase. For
example, the membrane adapts its permeance to the reducing/
oxidizing strength of the gas or to the composition of an alkane/
O2 mixture (Figure 4).13 This original composite membrane
combines in a single unit a redox sensor effect and a gas valve
function.

On the basis of the original properties of this new V2O5-based
composite membrane, we are investigating a new generation of
membrane reactors calledchemical ValVe reactorswhich are
potentially able to auto-regulate the O2 distribution in a reactor
for the partial oxidation of alkane. Moreover, the high permeability
discrepancies between the reduced/oxidized states of the mem-
brane and its fast response to changes in the redox characteristics
of the gas phase are attractive properties for potential application
of the V2O5-based membrane as a sensor. We strongly believe
that the new properties of this double-function membrane material
could have attractive elements for the development of new
membrane reactors, sensors, or O2 absorption at high temperature.
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Figure 4. Evolution of the membrane permeance as a function of the
C3H8/O2 molar ratio.
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