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Abstract

The sol—gel process was used to prepare supported vanadium phosphate (VPO) membranes adapted to the mild oxidation
of n-butane to maleic anhydride in a membrane reactor. Starting from a vanadium oxoalkoxide, two different sol-gel methods
have beeninvestigated: the colloidal route in aqueous media and the polymeric route in organic media. The membrane synthesis
as well as the characteristics of the VPO precursors are described on the basis of the fundamental phenomena occurring during
the sol—gel process. The VPO precursors and the derived catalysts were characterized through TGA, elemental analysis, LRS,
XRD and Ny adsorption—desorption. The polymeric route yielded an attractive hybrid organic—inorganic VPO precursor
adapted to the synthesis of infiltrated VIB&*I,03 composite membranes stable up to 800N, permeation experiments
were used to characterize the membranes aftéfH1p and Q heat-treatment cycles. Gravimetric analysis were useful to
correlate the structural characteristics and permeation behavior of the VPO membrame€ gftgyor O, treatments. ©2000
Elsevier Science B.V. All rights reserved.
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1. Introduction of n-butane to maleic anhydride (MA). The catalytic
membrane material is based on VPO phases which are
The membrane reactor concept is of potential inter- efficient catalysts for the foreseen reaction [3,4]. The
est for increasing the selectivity of partial oxidation VPO crystalline structures reported in the literature
reaction by controlling the oxygen feeding and lim- can be divided into two groups: the precursors which
iting the total combustion reactions [1]. An other are hydrated VPO phases such as VQ®P8,0
possible function of a membrane reactor is to improve (n=1-4) [5], VOHPQ-nH,O (n=0.5-4) [6,7],
the contact between the reactants and the catalystVOHPQz-1.5H,0 [8] and the pure catalytic phasels
[1,2]. In the last case, the membrane does not needell, B-, y-, 3-VOPQO, and (VORP,O7 [9]. Each VPO
to be permselective but catalytically active, with a phase leads to a specific MA selectivity [10] but the
thickness and a porous texture adapted to the reactionbest catalysts are based on the vanadyl pyrophosphate
kinetics. This work deals with the synthesis of a cat- (VO)2P207 phase containing VOPOmicrodomains
alytically active membrane for the partial oxidation [11,12]. A large number of methods have been re-
ported in the literature for the synthesis of VPO cata-
* Corresponding author. Fax:33-4-67144347. lysts [13]. Both the nature of the vanadium precursor
E-mail addressajulbe@cit.enscm.fr (A. Julbe). (NH4VO3, V205, VO(acac), VCls, etc.) [8,14-16]
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and of the synthesis media (aqueous or organic) [17]
influence the structure, texture and consequently the H,0 / \ROH

catalytic performance of the VPO catalyst. VPO

precursors are classically prepared by refluxing an lPoly-vanadicsol | Solution

aqueous suspension 085 powder in a large excess HPO l l alkyphosphates
of Hz3POy and with organic or inorganic additives s

[13,18]. These methods, based on the crystallization [ VPO colloidal sol | (VPO polymeric sl
of VPO hydrated phases, are not well adapted to

membrane synthesis. The sol-gel process is largely l Casting l

used for the preparation of thin films and ceramic Wet ohveical el Wet chemical zel
membranes [19,20]. In 1986, Livage and co-workers [[wet physica ge | (et chemical ge |
[5] prepared sol—gel derived VORQH,O thin films l Drying l

on glass support at room temperature for electrochem- '
ical applications. The films were obtained from a sol VPO(;;)rogﬂ [ VPO(;;;"gel ]
prepared by acidification of an aqueous mixture of

NaVOs; and NaPQ@ through a proton exchange resin. l Firing l

This r_n_eth(_)d is n(_)t simp_le to apply and leads to"Na ‘ VPO catalyst } [ VPO catalyst
impurities in the final oxide. On the contrary, sol—-gel (Cl) (€2

processing of molecular precursors appeared to us as a

well-adapted method to prepare VPO supported mem- Fig. 1. Scheme for the preparation of VPO membranes: (left side)
branes using vanadium alkoxides. These precursorsby the colloidal route; (right side) by the polymeric route.

allow the preparation of pure vanadium oxide films

and the synthesis of binuclear compounds [21,22].  ternal layer 4Gum thick with 0.2.m mean pore sizes.
An original alkoxide (VO(OCH(CH)CH2OCHg)s) When necessary, a similar support was used with a
was used as starting material to prepare membranesy-alumina top-layer (5 nm mean pore sizes).
with a good thermo-mechanical stability and mainly
consisting of the pyrophosphate (\MBP»O; phase.
The VPO phases derived from both colloidal and poly- 2.2. VPO membranes and materials derived from the
meric sols will be characterized and discussed. Finally, colloidal route P1 and C1
the redox properties and reactivity of the VPO mem-
branes derived from the polymeric route will be Polyvanadic acidic sols were formed under stirring
studied through the evolution of the membrang N by mixing 3.34 g of a home-made vanadium oxoalkox-
permeance after-C4H10/O cycling at 500C. ide VO(OCH(CH)CH,0OCHz3)3 with 100 ml of pure
water (Fig. 1). After two days stirring at room temper-
ature, a stoichiometric amount of 1.74MPIO, solu-
tion (Prolabo, 85%) was added and the mixture was

2. Experimental heated 24 h at 6. The thixotropic sol was slip-cast
in the inner part of thex-alumina support, dried in
2.1. Description of the membrane supports air at room temperature and then at 200 Because

of the bad adhesion of the film on thealumina sup-

Commercial alumina tubes (supplied by US port, we rather used a commercighlumina coated
Filter-SCT) were used as supports for the VPO mem- support. VPO membranes were obtained after a 4h
branes. The tubes are 15cm long, enameled at eachheat-treatment in N(99.995% purity) at 750C. The
end on 2.5cm, with internal/external diameters of corresponding unsupported materials were prepared
7/10 mm. The support structure is asymmetric with by casting the sol on a Teflon foil and scrapping-off
three different layers: an external layer 1.5 mm thick after drying. The dried and fired materials are called,
with 10um mean pore sizes, an intermediate layer respectively, P1 (precursor) and C1 (catalyst) in the
80um thick with 0.8.m mean pore sizes and an in- following sections.
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2.3. VPO membranes and materials derived from the  The redox properties of the membranes derived
polymeric route P2 and C2 from the polymeric route were studied by both gravi-
metric and N permeance measurements. The weight
The VPO polymeric sol was prepared from a sto- variation studies of a tubular membrane sample sub-
ichiometric mixture (1:1) of dn-propylphosphate  mitted ton-C4H1g9 or O, atmosphere at 50C were
(Strem-Chemicals) and of the home made oxoalkoxide carried out in a TG balance. After every 90 min, the
VO(OCH(CHg)CH,OCHg)3 in 1-methoxy 2-propanol  atmosphere was changed from pur€sH1g to O,
(Aldrich, 98%) (Fig. 1). The reaction mixture was re- (flow rate 40 ml mirr?). Before each change in the at-
fluxed during 16 h, yielding a blue solution which was mosphere, the system was purged with Ar. The sample
concentrated under low pressure in order to increaseweight was continuously recorded during three bu-
its viscosity. The sol deposition inside theAl,0O3 tane/oxygen cycles. Concurrently, the Nermeance
tube leads to a total infiltration. The following se- of the VPO membrane was measured (at room tem-
guence: sol impregnation in the support — air drying perature withAP = 0.5 bar) after each corresponding
— firing 4 h at 650C in air (heating rate 2 min—1) n-C4H1g or Oz (1 h) treatment at 50C.
— was repeated typically five times, until the tube
reached a stable weight. The unsupported materials
were prepared by casting the sol on a Teflon foil; the
dried and fired materials are called, respectively, P2
(precursor) and C2 (catalyst) in the following sections.

3. Results and discussion

3.1. VPO membranes derived from the colloidal route
2.4. Characterizations 3.1.1. From the molecular precursors to the sol

In water media, the vanadium alkoxide was rapidly
Iand fully hydrolyzed leading to the precipitation of
the hydroxide which was then modified by the nucle-

The chemical compositions of the VPO precur-
sors and catalysts were determined by elemental
and thermogravimetric analysis (Setaram TG85). . o
The VPO phases were characterized by laser RamanOph'“C gdd|t|0n of two water mqlecules [21]. The %on-
spectroscopy (LRS) and X-ray diffraction (CuaK densation of the neutral species [VO(QQHz)]"
radiation, curved detector Inel CPS120). Both LRS occ_urred s_pontaneou_sly In S!Oec'f'c dlre_ct|0ns_lead|ng
and XRD are commonly used for the characterization to nbbonl—l.lke polymeric species as confirmed n [20].
of VPO catalysts [30]. The LRS apparatus (Labram The addition of HPQ, and _supsequent heating fg-
1B), equipped with a camera<(00), was useful to vored thg V—O.—P'condensatlon n the sol. Upon aging,
study the structural homogeneity of the samples. Field _the sol viscosity mcreased_, leading to_ a phys!cal gel
Emission Scanning Electron Microscopy (Hitachi ina feV_V day§. The rheological properties of this type
S-4500), N adsorption—desorption (Micromeritics of sol is typically adapted to slip-casting on porous

ASAP2000) and Hg porosimetry (Micromeritics Au- supports.
toporell 9220) were used for the morphological and
textural characterizations of the membranes. The spe-3.1.2. From the sol to the gelled film P1
cific surface area of the samples were calculated with ~ The ribbon-like texture of the sol, containing col-
the BET method from the Nadsorption isotherm. loidal particles larger than 500 nm, prevents sol pen-
The N, permeance of the VPO membranes etration in the porous support. The thickness of the
(equipped with graphite o-rings) was measured gelled films can be controlled between 0.1 angh?
with a home-made apparatus at room temperature by varying the sol aging period and the sol/support
as a function of the transmembrane pressiie contact time. Thin gelled films were obtained within
(AP =Pjyt — Pext). The transmembrane pressure was a few seconds by contact between the support and a
varied from 0.5 to 2.5bar and the external pressure fresh sol, whereas thicker films were obtained within
was the atmospheric pressure. The flow at the several minutes by contact between the support and
outlet of the reactor was measured with a bubble-flow aged sol. During the drying step, both the released al-
meter. cohol and the water evaporated, leading to dark-red
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Fig. 2. VPO ceramic membrane derived from the colloidal routeyealumina support: (a) cross-sectional view; (b) surface view.

xerogel VPO films. This membrane material (P1) has vanadium and phosphorous precursors contain several
been characterized by XRD-6pacing=7.47 A) and reactive groups which lead to a progressive polymer-
LRS as being VOP®2H,0. The VPO layered struc- ization of the formed species. This polymerization was
ture provides a host structure for two guest water favored by the increasing electrophilic character of
molecules [23]. Elemental analysis results (2.0wt.% the vanadium atoms when linked to phosphate groups
H, 24.8wt.% V and 14.9wt.% P) confirms the dihy- (inducting effect). This heteronuclear polymerization
drate phase for P1. controls the P/V ratio in the VPO species (chains)
formed at the sol stage. These species still contain

3.1.3. From the gelled film to the ceramic membrane Unreacted organic groups which allowed a good solu-
SEM observations of the fired supported films bility in an aIcohoI_lc solvent [25]. If phosphoric aC|d_
showed that the method leads to crack-free layers, PO(OH) is used instead of alkylphosphates for this
with an homogeneous texture and a constant thick- reaction, the resulting tridimensional VOP network

ness of typically 1.,m along the tube (Fig. 2). The without organic groups, should lead to a rapid pre-
weight of the VPO catalytic film on g-Al,O3 sup- cipitation due to unfavorable interactions between the

port is about 20 mg. The grains are elongated with organic solvent and the mineral polymer [24]. When
sizes in the range 100-400nm, thus leading to a refluxed, the sol turns blue, due to a reduction of V(V)

meso/macroporous structure. In good agreement with

these observations, Nadsorption—desorption studies 0 _/:\49

showed a low porous volume¥0.02ccgl) and a HO-P-O--H  RO-V-OR
> “3 , - R/ ¢

low specific surface areedeT < 5ng ) for this OR OR

membrane material.
First condensation

3.2. VPO membranes derived from the polymeric

¢ o 9
route HO-P-0-V-OR

, _ OR' OR
3.2.1. From the molecular precursors in solution to
the sol Poly-condensation
The strong electrophilic character of the vanadium

atom in the starting alkoxide favors nucleophilic sub- o o
stitution reactions in which alkoxy groups are dis- [ I

) , €0-P-0-V>
placed by the phosphate groups (Fig. 3). The substi- OrR’ OR
tution is also favored by the low steric hindrance of
the alkoxy groups (secondary alcohol) [24]. Both the Fig. 3. Suggested scheme for the hetero-nuclear polymerisation.
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to V(IV) species in alcoholic media [26,27]. To a great of catalyst should increase the reactant conversion dur-
extent this reduction is favored by the high refluxing ing the catalytic reaction.
temperature (11€) [28].

3.3. Characterizations of the VPO phases in the

3.2.2. From the sol to the gelled film P2 membrane materials C1 and C2

In order to adapt the sol viscosity to casting in
tubular porous supports, the sol concentration was in- 3.3.1. Membrane materials derived from the
creased by solvent evaporation under reduced pres-colloidal route C1
sure. After infiltration of the sol in the support, the Both the XRD pattern (Fig. 7) and the Raman spec-
solvent was slowly evaporated during the drying step tra (Fig. 8) of the VPO phase obtained after the firing
in air. When the sol was deposited on a Teflon foil, treatment at 75 in N,, were consistent with pure
the resulting blue film (P2) showed plastic properties (VO),P,0; [30] which is the best catalytic VPO phase
attributed to the presence of unreacted organic groupsfor the foreseen reaction. The main XRD lines are at
attached to the V—O—P network. The proportion of the 29 =22.97, 28.46 and 29.92, and the intense LRS
organic part in this hybrid organic—inorganic VPO dry  peaks are at 924, 935, 1187, 270 and 255trBuring
gel (P2) was estimated to about 30% from TG analysis the N, heat-treatment, the orthophosphate structure of
(29.6 wt.% loss between 180 and 3@). The hybrid  the P1 precursor transformed to a pyrophosphate struc-
VPO gel was fully amorphous by XRD. These results ture through a reduction from V(V) to V(IV). This
differ from those reported in the literature for a series phase transformation needs a high temperature (up to
of VPO based compounds with alkyl chains linked to  750°C) and a flow of N with a high purity grade [31].
the phosphorous atoms. In these compounds, an orga-Such a high temperature favors grain growth and con-
nization of the organic part between the VPO layers tributes to lower the specific surface area of the final
was shown to lead to microcrystallites [29]. catalyst (C1).

3.2.3. From the gelled film to the ceramic membrane 3.3.2. Membrane materials derived from the

SEM observations of the asymmetric support ob- polymeric route C2
tained after sol deposition and firing at 6&Din air, Both the XRD pattern (Fig. 9) and the Raman
revealed that the VPO material was infiltrated in the spectra (Fig. 10) of the final catalyst (C2) derived
pores of the support (Fig. 4). The pores of the inter- from the polymeric route at 65C in air, revealed
nal and intermediate layers seem almost completely a mixture of several VPO phases [30]. The major
filled with the VPO material, whereas the alumina identified phase, corresponding to at least 50% of
grains of the external layer are covered with VPO. Hg the catalyst, is (VOQ)P.0; as revealed by the XRD
porosimetry confirmed these SEM observations: after peaks at 2=22.96, 28.47 and 29.95. The other
synthesis, 0.2 and Ol8n pores disappeared and the VPO phases were more difficult to identify because
volume of the 1wm pores was decreased by 10% of peaks overlapping. We detected anyway the pres-
(Fig. 5). The N adsorption—desorption isotherms of ence ofy-VOPQ, (18.16, 21.4T, 28.79), §-VOPOy
the VPOA-Al,O3 composite membrane are typical of (19.53,22.16, 4.21) andg-VOPOy (17.14, 19.35,
a macroporous material, with a small mesoporous con- 26.24, 29.95). The all-VOPO4 phase was not de-
tribution (Fig. 6). The specific surface area is very low tected. These results were confirmed by LRS data
(S<5nm?g1). Similar isotherms were obtained with showing strong absorption bands characteristic of
the unsupported VPO material (Fig.. &Il these re- v-VOPQ, (1038, 655, 599, 392cn), 5-VOPOy
sults suggest the formation of a compact composite (1040, 1019 cm') and g-VOPQ, (988, 1073, 895,
VPO/x-Al2,03 membrane with a thickness of about 433, 997, 367, 320, 295 cnln). Because the two
60um and with a very low pore volume mainly due strong and sharp bands characteristic of (MAD;
to macropores. The quantity of VPO catalyst inserted (924, 935 cnml) overlapped with the broad band of
in the support is typically 650 mg (i.e. 30 times higher §-VOPOy at 1040 cn?, only a shoulder at 927 cm
than that in the colloidal route). This higher quantity was observed. We have to note that all these phases
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Fig. 4. Cross-sectional view of the three layers of the asymmetric support (A) before and (B) after the VPO impregnation by the polymeric
route: (1) internal layer; (2) intermediate layer; (3) external layer.

were detected by an LRS on a 1rhmsurface, this dizing atmosphere, a large proportion of V(IV) was
means that the phases are mixed on a micrometerobtained in the final C2 catalyst. This is attributed to
scale. All the above results suggest that the catalystthe great quantity of V(IV) in the blue precursor (P2),
(C2) is a mixture of VPO microdomains mainly con- but also to the presence of organic products graft on

sisting of (VO)»P»,O7 and of a lower quantity of-, 5- the inorganic network. The V(IV)/V(V) ratio in the
andp-VOPQO, phases. It is now well established that final catalyst should be increased by firing the pre-
such a dispersion of VOR(phases in a (VQP.0; cursor at a temperature lower than 660and/or by

matrix acts as a dopant and should lead to a highly se- using a reducing atmosphere. The firing treatment of
lective catalyst [10], [32]. One can note that although the membrane was fixed at 6%Din order to ensure
the P2 precursor was thermally treated in an oxi- a good thermal stability for the membrane during
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Fig. 5. Pore-size distributions obtained by Hg porosimetry analysis

of the support: (a) before and (b) after VPO synthesis by the
polymeric route.

the partial oxidation reactions usually carried out at
380-450C.

3.4. N permeance of the VPO membranes

217

20(°)

Fig. 7. XRD pattern of C1, derived from the colloidal route and
fired at 750C in Ny (p indicates the (VQP,0O7 phase).
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Fig. 8. Laser Raman spectra of C1, derived from the colloidal
route and fired at 75 in N (p indicates the (VQP,0; phase).

layer, it was not possible to observe any modification

_ of the support permeance after the VPO deposition.

When VPO membranes were prepared by deposi-

tion of a colloidal sol on top of g-Al,03 supporting
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Fig. 6. N; adsorption—desorption isotherms of the VPO infiltrated
membrane derived from the polymeric routd)(and of the corre-
sponding VPO unsupported materi®). The adsorbed volumes
are reported per gram of catalyst in both cases.

The thin VPO layer did not modify the transport re-
sistance of the mesoporous supporting layer because
of its macroporous structure.

26(°)

Fig. 9. XRD pattern of C2, derived from the polymeric route and
fired at 650C in air (p indicates the (VQP,O; phase ang, 9,
vy correspond to VOP@®phases).
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Fig. 10. Laser Raman spectra of C2, derived from the polymeric
route and fired at 65 in air (p indicates the (VQP,0O; phase
and 3, 9, vy correspond to VOP®phases).

In the case of VPO membranes derived from
polymeric sols and infiltrated in the-Al2,03 macro-
porous support, the Npermeance Fy,) was a lin-
ear function of the transmembrane pressutéP)
Pn, =(7.12+1.60AP)10~8mol Pals 1 m~2. Such

Farrusseng et al./Catalysis Today 56 (2000) 211-220

VPO/lx-Al203 composite membrane at 500 with
pure n-C4H1p and then with Q. The initial per-
meance value Ry, :=0.8x 10~' molPals 1 m~2)

was measured with the fresh membrane obtained after
firing at 650C in air. After the first treatment with
n-C4H10 at 500C, Py, at room temperature increased
up to 4.3x 10~/ and then decreased again down to
1.4x 107 after the Q treatment at 500C. Such per-
meation behavior was reproduced during four succes-
sive n-C4H1¢/O; cycles. It can be observed in Fig. 11
that the Py, values measured after each oxidative or
reducing treatment tend to increase and reach a stable
value after four cycles. Such heating/cooling cycles
at 500C undern-C4H1g or O, helps to stabilize the
membrane.Py, are higher after treating the mem-
brane withn-C4H1p than after @ treatments. The
ratio of permeancesPy,(after n-C4H10)/ Pn,(after

Oo) stabilizes to around 2.7 for the two last cycles.
Such results can be explained neither by coke deposi-
tion, nor by a specific Nadsorption phenomenon on

a pressure dependence is typical of a viscous flow gasthe modified VPO grains surface. In fact, a modifica-
transport mechanism and confirms the macroporous tion of the membrane porous texture during cycling
structure of the membrane (presence of pores >50 nm).S€ems to be responsible for these results. Due to the
On the other hand the low measured permeance values/€ry 1ow membrane porous volume it has not been

are indicative of a low membrane porosity.
3.5. Influence of n-gH10 and & treatments on the
characteristics of the membranes derived from the

polymeric route

Fig. 11 shows the evolution ofPy, at room

temperature after successive heat-treatments of the

5x107+

4x107

3x107+

2x1071

1x1074 s

2

N_permeance (mol.Pa-’.s1.m-2)

Fig. 11. Evolution of the N permeance, measured at room tem-
perature, through a VP@fAl,03 membrane derived from the
polymeric route after successive heat treatments atG@@ pure
n-C4H10 or Oy: () reduced membranel) oxidized membrane.

possible to evidence any textural modification by N
adsorption—desorption or Hg porosimetry on mem-
brane samples before and afteC4H1g treatment at
500°C.

In order to study the membrane modification, we
performed a gravimetric analysis on a membrane
sample submitted tm-C4H10/O2 cycling at 500C.
The sample was initially heat-treated in the TG cell at
800°C in O, in order to totally oxidize the VPO cat-
alyst and to obtain only V(V) species. This oxidation
should theoretically lead to a VORf@a-Al>,O3 com-
posite membrane (considered as initial zero weight
reference). Results reported in Fig. 12 reveal the
important variation of the sample weight during the
n-C4H10/O2 cycling experiments. When submitted
to n-C4H10 the sample weight loss was4.2% af-
ter 3.5min and reached-8.5% after 20 min. This
weight loss was followed by a slow weight increase
which reachest+0.5% and lead to a total weight
loss of —8% for the sample after 90 min. When the
atmosphere was changed t@,Qhe sample weight
rapidly increased and reached the initial weight after
20 min. Upon time, we also noticed a slow but con-
tinuous weight increase which reache®.4% after
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Weight loss (%)

0 90 180 270 360 450 540
Time(min.)
Fig. 12. Weight evolution of a VP@tAI,03 membrane sample

(derived from the polymeric route) duringCsH10/O2 cycling at
500°C.

tice was restored and the VPO grain volume was in-
creased, leading to a decrease in the membrane pore
sizes, porosity and permeance.

4, Conclusions

Starting from a home-made vanadium oxoalkoxide,
the sol—gel process was used in aqueous or organic
media to prepare original VPO membranes supported
infon commerciak-Al 03 tubular supports. The col-
loidal route leads to VOP£2H,0 dried coatings and
to thin (VO)LP.O; top layers after a heat-treatment

90 min. These phenomenon have been reproducedat 750C under N. This type of membrane is of low

during threen-C4H10/O2 cycles. The TG study was
also performed on unsupported VPO material and

interest for membrane reactor application because it
contains a low quantity of catalyst which does not pro-

results were in good agreement with those of Bordes vide any barrier effect. The polymeric route was found

and Courtine [31] obtained with 1-butene and &
450°C, however, three main differences were noticed
between the VP@FfAI,0O3 composite membrane and
the unsupported VPO sample. First of all, the weight
gain and loss were entirely reversible with the mem-
brane but not with the powder. Furthermore the slight
weight increase observed after 20 min unde®sH1g
was only observed with the membrane and might cor-
respond to a coke deposition. Finally, the weight gain
and loss values#/—8.5%) were higher for the mem-
brane than for the unsupported material-¢4.9%).
This last value fits with the reduction fromPYOPQy,

to VA OPQs5 (by the loss of 1/4 @ from the oxide
network) although a weight loss 6£8.5% should
rather correspond to the formation of ¥ containing
species (theoretical weight loss—9.9% for the re-
duction from \VP*OPQ to V3 OP). The observed
differences between the VP&AI,03 membrane and
the VPO powder might be due to a chemical modifi-
cation of the VPO crystals by the alumina from the
support. Such an interaction which should modify the
composition, structure and performance of the VPO
catalyst is currently under investigation.

The permeance results showed tRg; was higher
when the VPQi-Al,03 membrane was reduced, and
lower when it was oxidized. During the reduction in
n-C4H1p we can suppose that the important weight
loss due to the departure of oxygen atoms from the

to be more attractive because V—-O-P bonds form at
the sol stage, the sol viscosity can be controlled and
it is possible to prepare infiltrated membranes. The
method leads first to an hybrid organic—inorganic VPO
gel which mainly contains ¥ species. After firing

in air, 60um thick VPOA-Al,O3 composite mem-
branes were obtained. In spite of the low specific sur-
face area of the VPO catalyst, several characteristics
of the membrane are attractive and in good keeping
with our objectives: reproducibility of the synthesis,
thermal stability at 500C, high catalyst loading in
the support, (VOIP.0y in the fresh membrane mate-
rial and reversible redox reactivity of the membrane
with n-C4H10 and Q. The membrane permeance was
stabilized after several heating—cooling cycles up to
500°C and unden-C4Hjg or Oy atmosphere. The next
step will be to study the VPO membrane performance
as a contactor/separator for the partial oxidation of
n-butane to maleic anhydride.
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