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Abstract

Pure and Me-dopegBi,V1.xMeOs 55 (BIMEVOX) (Me = Ta, Ni) materials exhibit a tramesit
behaviour during the oxidation oz alkanes when shaped as dense membranes sepanating t
compartments fed with diluted hydrocarbon and aithrespectively (catalytic dense membrane
reactor). Alkenes are first produced at low coneereind CO and pifollow at higher conversion.

The H/CO ratio increases up to values close to thelsitmeetric ones and continues to increase after
a peak of activity during which coke builds up. Hane transient phenomena as initially observed
happen after burning the coke by replacing dilitedrocarbon by air. This in situ regeneration @ th
membrane means that the structure and integritiyeomembranes have not been modified, as indeed
shown by physicochemical analyses (XRD, SEM, XH&§ catalytic properties are mainly related to
the presence of ME which affects the electroniddomtivity of the materials. At variance with quite
neutral BITAVOX, the behaviour of BINIVOX is cloge that of BICOVOX which is also a p-type
semiconductor. Only BINIVOX is able to oxidise matie (conversion ca. 22-25 mol%) to syngas at

low temperature (650°C) in a quite steady manner.

Keywords: Catalytic dense membrane reactop\BixMe Os 55 , BIMEVOX, oxidation of G-C;

alkanes, syngas



1. Introduction

Among other applications, catalytic dense membraaetors are studied for increasing yields or
checking purity of hydrogen or syngas productiobedurther used in Solid Oxide Fuel Cells or in
Fischer-Tropsch synthesis. Dense membranes mafilerapxides exhibiting mixed ionic and
electronic properties (MIEC) are used. These pt@semake them suitable for the activation of
methane to syngas, but also tohydrocarbons (oxidative coupling), as well astfa oxidative
dehydrogenation of other light alkanes [1-5]. la titerature, large fluxes of permeating dioxygen
through the membrane are generally considerechasessary requirement for the targeted reaction.
The permeating flux depends on both steps of réstuof O, on one side and oxidation of @n the
other (reaction) side, the rates of which are eeldéb the electronic conductivity of the dense
membrane. Very often a catalyst is added on baoléssdf the membrane to increase the rates of the
O, reduction as well as of the reaction.

A decade ago, we investigated a catalytic membmeaetor for the selective oxidation of propene
to hexadiene and benzene (oxidative dehydrodintengaon BiLaO membranes [6,7] after the
pioneering work of Di Cosimo et al. [8]. As showy ®okolovski et al. [9], lattice oxygen is the main
specie involved in the reaction, although the pgodition of some radical-like specie could not be
fully ruled out, so that the redox mechanism prsvédm our mind, the idea was to explore the
influence of physically decoupling the redox medbamon the catalytic properties. Such a
decoupling may be a way of enhancing the selegtigiving to the possible and separated
optimisation of the operating conditions on ead® greaction and regeneration). More recently we
have studied other Bi-based materials for the saaetion, like BiV,0;1 and its solid solutions
Bi,V1.MeOs 55 (called by the BIMEVOX acronym), as powders inx@dl bed microreactor [10,11],
as well as membranes in a catalytic dense memipeaicéor (CDMR) [12,13]. The comparison of the

performances showed that the materials behavesslynwhen the conversion of propene is small, but



that at higher conversion a transient state wasrgbd during which syngas was formed in the case of
the CDMR.

BIMEVOX oxides have the same structureydi,VOs 5 [14]. Layers of bismuthyl groups
(Bi»0,*") alternate with layers of vanadate groups contginixygen vacancies which favour the
mobility of oxygen specie. As compared to the R@hionic conductivity exhibited at temperature as
low as 600°C, the electronic conductivity is snaadd its n- or p-type depends on the ME dopant
[15,16]. Such a low electronic conductivity is fiavouring the semipermeability to oxygen because
0, + 4e « O* become rate-limiting steps. Indeed, the measuxggden fluxes J@are1.5-1.8.1¢
umol.cmi®s™ at 650°C on BV 1.,Me,Os 55 doped with Cu or Co (x = 0.1) or Ta (x = 0.2), qared
with 102 for Biy sEro 503 at 680°C and with typically 1-8molo,.cmi®s™ for the best MIEC [2,3,5].
BIMEVOX materials were proposed as electrolyteGaramic Oxygen Generator (COG) to deliver
very pure oxygen gas from one (feeding) to anottielivering) side. Under imposed polarization, the
material was found able to self convert reversdig dynamically from electrolyte to electrode,
which led to a new concept of COG based on a umagaterial [17]. Because of the well-known
catalytic properties exhibited by bismuth as welbg vanadium in several mild oxidation reactions,
we have examined the properties of BIMEVOX in thgatytic oxidation of propene using them as
dense membranes in the CDMR. The results alreaidynaal with Cu and Co membranes had shown
that products of selective oxidation (acrolein, ddiene, benzene) were formed, together with carbon
monoxide [12,13]. As their surface was mirror-plodéid (to ensure tightness), the number of active
sites was low and the maximum of conversion of pngpwas 2 to 2.5 mol% at steady state. Once the
surface state was made rougher by depolishing, blegaviour in the oxidation of propene and of
propane became time-dependent. In this paper veempiréhe study of depolished,Bp gTap 205 5,
Bi2Nip.1V0.90s 35 and ofy-BisV2011 membranes, and the comparison of their propdrtidse

oxidation of propane, ethane and methane with tbbgepolished BMey 1V0.90s5. 35 (Me = Co, Cu).

2. Experimental



Powders of BiTayV0gO0s5 (BITAVOX), BiNipi1VogOs3s (BINIVOX) and of y-BisV2011
(BIVOX) were prepared by solid state reaction betwehe constitutive oxides in stoichiometric
proportions [14]. The disc membranes (@ = 15 mm, 15 mm) obtained by isostatic followed by
uniaxial pressing were sintered at 750°C (BIVOX aitNIVOX), or 875°C (BITAVOX). Their
relative density after sintering was higher tha®e92\fter polishing with 4000 grit SiC paper (to get
parallel surfaces and ensure tightness betweeondmpartments), both sides were depolished using
220 grit SIC paper. The membrane was mounted betwlee two mullite tubes constituting the
reactor and sealed at high temperature by meapgrex rings. A gold grid electrode on @duction
and a gold tip electrode on reaction sides wereried to measure in situ the polarisation of the
membrane. The gas phase composition at inlets atielto of the two compartments of the CDMR
was monitored using a mass spectrometer (Omnigeaife?) for catalytic reaction and an oxygen
gauge (Setnag) for Opermeation [12,13]. According to our experimemabtocole [12,13], the
oxygen semipermeability was first measured at gteemperatures by flowing air (F = 50 tmin?)
in the High Oxygen partial Pressure (HOP) compantrend helium in the Low Oxygen partial
Pressure (LOP) compartment (F = 50°ecmin™), respectively. Then helium was replaced by diute
methane, ethane or propane (1% in He, F = 50roin?) in LOP. The contact time was kept at 2.3 s
while temperature (T = 550-700°C) was varied. Bstinfaces (LOP and HOP) of the membranes

were characterized by SEM, XRD and XPS before died geaction.

3. Results and discussion

3.1. BITAVOX during propane oxidation

Fig. 1 shows that the conversion of propane on BIDX-220 plotted vs. time of reaction is not
constant and decreases with temperature. A peagtioity, which exhibits two to three secondary
maxima, is observed at ca. 4.0, 12.1 and 33.3 min=a675, 650 and 575°C, respectively. For a
better description of the phenomena at 650°C (Ei@)y five stages (I to V) during which the

conversion of propane but also the type and digiob of products differ, are identified. The first



stage (I) corresponds to the arrival of the redataslecules into the reactor and lasts around 30-60
seconds. The conversion cannot be calculated bethe@seactant pressure at the inlet is not yet
stable. Nevertheless the type and amounts of pteddiceaction are similar to those observed in
stage Il. In this second stage, the conversiomaane is low and constant (2-3 mol%) during 90 to
1400 s depending on T (Figure 1). At the highesipierature propane flowing onto the membrane
reacts too fast for this step to be correctly s€aming this steady state, the products are thbse o
oxidative dehydrogenation (ODH) accompanied by @@ faw CQ molecules. Selectivities decrease
along CO > @GHg > GH,4, CH, > CQ,. The steady conversion and the distribution andwarnof
products were the same as when the surface ofliE\VBX membrane was less rough (depolished
with 800 grit SiC paper) [18]. During stages llINfdFigure 2), the activity of BITAVOX increases
strongly and then it decreases. The main reacsitimei production of CO and hydrogen, the partial
pressure of hydrogen following the same trend actimversion. These phenomena indicate that the
partial oxidation of propane totdnd CO has replaced the ODH of propane, as gdifft sites were
now involved. The slope of conversion vs. time.360%.8" during stage Ill and increases (0.12%.s
during stage 1V, and so does pH.2 and 2.9 Pa’srespectively). Stage Ill is characterised by a
constant H/CO ratio which amounts to ca. 1.5 (instead of I@3toichiometric production) for 300
s. During stage IV, pCO decreases while ptéreases, and thusM O increases continuously up to
4.6. After the maximum of pHat 58 mol% of conversion, both decrease (staggovin to steady
values. During the activity peak, a definite amooinbxygen is available for the production of 100-
120 pmoles of CO (integration of the CO curve betw250 and 1300 s). That amount of oxygen
cannot come by permeation since only 0.4 umol&3,aefould flow at 650°C in the absence of
reaction. The oxygen specie are those which aresihiately available due to the high polarisation of
the membrane [12,13,18], and/or coming by diffusram HOP side. The overall amount of CO
corresponds approximately to the reduction of 7-§®%V°>" — V*) or 3.5-4 % of the total V content
of the membrane % - V**). Bismuth could also undergo reduction (e.g’Bi Bi* — Bi°), but the
presence of Bihas not been observed by any post-mortem methadad§sis we used. When it was

formed during experiments carried out on BIMEVOXnglers in fixed bed reactors, metallic bismuth
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was easily identified by XRD, SEM [10,11], and eweith naked eyes inside the reactor in severe
cases like with Bi-La-O catalysts in CDMR [8,9]. \Wetheless, it is possible that locally the surface
restructures with formation of reduced bismuth wirenoxygen delivery (from HOP) is not fast
enough as compared to the rate of the reactiobdin). Because the gas phase becomes strongly
reducing during the formation of CO and, it could favour the formation of Bivhich would be
responsible for the strong increase of activitagss Ill, IV). As a consequence, the slope of
conversion and of pivs. time increase while pCO decreases (stageah thus H/CO increases.

During stage V, the conversion decreases dowrstealy value (10 mol%) which is close to that
found at the beginning of stage Il. The pressufés$,@nd of CO also reach steady values,(pt300
Pa; pCO= 30 Pa, H/CO= 10), but carbon deposits are formed as confirnmetthéd carbon balance
which is not satisfied. It is worthwile to note ti2O continues to be formed in the same amounts as
at the beginning of stage Il and at similar congr®f propane. This means that there are still
enough oxidising sites regenerated by oxygen spukffiesion for the reaction to be run.

The latter assertion was verified by the followegeriment. Propane/He in the LOP compartment
was replaced by air at the same temperature (658°@yer to burn the coke formed during stages
IV and V. Fig. 3 shows that ten minutes are endoglthe coke to be oxidised to GQVhen in turn
air is replaced by propane/He in LOP, the sameessiee reactions than formerly observed proceed
(Fig. 4). The time for ODH of propane (stage I3l@rter, and the whole peak of activity laststéelit
less (ca. 900 instead of 1300 s). The possibifitegeneration of the LOP surface has been checked
with all depolished BIMEVOX membranes we studied, [13,18]. Therefore, the surface of the
membrane undergoes the same successive transfons)atie “reversibility” of which is accounted
for by chemical analyses showing that the LOP (elé a8 HOP) side of membranes has not changed.
XRD showed that the structure of;Bb gTay 2055 was retained, and no line that could belong to
another oxide or to metallic bismuth could be séenin the case of BICOVOX after propene
oxidation, the main change seen by SEM was a sligntase by 20% of the size of domains
separated by grain boundaries. XPS analyses shaivhiy measured Bi/V ratio does not change much

after reaction (4.13 vs. 4.31, resp.) but that ttnice higher than the bulk stoichiometry, whikryw



little Ta is found on surface in both cases. Ag Kirad of figure was observed also both BICUVOX
and BICOVOX, the possible increase of Bi on surfemesed by the high vacuum in the spectrometer

is under study.

3.2. BINIVOX and BIVOX in propane oxidation

The behaviour of BV.dNip 10535 (BINIVOX) depolished with 220 grit SiC paper dugipropane
oxidation is close to that of BITAVOX, but the pesasf activity and of production of z1CO occur
sooner. At 650°C, the two maxima of conversion (&88=and 48 and mol%) that were seen at ca. 700
and 1000 s for BITAVOX (Fig. 2) are C = 59 and 40I% at ca. 200 and 350 s. The maximum
pressure of products decreases along(1280) > CO (640) > CO(500 Pa) at 250, 125, 80 s
respectively. Apart from a temporary decrease a28@ s (when pCO reaches a minimum while pH
begins to decrease) the/BO ratio increases steadily, up to 18 at the fstebhdy state. On the
contrary, the conversion of propane piBis;V2011 (BIVOX) membrane is low (1.5 mol%) and
steady. CO and 4B are the main oxydation products and selectivitiesrease along CO (36) >
CsHs (32) > GH4 (20) > CH, (8 mol%). Very little hydrogen is produced and water is thainmH-
containing molecule. BIVOX behaves like BITAVOX whets surface was smoother (depolished
with 800 grit SiC paper) [13,18]. Therefore, aganin CO which was also found as a main product
in the case of powdered BIMEVOX in fixed bed reactbe ODH reaction is predominant when the

conversion is low.

3.3. BITAVOX and BINIVOX in the oxidation of etharamd of methane

A similar evolution of the conversion of ethanecasnpared to that of propane is observed using
BITAVOX and BINIVOX at 650°C. The phenomena arevagtal down as expected from the lower
reactivity of ethane. At first, the conversion dhane on BITAVOX is low (C = 2-10 mol%) while
ethylene (ODH) is produced, together with a smalbant of CQ. Then it increases and reaches a
maximum at C = 50 mol%, while the partial pressutesrease along CO > CQ, CH,. Finally

the conversion decreases to values below 10%, gluvlich H and coke are the major products.

8



Carbon monoxide is still produced in small amoutithas already been noticed that the rate of CO
production (in the same conditions: same tempezadnd air in HOP) does not depend on the nature
of the alkane, as if the solid was delivering thme amount of oxygen [18]. During ethane oxidation,
H./CO = 1.8 for a short timas compared td.5 for propane (both beirglightly higher than the
respective stoichiometric ratio), and later it leveff at 9 for 450 s (8 for 250 s withsids). Up to the
maximum of conversion, #CO increases steadily to values around 10-12 feitination of coke.

The behaviour of BINIVOX in the oxidation of ethame closer to that of BICOVOX in the
oxidation of propane than to that of BITAVOX. Tweaks of activity are shown at ca. 500 (C = 40
mol%) and 1150 s (C = 22 mol%) (Fig. 5). The prdaurcof H, is parallel to the conversion (pk
710 Pa at C = 40 mol%), while CO reaches a maxip@® = 300 Pa) before that of hydrogen. The
H,/CO levels off at 1.8 at low conversion, then ises and reaches a second constant value at 3
(during the minimum of conversion at 850 s), anth@reases again up to 7 while coke is formed
(Figure 6).

BITAVOX is quite inactive when methane is fed aD86 (C < 0.5 mol%) and very little CO is
produced. On the contrary BINIVOX is active and thaximum conversion of methane is 22-25
mol% at the same temperature. The production o@@H is quite steady (JACO = 2.5 for 1000 s

and 4.0 later).

3-4. Comparison with other BIMEVOX

The catalytic behaviour along time of depolishe@BVOX and BINIVOX during the oxidation of
C, to G alkanes is very close to that observed duringothdation of GHg using depolished Cu and
Co-doped BIMEVOX membranes. Although the same Sifiep was used to depolish all BIMEVOX
membranes, the real state of the surface and plarii the number of active sites cannot be diyectl
checked. However the trend is the same than incése of mirror-polished [12], or of rougher
surfaces already studied [13,19], in the oxidatidnpropane as well as of propene. During the
experiments described here, which were carriecbtite same temperature with propane in LOP and

air in HOP compartments, respectively, severaldypfeactive sites seem to be successively formed
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At first the material displays few sites active (many sites poorly active) in ODH and in the
formation of CO (low conversion, ca. 2 mol%). Theges are active during the whole experiment,
since they are still present during stage V bedidese responsible for the formation of hydrogen, a
well as after regeneration. Thes& €pecie are directly available as shown by thengtolarisation

of the membrane, and/or are easily replaced by sneinxygen diffusion. We assume that they are
bonded to vanadium (5+) which is a metallic catommonly used in ODH of alkanes (2-electrons
reactions). Then another type of sites which areenaative since conversion increases up to ca. 10
mol% shows up. This stage Il, during which produmftgartial oxidation (syngas, 6e-reaction) are
prevailing, goes on for a more (ME = Co, Ni) orddME = Cu, Ta) long time, depending on ME.
Further on, there is a kind of run-away (stage$M]lactivity peak), the extent and duration of wini
again depend on ME. This is indirectly proven bg tbw activity of undoped BVOs 5 (BIVOX)
which is unable to yield syngas (no lll-V stagesj s active for ODH. The production of CO in
large amounts (as compared to that in stagesl) besides hydrogen could be related to the presenc
of surface Ospecie as proposed for that type of reaction [H8ever the way these specie would
form is unknown. All proceeds as if the rate okthBe-reaction (LOP side) was too high as compared
to the rate of oxygen delivery which in turn depewd the rate of reduction of molecular oxygen in
HOP side. By studying the effect of pd HOP on the catalytic properties of BIMEVOX merabes

in the oxidation of propane and of propene, we halueady shown that a high p@as stabilizing
stage Il (delaying IlI-IV) on Co and destabilizingtage Il (advancing l1lI-IV) on Cu-doped
BIMEVOX [13,18,19], while it had quite no effect dITAVOX [18,19]. It was assumed that the
transient behaviour is induced by limitations agéattonic conductivity, Co, Cu and Ta-BIMEVOX
being p-, n-type and quite neutral electronic canols, respectively. The behaviour of BINIVOX
along time is close from that of BICOVOX by the geace of two maxima (stages llI-IV), these
maxima being slightly delayed when air in HOP iplaeed by pure dioxygen [16]. The common
point is the possibility for Ni, like Co, to be al$ed to the trivalent state ) and therefore,

BINIVOX exhibits a low but p-type semiconductivity.
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4. Conclusion

Contrary to undoped bismuth vanadsBi,V,0;1 which exhibits steady properties, the catalytic
oxidation of propane on depolished BITAVOX and BWOX membranes in a CDMR depends on
the time of reaction. Several stages are identi#eda product of oxidative dehydrogenation, prapen
accompanied by CO and little GQ@re steadily formed at low conversion, and latersgngas is
obtained at higher conversions, before partial mgpkiccurs. These phenomena can be reproduced
after burning of the carbon, thereby demonstrativeggood bulk stability of BIMEVOX materials for
CDMR applications, even in strongly reducing atniesps. The transient behaviour and the
distribution of products are very close to thosevah by BICUVOX and BICOVOX membranes, the
main differences being first the time and duratbthe various steps, and to a lesser extent thesa
of conversion and selectivities to products. BINX®ehaves similarly to BICOVOX, both being p-
type semiconductors. A similar but slowed down sege of reactions is observed with ethane, which
is first oxidatively dehydrogenated to ethylene &atér partially oxidised to syngas. However, only
BINIVOX is able to oxidise methane to syngas at “&@&0which is a low temperature for such a
reaction. The steady conversion amounts to 22-2%nand H/CO is close to the stoichiometry with
little production of coke. The way and reasons wthg surface of the BIMEVOX materials is
restructuring remain to be studied, as well asmni®ans to stabilise their properties, either for the

oxidative dehydrogenation of propane or ethané&rmsyngas production.
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Figure captions

Fig. 1. Evolution of the conversion olds vs. time on BITAVOX membrane; T = 575°C, 650°C,
675°C, LOP = 1%¢gHg in He.

Fig. 2. Evolution of the conversion otlds and distribution of products vs. time using BITAXO
membrane; T = 650°C, LOP = 1%ids in He.

Fig. 3. Regeneration of BITAVOX membrane: FormatidrCO, during oxidation of coke by feeding
air in LOP compartment; T = 650°C, LOP = 20%®He.

Fig. 4. Evolution of the conversion ogldg and distribution of products vs time using regatent
BITAVOX membrane; T = 650°C, LOP = 1%Ks in He.

Fig. 5. Evolution of the conversion oblds vs time on BINIVOX membrane; T = 650°C, LOP =
1%GHe in He.

Fig. 6. Evolution of the conversion (top) and of €O ration vs time during oxidation ot,8s
(BITAVOX and BINIVOX), and of CH (BINIVOX); T = 650°C, LOP = 1%¢gHs or CH, in He.

13



