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Abstract

A catalytic dense membrane reactor (CDMR) is usgghiysically separate the reaction
step from the reoxidation of the catalyst. By dg@img the redox mechanism prevailing in
mild oxidation of hydrocarbons, the operating ctiodis may be optimized resulting in an
increase of selectivity. The membranes are mad# BPMEVOX oxides, obtained by partial
substitution of V iny-BisV,011 by ME (Co, Cu, Ta). Experiments performed on BIMEX
dense membranes using propene and propane aréddsarterms of, (i) active sites on
polished or unpolished surfaces, (ii) operatingdittons (T, pQin the high oxygen partial
pressure compartment), which determine the selggteither to mild oxidation products
(acrolein, hexadiene, CO), or to partial oxidagpwaducts (CO, B, and, (iii) nature of ME
cations and relative properties. The discussiotsdeigh the respective role of electronic vs.
oxide ion conductivities which depend on defecthmstructure as well as on the redox

properties of cations.

KEY WORDS: catalytic dense membrane reactor; syngas; mildiation of propene; partial

oxidation of propane; oxide ion conductivity; electic conductivity.



1. Introduction

The mild oxidation of hydrocarbons proceeds by msesHrthe Mars and van Krevelen
mechanism [1], according to which the oxygen resjime for the selective oxidation of the
reactant comes directly from the lattice of thedoxcatalyst. As these reactions are structure-
sensitive, most progresses recently made in therstahding of this particular case of
catalysis are due to the fact that researchers ¢@v&@dered concepts stemming from both
solid state chemistry and catalysis fields. Intheory on the role of semi-conductivity in
catalysis [2], Wolkenstein searched for a concepnfsolid state physics likely to bring
informations about the way electrons could be emgbd between an oxide and the reactants.
Well considered for a while, this theory has ldteen quite rejected because of its lack of
generalisation. More success was met when consgldre way crystal structures could bring
informations. Stone [3] introduced the conceptadrdinatively unsaturated surface atoms,
and used deliberately solid solutions preparedigsoliving a transition metal oxide in an
insulating diamagnetic oxide, to determine the odlthe metal in a same structural matrix.
Grasselli’'s group published papers on the crystattire of USbQoxides as well as on their
catalytic properties in the ammoxidation of propemacrylonitrile [4,5]. Another group of
workers headed by J. Haber soon recognized thiveetale of nucleophilic surface lattice
oxygen G vs. electrophilic adsorbed species in selectividation [6]. In the same period,
other researchers [7,8,9] also began to consigdoultk structure as a basis to imagine how
species could be distributed on the surface. Takelyiof oxidized bulk chemicals like
methanol, acrolein and the like (acrylonitrile,ydieracid), maleic anhydride, phthalic
anhydride, etc., have been strongly increased themé better understanding of the solid
state chemistry of molybdates, vanadophosphatesugmubrted vanadium oxide,

respectively.



Metallic oxides are able to provide oxygen duriagation for several reasons (variable
oxidation degree and coordination of cations, anmmthgrs), while there is a ballet of oxygen
specie, vacancies and electrons coming back attuldetween bulk and surface. The
mobility of oxygen species has soon been considasexh important factor, and isotopic
exchange of labelletfO with the surfacé°0 oxygen is a convenient method which has
delivered many informations [10]. The oxide ion doativity has not received much
attention, except in the community interested &l fiells or ceramic oxygen generators
[11,12], probably because this parameter standdh&bulk and not for the surface of oxides.
Similarly, the electronic n- or p-type conductivitgs been considered as a valid parameter
only in few studies, certainly because of the stihire of Wolkenstein’s theory. However,
the power of this approach has recently been shfmwexample in accounting for synergistic
effects in multicomponent molybdates used in tlmenf@oxidation of propene to acrolein or
acrylonitrile [13], or in understanding the influlmnof NaO doping of CaO on the oxidative
coupling of methane to ethane and ethylene [14].

The redox mechanism is responsible for anothey, meportant feature in selective
oxidation: the influence of the operating reactiomditions on the solid state properties of the
catalyst in the chosen catalytic reactor. The hgalrdoon/oxygen mixture is itself a redox
mixture which faces the solid state redox systemd,the distribution of oxidized and reduced
sites is modified until the steady state is reacii&ds is the reason why an equilibration time
Is observed with most catalysts (and particuldryse containing vanadium which is very
sensitive to reduction). If two hours are oftensidered as enough to reach a steady state in
laboratory microreactors, 1,000 hrs and more aneeotly needed in industrial reactors [15].
This equilibration period consists of a surface balk restructuring, the extent and
characterization of which are not easy to examiihe. active sites may have to face

contradictory requirements as reducing and oxidizites are wanted to coexist, and



sometimes, particularly in alkane oxidation, thesguirements cannot be easily met.
Therefore it is interesting to separate the reacitep from the catalysts regeneration step
[16]. This was soon understood for propene oxidetitoacrolein [17], but put in practice only
by DuPont researchers for the oxidation of n-butarmaleic anhydride in a circulating fluid
bed reactor [18]. In such an assembly, which iseto that used in fluid catalytic cracking of
oils, the main advantage is that the reaction @irjlation of reactant and concomitant
reduction of catalysts) is physically separatednftbe regeneration step (reoxidation of the
catalyst), so that the operating conditions camtlependently optimized [19]. This “redox
decoupling” procedure can be performed with otletiaks, in which the two steps are
spatially (e.g., catalytic membrane reactors)mety (pulse or periodic feed reactors)
separated. In the specific case of membrane regj@0}, the membrane may be inactive and
just acts as a staged distributor of oxygen otctitalyst supported on it (e.g., VMgO on
porous alumina membrane [21]). It may also be adivd, in such cases, it generally exhibits
mixed electronic oxide ion conductivity. Severakloése conducting oxides can be used in the
oxidative coupling of methane or the formation yigas from methane at temperatures
higher than 700°C [22,23,24]. The first mild oxidatreaction studied was the oxidative
dehydrodimerization of propene [25]. A bismuth keartum oxide was used as the oxide ion
conducting catalyst, and the aim was to suppresgrephilic oxygen species on the surface
and to avoid gas phase oxidation.

After first experiments on the above system intalgac dense membrane reactor
(CDMR) [26,27], we have begun a study on the oxahedf C-Cz hydrocarbons on
BIMEVOX catalysts. These materials are the besl®@xon conductors at moderate
temperature (500-700°C), and their ionic conduttiia 100-fold that of yttria-stabilised
zirconia at 600°C [28,29]. BIMEVOX acronym stands éxides deriving from the

Aurivillius structure ofy-BisV,011 by substituting part of Vanadium (and/or of Bisimuby a



MEtallic cation [30]. Some BIMEVOX were tentativelised as powder catalysts (ME = Cu,
Mn: Bi>Cuo.1V0.90s 35 and BpMng 1V 0.90s 35 respectively) in fixed bed reactors in the
oxidative coupling of methane and oxidative dehgérmation (ODH) of propane [31], and
Bi>Cuy.1V0.90s 35 and BpCay 1V 0,905 35iN the oxidative dehydrodimerization of propene
[32,33]. In this paper, the behaviour of surfacpalished membranes gfBi,VOs s doped by
Co, Cu and Ta in the oxidation of propene and opane using the CDMR assembly will be
described. One of the most striking results isftmation of syngas, which was not observed
in our former work concerning mirror-polished BICOX and BICOVOX membranes [34].
The role of semi-permeability to oxygen as compaoetthat of oxide ion conductivity will

also be addressed to confirm that semi-permeabdli is not a key-point in selective

oxidation.

2. Experimental

2.1. Synthesis of catalysts and catalytic membranes

Polycrystalline samples of BIMEVOX (BVey.1Vo.d0s 35 with Me = Co, Cu, and
Bi,Tay.2V0.60s.5) were prepared by heating a mixture of oxides@giV20s, Me,Oy) with
appropriate stoichiometry at 600°C in air; aftending, the powder was calcined at 850°C
for 20 hours in a gold crucible. The purity of sdegowas checked by XRD according to
reference patterns [35,36]. The specific surfaea af the powders determined by B.E.T.

method was 0.2-0.6 7y for all samples.

The powders of BIMEVOX were shaped as cylindricainbranes (& = 15 mm, 1.5 mm
thickness) by uniaxial followed by isostatic pregs{150-180 MPa). The relative density as
compared to the theoretical one was higher than. E#¢h membrane was sintered at 750°C

except BITAVOX which required a higher temperat(8@5°C). Both sides of the membranes



were “mirror” polished using a 4000 grit SiC papand then “depolished” with 200 grit SiC
paper. Their surfaces were analysed before andefperiments by XRD, scanning electron
microscopy (SEM), laser Raman spectroscopy (LR8)amay photoelectron spectroscopy

(XPS).
2.2. Catalytic Dense Membrane Reactor (CDMR)

Details of the assembly made up of the catalytitisdenembrane reactor fed by mass flow
controlled gases and on-line analysis of efflueisiag a mass spectrometer (Pfeiffer,
Omnistar Prisma200) and/or oxygen gauge (Setnatg\dmay be found in [34]. The
CDMR consists of the membrane sealed by meansrekRPygs into two mullite tubes,
which are inserted in a larger alumina tube flusivél nitrogen. A schematic is shown on
Fig. 1. Gases were supplied to each compartmesgeotively Q/He in the “high” oxygen
partial pressure (HOP) or retentate side, and Alertlow” oxygen partial pressure (LOP) or
permeate side for oxygen permeation measuremartigdoocarbon/He for catalytic activity
measurements. All gases (propene or propane) inteatlin the LOP side contained less than
1 ppm Q as impurity. The CDMR was operated at T = 550-C@ontact tima = 2.3 s,
hydrocarbon to helium ratio HC/He = 1% (LOP), oxygpartial pressure pG= 1 to 16 Pa

(HOP) and flow rates F = 50 é&min on both sides.

The polarization between the membrane surfacesm&si determined by measuring the
electric potential (Solid Electrolyte Potentiométf§7] between two gold electrodes, a grid
stuck on the HOP side as the counter electrodedipdon the LOP side as the working
electrode [34].

The protocole consisted of first measuring the fidvwxygen 4, permeating from HOP to
LOP at given temperature and contact time. Themlillnéed hydrocarbon was flowed into
LOP compartment in the same conditions of tempegaind the catalytic properties were

studied..



3. Results

3.1. Catalytic properties of mirror-polished BICUY@nd BICOVOX membranes during

oxidation of propene

The main results obtained with air in HOP on mipotished BICUVOX and BICOVOX
membranes during the oxidation of propene are suinethin Table 1. The conversion (X)
of propene was low (X 2.0 mol%) and products of selective oxidation @digne, benzene
and acrolein) were formed. However, most of theveoied propene resulted in carbon
monoxide while very little or no CQwvas formed on BICUVOX or BICOVOX, respectively
(Table 1).The formation of CO as the main product had alrdaebn observed when working
on BIMEVOX powders in a conventional packed bedtaa but at higher conversion (18-20
mol%) and temperature 300-550°C [32,33]. Littlerapmawas observed when the contact time
in the CDMR increased from 2 to 12 s:the conversioneased, but the selectivity to CO also
increased at the expense of mild oxidation produ@isthe contrary, the variation of the
partial pressure of oxygen in HOP brought aboutambiferences in the selectivity to
products. The main modification was found when pxggen was replacing air (Table 2).
The influence of the ME dopant can here be illusttabecause when p@creases, the
selectivity to CO decreases in the case of BICOV®@Mile it increases in the case of
BICUVOX at the same low conversion (X = 0.4-0.6 2@l The selectivity to mild oxidation

products follows the reverse trend of selectivityCO.

The rate of permeation to oxygen expressed astd®oxygen flux from the retentate
(HOP) to the permeate (LOP) side, is low in thesalos of reaction. In the temperature range
600-680°C, it amounts to 3.2.1(.1.10° pmol.cm?s™ for BICOVOX and is in the same

range for BICUVOX. This amount does not accounttfi@er observed propene conversion: to



form 3CO + 3HO, 100 ppm of propene need 300 ppp Whereas only 10 ppm @low into
LOP in the absence of hydrocarbon. Therefore, #ygen transfer to the membrane surface
is strongly enhanced in the presence of hydrocaibtime gas phase. The same experiments
were performed with a mirror-polished erbium-dope&imuth oxide to which 40% silver was
added (cermet) [34, 38]. The oxygen flux was fghler (at 600-680°C, J& 0.063-0.025
umol.cm®s?) than with BIMEVOX. However, the propene conversiemained as low (¥
= 1.2 mol%), and more CQvas formed. Therefore, a high flux of oxygen peating
through the membrane to form (n the absence of reactant) is not a key paranastér as
selective oxidation is concerned.

Pieces of both sides of the used membranes welgsaddy SEM, XRD and XPS. Except
a slight increase of the size of domains by 30-48%M), analyses of the bulk (XRD)
revealed no noticeable change. In the case of BIO®Mhe initial stoichiometry measured
by XPS was recovered after experiments, which atdicthat the stability of the membrane is

good.

3.2. Polarisation of mirror-polished membranes dhgricatalysis with propene

Solid Electrolyte Potentiometry [37] was perfornteding reaction with propene. In the
case of BICUVOX, for example, the potential E, mead between the two sides of the
membrane, was low and amounted to —9.5 mV befanegme was fed. As soon as the
hydrocarbon was fedJELI slightly increased in few seconds and then itmeda steady
value. By using the Nernst equation, a theorefit&rmodynamic) potentialds= -260 mV
would be expected for pgLOP) = 3 ppm (Qas an impurity in the helium gas cylinder).
Conversely, a mean potential of E = - 9.5 mV resintpQ (LOP) = 0.13.10Pa at the LOP
membrane surface. Although these values standfontiie thermodynamic equilibrium state

and in the absence of any reactant, they giveeanafl the actual activity of oxygen on LOP



side. All proceeds as if plenty of oxygen specied. OP surface would be available for the
hydrocarbon to react. The reaction provides amrateve pathway for oxygen extraction in

place of the rate-limiting recombination of @ O,.

3.3. Catalytic oxidation of propene on depolishésfllBVOX membranes

The behaviour of depolished BIMEVOX (ME = Cu, C@) Thembranes was studied in the
same conditions as above. As expected, the actxas/far higher than with polished
membranes but transient phenomena occurred. DepgeadiME, the conversion of propene
goes through a more or less sharp maximum: (30 > Xcu: 53 > Xco: 40 mol%) at times
following the reverse trendf; 130 <tc,: 180 <tc,: 220 s) (Figs. 2, 3 and 4 for ME = Co, Cu
and Ta, respectively). The partial pressure of petgldecreases alongyP> pco >> pecoz >
Pcha, With H/CO = 1.2 (Ta) to 1.7 (Co, Cu), which is higherrthie stoichiometric
proportion for propene reaction to COAfH,/CO = 1.0). Traces of acrolein and hexadiene
were detected simultaneously to £&hd CH during the very first minuteslydrogen
remained the main product for the whole experinbenicarbon was recovered in the LOP
side of the reactor after the transient peak. Taibon was burnt by substituting/Be (pQ =
0.21.1GPa) to propene/He in the LOP compartment for feurfioBy this means, most active
sites were regenerated, which indirectly showetttteamembrane had retained its structural
integrity. Indeed, quite the same figures (conwersdistribution and amounts of products)

were recovered by feeding again propene.

3.4. Catalytic oxidation of propane on depolishéilBVOX membranes

Helium-diluted propane (1 %) and air were fed ib@P and HOP, respectively, to study
the performance of Cu, Co and Ta-doped bismuthdetea. Transient behaviours were again

observed, but the activity peaks were delayed ageaced to experiments with propene, in

10



accordance with the lower reactivity of propanel(€z). At first, the conversion was
increasing for very short periods but it was veny X = 1-2 mol%). Small amounts of
propene due to the oxidative dehydrogenation gbgme were detected, with co-production
of CO, and water. During the following period, the corsien was steady (X = 12-28 %)
(steady state I) and syngas was formed for a tiepeiding on ME in BIMEVOX (Table 3).
The pressure of the main products HCO >> CH, CO, and water) increased during the
fast increase of conversion. After the activity péahich was double for BICOVOX),
hydrogen was produced in larger amounts while C&edesed at the profit of coke for a long
and steady period (steady state Il). For all timmeenbranes, HACO reached the same value
(ca. 2.0) for a shorty{; 100 s) to longerté,: 5.2 mn;tco: 21 mn) time (Fig. 5 for BICOVOX).
As H,/CO = 1.33 for the stoichiometric oxidation ofHg to 3CO + 4HO, other reactions
proceed probably in the same time. Late/( = 3.0-3.2 is obtained at 260 s for Ta and at
1780 s for Co. In the case of Cu membrane thisevislsteady fronh= 450 s . By replacing
air by pure oxygen in HOP, similar phenomena wéseoved. The most striking effect is
exerted on the activity peak(s) (Table 3), whicbetayed (Co) (Fig. 5) or slightly advanced
(Cu) [39], or quite not modified (Ta). The polatisa curve follows an inverse trend as
compared to that of the conversion, as shown foABIOX on Fig. 6. The theoretical partial
pressure of oxygen on LOP side calculated by thradtequation is high i~ 9.10 Pa at
the maximum of activity peak). As already notedhie case of propene oxidation, the
production of CO cannot be accounted for by thewarhof oxygen that would permeate
through the membrane because it is far too smha#rdfore, even in these strongly reducing

conditions, the polarisation is high enough andntleenbrane is still active.

4. Discussion

4.1. Solid state characteristics of BIMEVOX

11



Three polymorphs, 3 andy are known for BjV,0,; which undergoes two successive phase
transitionsa - 3 andp - yatca.380 and 530°C, respectively. Their crystal struesuran

be described in an orthorhombic “mean” cell, with~85.53, Iy, ~ 5.61 and g~ 15.28 A. The
a andp forms are superstructures with a w@ad a ~ 2a The structure of-BisV2011
(tetragonal with a v¥2/2a,) which, as BiMoOg, is the simplest example of Aurivillius
compounds [40,41], can be described as alternpgiramidal [BpO,]** and perovskite like
[VO3sos]* (where[d is an ion oxide vacancy) layers (Fig. 5). The Meorasubstitutes
vanadium in most cases but Bi may also be parglaced [28,30,35,36]. The role of defects
Is prominent to explain the high oxide ion condutyiof these bismuth vanadates stabilised
at room temperature. A proposed conduction mechmafas divalent ME-substituted
BIMEVOX [28,29,42-44] involves positional exchangeoxide ions and vacancies in the
vanadate layers and results in the two-dimensioxide ion conduction mechanism. This is
allowed by the versatility of vanadium whose copation easily varies from 6 to 4-fold, this
feature being also known as an important fact@ativity in oxidation catalysis. A second
important factor is the presence of the Bi lone paelectrons which is stereochemically
active and points to vacant sites between foureresharing vanadium polyhedra. The
polarizability of the Bi lone pair is responsibte fa kind of “racket” effect exerted on the
oxygen which hops from one vacancy to the otheg.(&). Neutron diffraction data revealed a
large atomic disorder in vanadium layer aroundaghieal O(2) and equatorial O(3) oxygen
sites which are partly occupied [42,43]. The barigergies for the oxygen diffusion can be
calculated from the Joint Probability Density Fuoct(JPDF) by considering the anharmonic
thermal motion iny-BisV,0,; structure. Fig. 8 shows the JPDF map of oxygemsection
defined by O(2), O(3) and the vanadium positioreud®-potential were derived and the

lowest energy barrier was obtained for the diffasad an oxide from an apical site O(2) to an

12



equatorial O(3) site with a barrier of 0.2 eV, wog agreement with the activation energy
measured for thig-polymorph at high temperature by impedance spsctqoy [29,45].
BICUVOX exhibits the highest oxide ion conductidamaoderate temperature (Fig. 9). The
reason why is not exactly known. The ionic radus@-fold coordination [46] decreases
along Zrf* (0.74) > CG* (0.73) > Nf* (0.69) > C4" (0.65) > Td* (0.64 A), while that of V"
is 0.54 A. The value of ionic radius closest ta tfav>* is 0.57 A for C@" in its common
square planar coordination due to the Jahn-Teffecte Both value and coordination of €u
are probably related to the highest ion condugtmihich is exhibited by BICUVOX as

compared to BICOVOX or others.

4.2. Catalytic vs. structural properties

The three BIMEVOX samples studied as dense memsiiartée oxidation of propene and
of propane behave similarly. The polarisation Bueetn the LOP and HOP sides, which
depends on the contact time, follows exactly tiversge trend of the conversion curves. As E
is always very high compared to the theoreticalieait means that a large amount 6f O
specie is available in LOP side for the reactioprtaceed. Experiments were recently
performed by one of us by means-%/*°0 isotopic exchange followed by SIMS [47]. The
oxygen transport in an oxide ion conductor matgmateeds by the oxygen exchange tO
4e - 207) at the surface, followed by the diffusion of @rough the material. Whereas the
diffusion coefficient D of BIMEVOX (ME = Cu, Co, Biamounts to 3 to 8.10cn?/s, which
is by one order of magnitude higher than that imemn oxide electrolytes like YSZ or
cerium-doped gadolinium oxide {2-4.10° cn?), the surface exchange coefficidris in the
same order of magnitudk € 0.2-1.2.1F vs. 6.10 and 6.1Fcm/s, respectively).
Particularly, the recombination step of @ O, is very slow, and this rate-limiting process

accounts for the high polarisation measured betwleeb OP and HOP surfaces. In the case
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of combustion reactions like those proceeding ifrSall electrophilic and nucleophilic
(0%, Oy, O, O%) types of oxygen specie are useful to totally ixddhe reactant. On the
contrary, in selective oxidation catalysis, thesprece of @ permeating to LOP is to be
avoided, otherwise the formation of g@ould be promoted. As we have demonstrated,
BIMEVOX materials are therefore convenient becahserate of @ permeation is very low.
The regime and the products observed during oxidaif propene or propane depend on
the surface roughness of the membranes. When tfaesus “mirror-polished”, few active
sites are present. However the estimated turnfowerber in the oxidation of propene is
ca.1-10 &, values which are close to those of usual oxidat&talysts. During the steady
regime at low conversion (X < 2.5 mol%) CO is pnedoantly formed besides hexadiene,
benzene and acrolein (and water). The formatidhede products requires far more oxygen
species than those permeating but the materiakptiiep are not modified by the reaction. It
means that the function of the CDMR is carried the: rate of oxidation of propene being
smaller than the rate of diffusion of @rom HOP, numerous enougtf @pecies diffuse to
ensure the replenishment of vacancies createdeoetittion in LOP side. When the surface
roughness increases (“depolished” surfaces) tleeofateaction increases also, but the rate of
O? diffusion is still the same at a same given terapge. Several steps are now noticed. At
the very first seconds, the conversion of properew (X< 2 mol%) as when the surface was
not rough, and the distribution of products of sgle (hexadiene, acrolein) and partial (CO)
oxidations is similar. Later CO and,-and then C and tare predominantly formed during
and after the activity peak. The reactions are stawthe case of propane oxidation. At the
beginning, the conversion is low and propene is&m by ODH. Then a steady regime is
settled and is held on as long as a certain anwfudt is available because of the high
polarisation of LOP surface. During this steadyestgTable 3), hydrogen and CO are the

main products and the,KCO ratio is constant (2.0-2.2 vs. 1.33 for staxchetry). When the
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(sub)surface is oxygen depleted, a restructuratidhe surface probably occurs which leads
to a strong increase of conversion. The increagrproduction is slower than that of H
because less“are available. & follows exactly the conversion curve for a whilet i
decreases before the activity has reached its mamiriVe suppose that during this step the
rate of @ diffusion is not high enough, hence the conversiecreases by lack of oxygen
which favours the cracking of propane and the faiwoneof carbon deposits. A new steady
state (steady state Il) is reached, during whiehntlain products are hydrogen and carbon.
However, CO keeps on producing at conversion valtigsh are very close to those in steady
state | (X= 10 mol%). It seems therefore that sites for plotkédation similar to those
available in the beginning are still present, @t tihhey are continuously regenerated. This
assumption is reasonable because the variousatepgain proceeding after burning the
carbon and flowing propane again.

Although the sequence of events is similar foBAMEVOX, the phenomena happen at
different times according to the doping metal (Co, Ta). As the conversions, as well as the
H,/CO ratios, go exactly through the same values eveatME, it means, at least in first
approximation, that the number of active sites tw@dmechanism also are similar. Moreover,
as the permeation rate (in the absence of readdon}the same range for these materials, the
rates of reduction of £at HOP surface and offQdiffusion through the membrane are also
assumed to bethe same. It is interesting to nate although the ionic conductivity of
BICUVOX is slightly higher than that of other BIMENX (Fig. 9), its catalytic properties do
not vary in proportion. The only property which esrwith ME is the electron conductivity
Oe. Co and Cu doping leads to p- and n-type eleatromnductivity, respectively [48],
whereas BITAVOX is n-type, if not neutral, becawgges very small [49]. The electron
conductivityoe. modifies not only the step of reduction of © O which was shown to be

rate limiting [47], but also the diffusion rate itself as electrons must flow il tleverse
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sense to ensure electroneutrality. This is illusttdy the modifications of behaviour
observed when the partial pressure of oxygen itHBe side was varied. Table 2 shows that,
upon increasing pOHOP from 2.16to 10 Pa during the oxidation of propene, the selegtivit
to CO decreases or increases (products of selemtidation increasing or decreasing) with
mirror-polished BICOVOX and BICUVOX, respectiveModifications in the sequence of
steps are observed on depolished membranes imakenee of propane by feeding HOP with
O instead of air (Table 3). The duration of steaidyes| characterized by the production of
syngas is extended on BICOVOX, shortened on BICU\EDA quite unchanged on
BITAVOX. With increasing p@, the conductivityoe increases for p-type and decreases for n-
type semiconductors [11,12]. Consequently, in geeof p-type BICOVOX, both surface
exchange and diffusion rates should be enhancétcbyase of p@in HOP, thereby

producing more oxygen species to oxidize proparsymgas, and delaying the surface
restructuring which leads to coking. The same exgilan holds for the oxidation of propene
on mirror-polished BICOVOX membrane because praglotselective oxidation increase
(Table 2). In the same conditions, the n-type catiditly of BICUVOX would be responsible
for the acceleration of surface restructuring (dished membranes with propane), or for the
increase in selectivity to CO (mirror-polished meart® with propene), whereas BITAVOX

performance is poorly affected.

Conclusion

Owing to the large possibility of vanadium-subgetily-Bi,V,0,1 materials, the
BIMEVOX family offers an opportunity to examine tidluence of the metallic cation ME
on catalytic properties while keeping the sametalhysructure. The oxide ion conductivity is
very high, even at low temperature, but the semirgability to molecular oxygen is poor

because the oxygen exchange O* at the surface is rate-limiting. The defects (amtyg
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vacancies, variable coordination) affect mainly ¥headium layers and depend on the
valence and coordination of ME, although it isl stifficult to know to what extent. Using
these materials as catalytic dense membranes ax toupling conditions (CDMR)
provides another view of their advantages and daakdk The delivery of oxygen specie’jO
which are needed for the oxidation reaction depemdsoth G diffusion which is fast and
on surface reduction of Qvhich is slow. The latter depends on the electrpnoperties
which are revealed mainly when the oxygen partiasgure is modified on the HOP side.
Two divalent (Co, Cu) and one pentavalent (Ta) dtgpaere chosen and the resulting
BIMEVOX used as catalytic dense membranes in thaabdn of propene and of propane.
Although potentially active sites are plural asthcations (Bi, V, Me) are present, their
catalytic behaviour is very similar when the suefacughness is (approximately) the same. A
steady regime, characterized by a low conversiggra@fiene and the formation of mild
oxidation products (acrolein, hexadiene, CO), goartial oxidation products (CO and®)),
was observed with smooth surfaces. Transient phenawere observed with rougher
surfaces, but the type, the distribution and thewarhof products (propene or syngas in the
case of propane), were similar for all three BIMEX.(O'herefore, the role of ME which is
more (Cu), or less (Co, Ta) reducible, does nainsgeminent, and bismuth and/or vanadium
are undergoing reduction when necessary. The asabfsthe mirror-polished membranes
showed that the bulk, but also the LOP and HORasaH, were not strongly modified, which
could be related to the low conversion (X < 2.5 Plgwever strong modifications were also
not observed on depolished BITAVOX membranes, alghahey experienced strong
variations of conversion in highly reducing atmaosggh(propane, 5 CO in LOP). In
particular, no metallic bismuth nor bismuth oxideild be identified by XRD on the reaction
side surface. This stability accounts for the thet the initial state can be restored after coke

has been burnt. Finally, the difference of reattivs. time observed for the three membranes
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with the same driving force (same partial pressfi®, on HOP side) was emphasized by
modifying that pressure. It follows that electroproperties which depend on ME, although
they are poor as compared to those of mixed iamilcedectronic conductors oxides, influence
the step of @reduction. Several means are under study to saltiie production of syngas,
or alternatively the ODH of propane, but analysesadso in progress to get a better

understanding of the phenomena, particularly ofrélversible surface restructuration.
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Figure captions

Fig. 1. Schematic representation of the cataly¢icse membrane reactor

Fig. 2. Conversion of propene and partial presstipFroducts obtained at 650°C with
BICOVOX (Airin HOP)

Fig. 3. Conversion of propene and partial presstiproducts obtained at 650°C with
BITAVOX (Air in HOP)

Fig. 4. Conversion of propene and partial presstipFroducts obtained at 650°C with
BICUVOX (Air in HOP)

Fig. 5. Influence of p@in HOP on conversion of propane ang@D with BICOVOX

Fig. 6. Conversion of propane and electric poténti@asured at 675°C with BITAVOX; the

equivalent pressure of oxygen evaluated by Neusaton is indicated.

Fig. 7. Structure of-Bi4V2011

Fig. 8. Vanadate layer. a) Coordination of vanad{gneen for apical, red for equatorial

oxygens); b) jpdf map showing the distribution &atron contour [42].
Fig. 9. Arrhenius diagram of oxide ion conductiwityvs. reciprocal temperature for YSZ,

Bi4V20;|_1, BIMEVOX.10 (Bi2M90.1V0.905.35 with Me = Co, CU) and BITAVOX.20
(Bi2Tap2V0.80s5).
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TABLES

Table 1. Conversion of propene and selectivityrtmpcts for mirror-polished membranes of
BICOVOX (Co) and BICUVOX (Cu) as a function of teerpture (pGHs = 10 Pa, pQ HOP

=0.21.16 Pa).
Temp. Conv. X Stxp+BZ* Saco* Sco Scoz
(°C) (mol%) (mol%) (mol%) (mol%) (mol%)
Me: Co Cu Co Cu Co Cu Co Cu Co Cu

600 023 028 370 304 5.7 6.2 50.7 56.8 2.5 2.3
625 033 035 384 271 9.2 9.1 43.5 55.8 2.0 2.4
650 0.45 0.47 34.1 25.5 12.0 12.4 43.7 51.6 1.7 3.0
675 079 080 247 223 112 155 539 487 1.9 5.0

* HXD = 1,5-hexadiene; BZ = benzene; ACO = acrolein

Table 2. Conversion of propene and selectivityrtmpcts for mirror-polished membranes of

BICUVOX and BICOVOX as a function of p@n HOP (pGHs = 1C Pa, 675°C).

pO, HOP Conv. X Shxp+az* Saco* Sco Sco?
(Pa) (mol%) (mol%) (mol%) (mol%) (mol%)
Me: Co Cu Co Cu Co Cu Co Cu Co Cu
2.10 0.34 0.68 16.1 19.5 8.0 13.9 67.7 53.9 2.6 53
2.10 0.41 0.58 19.9 16.7 9.7 9.6 61.3 64.2 2.1 39
21.10 0.35 0.61 26.3 16.1 12.8 6.1 48.2 72.3 3.8 1.6
10° 0.37 0.66 22.4 6.2 10.4 1.8 59.8 895 1.4 1.1

* HXD: 1,5-hexadiene; BZ: benzene; ACO: acrolein
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Table 3. Oxidation of propane using depolished B\MIX (ME = Cu, Co, Ta) membranes
and influence of p@in HOP (air: 0.21.100r Oy: 10°Pa) at 675°C

Steady state | Maximum of activity Steady state Il
Time* X  HJCO Time X  HJCO Timé& X  HJ/CO
(s) (mol%) (s) (mol%) (s) (mol%)

Cu, air 350 12 2.0 420 20.5 26 800 11 3.2

Cu, G 250 15 2.0 350 23.2 28 800 11 5.0

Co, air 1100 11 2.0 1300 31.4 F3 4500 10.5 8.8

Co, G 4200 10 2.0 4600 28.1 38 8000 11 8.0

Ta, air 150 28 2.2 250 58 2.3 2000 10.2 20

Ta, G 150 22 2.2 260 57.5 3.5 2500 10.2 30

* onset:* minimum time.
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