Sel ective el ectrocatal ytic oxidation of hydrocarbons The inventi-om rel ates
to an el ectrochem cal process for the selective preparation of parti-ally
oxi di zed organi c conpounds. The direct selective oxidation of organic
conpounds has hitherto been possible only;in a few cases, since the
partially oxidized products are usually nore reactive than the starting
mat eri al s used, which |leads to conplete oxi dati on to form carbon
di oxi de. In particular, the problemof the direct oxidation of alkanes
has up to now not been able to be solved satisfactorily. Only naleic
anhydride can be produced by direct oxidation using n-butane as starting
material; here, the stabilization of the oxidation product by ring
formati on plays a decisive role. Nhny attenpts to carry out the parti al
direct oxidation of nonreactive or ounds concentrat- on the

devel opment ofS&3&g - atalybic % £ partially
oxi di zed product is frequently not |ndustr|ally rel evant. |In conparison,

| ess attention _has, been paid to el ectro- chem cal ﬁartl oxi dati o I n
this area, théfai HPYRUODHI IR FDpFRNEIWELRCHESCIERIES tPﬁg?eS?hgor
utilization oftHeotodlexttind | pReparstidbbe parpodnly baidibedgerngaaticon of

el ectric ener in fuel cells. An exanple of the el ectrochem cal oxidation
of organic co%%%mﬂﬁﬂ? % described in US 4 329 208, nanely the - 2-

oxi dation of ethene to give ethylene oxide. This oxi- dation is carried out
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electrolyte s
hitherto been possible only in a few cases, since the

partially oxidized products are usually more reactive

than the starting materials used, which 1leads to

whe e ..‘.-i n-

complete oxidation to form carbon dioxide. In
particular, the problem of the direct oxidation of
alkanes has up to now not been able to be solved

satisfactorily.

Only maleic anhydride can be produced by direct
oxidation using n-butane as starting material; here, the
stabilization of the oxidation product by ring formation

plays a decisive role.

Many attempts to carry out the partial direct oxidation
of nonreactive organic compounds concentrate on the
development of new heterogeneous catalysts, but the
yvield of the partially oxidized product is frequently
not industrially relevant.

In comparison, less attention has been paid to electro-
chemical partial oxidation. In this area, the main focus
of development work was, in contrast, the utilization of
total oxidation of suitable compounds for the generation

of electric energy in fuel celis.

An example of the electrochemical oxidation of organic
compounds is described in US 4 329 208, namely the
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conpri sing zirconi um oxi des. Another process for the el ectrochem cal

oxi dation of organic conpounds is disclosed in US 4 661 422. Here,

hydr ocarbons are oxidized at a netal/netal oxide anode in a salt nelt as
electrolyte. The salt nelt conprises carb@ate, nitrate or sulfate salts
while the cathode.is, made up Qf m xed oxides of nmetals of groups | B, Il B,
111 A VB, WI°B9’kion gfig Giﬁ%qneoft? h&iper igfdiv ereb| exide. CEhabysi*it oday
1995, 25, 371, ddbkehi ia ewraliedstowdi ett dheanBabt kdhsis®XhgabironiQfer
propene in ons | O milar to a fuel cel]. As electrolyte, they
used Y- st abi ?%]gdgzég‘?éﬁ'hglg%abey Bt ES a‘?#éhp‘f‘b]fé%l SERC AP VTR YT an
Mo- Bi mi xed ox¢@rernbsirg atimstordnuh tdxddeat.hode material was Ag. The reaction
tenperature was 475[err]C. The yield of the oxidation product desired in

each case is generally so |l ow that none of these processes has industrial
rel evance. HerZother mreqesshl Earofthde eletarookieidtadn atiddte ar gaifi ¢
substrate to carhanid eyhgeulas nQt é’fécpoeseeﬁ]sghv%g' AN ggd' b 0Ny bhe

el ectrolyte acts_as an "oxygen pump", 1.°€e. e~ oxygen rg |?ed f or "the

oxi dation is rofEeerERonheaEqt k¥ddiand ttern ningtal ésetal | onidef @nmdehr ough

the electrolytentg thetanpda: JdheeBooeE, .2 fﬁé‘t QES%&@E& JpRetrate

t
to be oxidized and possi bl%/ an inert gas. eedin ygen'into the

anode space doeRrhRftateadtiFahf ider Gen s sy jwhiid epfthehsagbodeed s
oxi dation produede épobliemiticspdidritcrgand smdthats t He 5@88%&0& Bempar alure is
determ ned by XY, dé’c |\ of . the_electro- _lyte. The
el ectrol ytes u]tsgg %’av\geé;’ §81Tnf CIR}EI\#[ %&?@u(‘ﬁt?l et fhenPeriedtentrh ¥R ur es
which are significantly above the optimum tenperatures for such oxidation
reactions, In Catalysis today 1995, 25, 371, Takehira et al.
studied the partial oxidation of propene in a
construction similar to a fuel cell. As electrolyte,
they used Y-stabilized Zr0,. The anode material employed
was Au coated with an Mo-Bi mixed oxide as catalyst and

the cathode material was Ag. The reaction temperature
was 475°C. '

The yield of the oxidation product desired in each case
is generally so low that none of these processes has
industrial relevance. Here, too, the problem of the
total oxidation of the organic substrate to carbon
dioxide has not yet been solved. In addition, the
electrolyte acts as an "oxygen pump", i.e. the oxygen
required for the oxidation is reduced at the cathode and
then migrates in ionic form through the electrolyte to
the anode. The anode space contains only the substrate
to be oxidized and possibly an inert gas. The feeding of
oxygen into the anode space does not lead to an increase
in the yield of the desired oxidation product.

Another disadvantage is that the reaction temperature is
determined by the oxygen conductivity of the electro-
lyte. The electrolytes used have a sufficient conducti-
vity only at temperatures which are significantly above
the optimum temperatures for such oxidation reactions,



-3- which nust partly explain the |ow selectivity of the processes

exam ned. Particularly processes whi ch use sal t nelts as

el ectrolyte are forced to have such high reaction tem peratures (up to
750[err]C) that deconposition of the-pBoduct is virtually unavoi dable.
Processes of thi.s. type are unsui table, for prepari n%_ _thermal |

unst abl e conpolWHSH eMYSEVRATIY sG¥PLALY . thee dPYcsrdegtavitne MNEMERE

ef fect (Non FaradaiessEssetaminedenm cal Mdification of Catalytic Activity)
opened up the opportunity of devel opi ng nor e economni cal

el ectrochemi cal processes. In "Studies in Surface Science and

Catal ysi s", R Bertgadsglllyi, SrofesSyamm,whiciM Gakf neyalt). melltygonsas

(Editors), 110,.17 ) i 994 264 56 Vayenas et al.
descri bed an eleelc%%%%ﬁ mca prsgaégés%&bgéezla&ﬁ f%‘%#ﬂ]ﬁ% v’é‘?g’fa'b’r%s%ﬁ@t'al
(oxide) film orPerajaInes el @ r dloyt & HIEH ash¥t stiebompaetit 7062. ofSasthght
separation of tﬁ&&i&dq@nﬂﬁqfﬂqgﬁ@ﬁ%qaﬁﬁeno 'r8E%SEeEe§§SEﬁ£¥ @?{)8 and
t he oxi di zi ng agent can also_be féd into the anoge space. WEVET , was
found that the 3R n pPRS¥IERPER t hEobxi daréparinar bdmheatimedilge, shithbiesults

fromthe total swrighainaen @ ot.herieuhatralerandythe selectivity to a desired
partially oxidized product is very |ow even a% | ow conversions. It is

therefore an object of the present invention to devel op an el ectrochem cal
process for thelpardisdovetydalfi aheO INEMGAR fF LRMNAdFarbliaRaSEsHERELST NGl Y

sol ctively 11 A MG AP EITs Ghpr | SBsoka dOds I R FheD

MY err] Bi [ err] Xher r ] Xprpodtrertny X[ eof | X[ deveThbping. Thersr eseBbnbmyeali on

accor di ggl, y pr M&%&&&%‘éﬁs "Hoddis &l ectrgchan cal; Qi datiog of organi
Science and Catalysis", R. K. Grasselli, S. T. Oyama, A.
M. Gaffney, J. E. Lyons (Editors), 110, 77 (1997) and
Science (1994), 264, 1563, vVayenas et al. described an
electrochemical process based on a conductive, porous
metal (oxide) film on a solid electrolyte such as Y-
stabilized Zr0O,. Gastight separation of the anode and
cathode spaces 1is no 1longer necessary here and the
oxidizing agent can alsoc be fed into the anode space.
However, it was found that the main product of the
oxidation, carbon dioxide, still results from the total
oxidation of the substrate and the selectivity to a

desired partially oxidized product is very low even at

low conversions.

It is therefore an object of the present invention to
develop an electrochemical process for the partial
oxidation of organic compounds.

It has surprisingly been found that organic compounds
can be electrochemically oxidized very selectively if

the anode material comprises mixed oxides of the type
MoaBipX cX%aX X X500y .

The present invention accordingly provides a process for

the electrochemical oxidation of organic compounds,



-4- wherein the anode material used is a m xed oxide of the fornmul a

Mo[err]Bi[err]X[err]X[err]X[err]X[err]X[err]Jerr] (I) where Xerr] =V,
Nb, C, W Ta, Ga, Ce and/or La, Xerr] = Li, La, K Rb, Cs, Cu, Ag, Au,
Pd and/or Pt, X[err] = Fe, Co, N and/-or4 Zn, X[err] = Sn, Pb Sb and/ or
Te, X err] =Ti, Zr, Si and/or A, where a 0- 3, b =

0-12.5, d -whereip the-apodesmateriak psedapg g mlxedooze ﬂf t‘%hée
provi so that ankguIAOMa;highexﬁgﬁbg¥ Ppf (Eheyrxygen atons is determ ned by
t he val ence andlnunber of elements different fron1ox en in the fornula
(1). For the plrpos8sYofNPheChr elentai MiRniGoRnd/ 08 m "m xed oxi des"

i ncl udes nul tiret al =oki deLapnRPSRbj oms, asu MR Mxi des agdi/ski Bg, si de by
side. In each gase, phase $re$1p|t ;io are possi bl e, depending on the
stoi chio- metr{ and™th&fn&P’ ¢ ea?%§ Y™t he ni xed oxides. M xed oxides of

t he abovenentiBhed tyge, aPb, kflowandfam ot her industrial field and are
used, for exanpbe, et gr.oggne taly or gas-phase reactions. The
preparation and use o?gfhggé %gn%§§ﬁ§§7$£ §§§?$lbed for exanple, in EP O
417 723. M xedaoxi desOeB,this type are used as heterogeneous catalysts in

chem cal reactjons whjych do not involve electric current; their use as
anode material i !

c = 0-12.5,
d = 0-5,

e = 0-1.5,
f = 0~1 and
g = 0-25

with the proviso that a+d20.15

The number h of the oxygen atoms is determined by the
valence and number of elements different from oxygen in
the formula (I}.

For the purposes of the present invention, the term
"mixed oxides" includes multimetal oxide compositions as
metal oxides existing side by side. In each case, phase
precipitations are possible, depending on the stoichio-
metry and thermal treatment of the mixed oxides.

Mixed oxides of the abovementioned type are known from
another industrial field and are used, for example, as
heterogeneous catalysts for gas-phase reactions. The
preparation and use of these compounds is described, for
example, in EP 0 417 723.

Mixed oxides of this type are used as heterogeneous
catalysts in chemical reactions which do not involve
electric current; their use as anode material in

electrochemical processes is unknown.

The anode can consist completely or partly of the mixed

oxides of the formula I. In general, an existing elec-



el ectrochem cal processes is unknown. The anode can consi st conpletely or
partly of the m xed oxides of the fornula I. In general, an existing elec-
-5- trode, e.g. of platinum can also be provided with a surface conprising
t hese m xed oxides. It has been found usebul in practice first to apply a
filmof the m xed oxides to the electrolyte by neans of screen printing and
to bond it on Wpdmeans-of &fheatatrigrum.epcanAmlscanpt e PsPVidhfls Wittdbhdi que

may be found gyrtale @¥md395996 thBscChecbi06R1QLYLIC | ayer advantageously
has a rough surface having a BET surface area of from5 to 20 nferr]/g. The

organi ¢ conmpound to be oxidized is, if desired in adm xture with oxygen
and/ or an i nertt ga&s svebnafdlind as«gRil. Lonpexedipasttisgeh an ansde. aThe

starting materjials can.be fed in in gaseous or Liquid. for but SeQus

f eed has beenﬁé;ﬂufﬁiFQﬁeT%¥§%I°§&d %et?eﬁﬁ?iSEeggﬁﬁé¥5ﬁHﬁ%sm%%%%rg?ng to
the i nventi on.sdvssen Qgiart imoe cipdb wd bt hi tasoar byameass afi phheatsng
olefins or aligycles,can be oxi di zed means of the pro S e.

i nvention. Théﬁ%?%SeﬁP i%%%%??%n(ﬁi ngfiéﬁrgvamgﬁipgglgggoggiﬁ%po%Pdation
of ethane, pramam® Bhé&. et hyne, propene, benzene, butane, butadiene,

but ene, cycl ohexane, octane, octene, cycl odo- decane or cycl ododecene. The

el ectrolyte used in the process of the invention can be a solid which
conduct s oxygefhe opdectrnopatalrbiar laveat ahdvantiegetusky phrsi cul gpugh

embodi ment of & e LESERE AN EHETORurE 28T Q)(lé,‘éi be efohhe 00 /g.
La[err] X[err]Xerr]M[err]Jerr] ')
The organic compound to be oxidized is, if desired in
admixture with oxygen and/or an inert gas such as nitro-
gen, conveyed past such an anode. The starting materials
can be fed in in gaseous or liquid form, but gaseous
feed has been found to be useful at the reaction

temperatures according to the invention.

Many organic compounds such as aromatics, aliphatics,
olefins or alicycles can be oxidized by means of the
process of the invention. The present invention is
particularly suitable for the oxidation of ethane,
propane, ethene, ethyne, propene, benzene, butane,
butadiene, butene, cyclohexane, octane, octene, cyclodo-

decane or cyclododecene.

The electrolyte used in the process of the invention can
be a solid which conducts oxygen ions, in particular a

metal oxide.

In a particular embodiment of the present invention, a
perovskite of the formula

La;X%X’ 1MgyOn (1I)
where

Xﬁ
x’l

Ca, S5r, Ba
Ga, Al,



where Xerr] = Ca, Sr, Ba Xerr] = Ga, A, -6- i 0.3-0.9 k = 0.1-0.7,
with the proviso that i+k = 0.9-1.0, 1 =0.3-0.9, m=0.1-0.7, with the
proviso that 1+m= 1-1.1, is used as the solid which conducts oxygen ions.
The nunber n of oxygen atons is determ nedéby the val ence and the nunber of
el enments different fromaoxygen in the formula (11). OQher netal oxides
which are suitable ds thd-$61%@ which conducts oxygen ions are, for
exanple, ZrQ2 stabilk zed n-Qa®, Sc[err]Jerr], Y[err]Jerr] or
Yb[err]Jerr] and al err] stabilized by La[err]Jerr], Y[err]Jerr],
Yb[err]Oerr] or Gd[@%ﬂoaggrﬂtlwllﬁoa%ﬁt ﬁé? énﬁoﬁfire?]t of the present

i nvention, pyro- chllore dopd®uds of the fornula

(Lnferr] X[err])[err](X_er hxgﬁﬁr])[err]C{err] (1) where Ln =
La, Ce, Pr, Nd, Pm Sm Eu, , 'Tb, Dy, Ho, Er, Tm Yb or Lu Xerr] = M,
Ca or Sr, Xerr] =with ¢hezproxiieor thatFé+mAk, 1St,1Ga or Y, o = 0.4-1 p

= 0-0.6 q =0k s the Qo918 GRIRCHS80.AS L%SP ighathi ch conducts
oxygen i ons.

The number n of oxygen atoms is determined by the

valence and the number of elements different from oxygen
in the formula (II).

Other metal oxides which are suitable as the solid which
conducts oxygen ions are, for example, 2ZrO, stabilized

by CaO, Sc03, Y203 or Yb,0; and also Ce0O, stabilized by
Las03, Y203, Yb203 or Gd203.

In a further embodiment of the present invention, pyro-
chlore compounds of the formula

(LnoX’p) 2 (XX ) 205 (III)
where

In = La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,

Er, Tm, Yb or Lu

x® = Mg, Ca or Sr,

x* = Ti or 2zr,

x!** = Fe, Al, Sc, Ga or Y,

o = 0.4-1

jo) = 0-0.6

q = 0.4-1

r = 0-0.6

can be used as the solid which conducts oxygen ions.

The number s of oxygen atoms is determined by the
valence and number of elements different from oxygen in
the formula (III).



The nunber s of oxygen atonms is determned by the valence and
nunber of elenents different fromoxygen in the fornmula (I11). -7- These

conpounds can be prepared, f or exanple, by neans of drip pyrolysis [P.
CGordes et al., Den. J. Mater. Sci. (1995),7 30 (4), 1053-8] or
deconposition nethods [e.g. N Dhas et al., India J. Mater. Chem (1993),
3 (12), 1289- 1Bwwse s?mlfpmrt@ﬁncep &e prempmed \ofe¥ . exempleyl by MeggE) | 32

(10)i 1459f 1478% . dffhle Is@ﬁclswteleusm 'Gbxtéiql% RIOGESS, Qerd. lh@ | MRk ogcqan bg a
nmetal, prefera ilv t m e Qr nore npetal oxi or. a mxe
metal oxi de caﬁi%?i)o' b us(éd ?@Tﬁddeﬁ FG?FH@P%%E”%eF‘SG@Raf €of -t he
formul a La[errt]lX[Bha};X[eﬁrrra}]X{,erIﬂzdi@ru] Mater. c}gem(IW9ym)e,re3]X[(e|2r)] =

Ce, Pr, Ho, Er, T Yb or err Ca, Sr,
Ba, X[err] n%\%émFleféj&[err]Bb %ﬁﬂ (f)t ﬁll ! r@o t%f‘sxé Bull. "0-0. 5
v = 0.1- 0 4{3W9 %) £ he2 ptlo)i sA45%atl 470d+v [err] 1, w = 0. 6 1.1, x =
0-0.7 with the proviso that wtx [err] 1, can be used as cat hode. The

provi sos regarding the suns of t, uand v ([err] 1) and also w and x ([err]
1) represent pﬁh%l@@tb¢d©nb6§dnént§hafprocess of the invention can be

a metal, preferably silver or platinum.

One or more metal oxides or a mixed metal oxide can also
be used as cathode.

Furthermore, perovskites of the formula

La X" X2 X301,y (IV)
where

x* = Ce, Pr, Nd, Pm, Sm, Eu, G4, Tb, Dy, Ho, Er,

Tm, Yb or Lu,

x? = ca, Sr, Ba,

X = wMn, Fe,

x¥ = cCr, Co, Ni, Al,

t = 0.5-1,

u = 0-0.5,

v = 0.1-0.4

with the proviso that t+u+v £ 1,

w = 0.6-1.1,

X = 0-0.7

with the proviso that w+x 2 1,
can be used as cathode.
The provisos regarding the sums of t, u and v (£ 1) and
also w and x (2 1) represent particular embodiments of
the present invention. In other embodiments, t+u+v can

be from 0.85 to 1. Furthermore, w + X can be from 1 to
1.1.

The number of oxygen atoms {3%y) is defined by the
valence and number of elements different from oxygen.



the present invention. In other enbodi nents, t+u+v can be fromO0.85 to 1.
Furthernore, w+ x can be from1 to 1.1. The nunber of oxygen atons
(3[err]y) is defined by the val ence and nunber of elenents different from
oxygen. -8- Cerman Patent 197 02 619 -CB describes the preparation of
nonst oi chi onetric perovskites of the formula
Llerr]Merr]MWn[err]Co[err]OJerr] as cathode material for high-tenperature

fuel cells. Hoywemgin ﬁé&%n@eiﬁ RV Pgan atestﬁl%%%dtw pafegﬂafrta%ri%t of

i ndustrial process, nanely the production of ectric energ é ronttotal
oxi dati on of B IGONH G| RIEPEDrIIAT AL oihelaf PHRLHR £0203

conpounds by tae RIARYRE otnat;aelamveﬂsf O'Pnbﬁ-@;%fnbbﬁgtﬁﬁé atuel ema@

t enper at ur es, referabl gg %o 750[ err art|ﬁglarlyé@r%fera

from 250 to 5@%{"&?‘(‘?"& Fi BaVRoReeBf deé’&g@?ﬁii héri rsures
is |ikew se poﬁ@aﬁéﬁml¢ﬁe§&6b939ﬁ ﬂamﬁmﬁ_tnelg&dauctmmﬁf@famhﬁdhnnuJ.to
10 bar, can be_applie acess of the in tion, oxygen is
converted into° %%P nggm?g# %; ﬁﬁégﬁh Q& 3n§u§8253g?ed t hr ough t he

el ectrolyte to the anode and at the anode it is activated so that a
reaction with the or | Q con ed past accur n

al so be fed mﬁ“ﬁr(ﬁ} Cr% 0 G sol?’al%:} ectt of teorvgn n%?é%{c?t%erb abl e
to gas. The gathsetpracess Dﬁetaﬂodavepacencap kmmrhed @@Mp@&u?LﬂVaW%ﬂt gas
7 addi Ll on i OcbiSePLOGALE, COIBELIMLLD D)6l el 8L AP ©

of an apparatus tor carry out cfrocess of the Tnvention is shown in
Fig. 1. The caPh@ﬁ%IEbbﬁdf¥%m 2ddee GH€-applied to the electrolyte A

whi ch conducts oxygen ions. Here, care has

The application of superatmospheric pressures is
likewise possible; pressures of from 1 to 100 bar,

preferably from 1 to 10 bar, can be applied.

In the process of the invention, oxygen is converted
into an ionic form at the cathode and conducted through
the electrolyte to the anode and at the anode it is
activated so that a reaction with the organic compound
conveyed past occurs. The oxygen can also be fed in
through a porous solid electrolyte which is not
impermeable to gas. The gas stream in the anode space
can further comprise an inert gas in addition to the

organic compound to be oxidized and oxygen.

An example of an apparatus for carrying out the process
of the invention is shown in Fig. 1.

The cathode B and the Anode C are applied to the
electrolyte A which conducts oxygen ions. Here, care has
to be taken to ensure that an electrical connection is
achieved between the materials e.g. by heat treatment.
The two electrodes are supplied with electric power by
means of the voltage source D. The gas streams are
passed to or from the electrodes via an external gdas
duct G and an internal gas duct F, the cell being sealed

from the surroundings by means of seals E of the
external gas ducts G.



to be taken to ensure that an electrical connection is achieved between the
materials e.g. by heat treatnment. The two el ectrodes are supplied with

el ectric power by neans of the voltage source D. The gas streans are passed
to or fromthe el ectrodes via an external 2gas duct G and an internal gas
duct F, the cell being sealed fromthe surroundi ngs by neans of seals E of
the external gas ducts G -9- Starting material and oxygen are conveyed

as gas streamg@yafOiddenadbeeeal ad bXPg&eSaLEi BEnPEQEHChsId@sC)stirainenoved
ei ther by the pressur%ﬁof t he gas s%re%m a) or. hy means_of an apg;oprlate
reduced pressifik. tead r"’é}ﬁé%)coﬁn h&heatiesd tdidle REAAUDNSTRT ar,
oxygen or anoth@ro@&dgenthent Bynithe @resEuxkUlsT afltk | §as depreamdai)noaxygen,
renoved via the gas str ee-di_.nensi onal arran energttr%famanode,

eans _d). The th

cat hode and el t’i“‘o’?ﬁ}?eogsaﬁ‘otaplpégp?filéfcﬁdrfagufcle PEEEEEE Cor CESNT G- Tous
| ayers. It is la) senposisé bcathodeseitiebaareacdns st oo ft heipr oorggenf orhe
I nvention. Here node and cathode.materials are either . appli t ube
made of the el%%?gla?ﬁ gxggegx—garﬁg%}rtlue%bgaﬁa&g:% U ?%%r?‘gﬁag%ﬁ%t% or
exanpl e Al [ errif) exydeni sremovediedanitihie gppr sprieams Bayers. The necessary
power | eads are adapted appropriately. Furthernore, anode or cathode | ayer
can be configured as a woven fabric or a structured surface |layer with
regul ar depr esEhenshyeectémgnsbasal Therangénanngoéx amodes datiodeatadd he

i nvention withoyb EeSiyEE! BNt SrESOPE X AP £8it DlatdRIH Yddrik inu-
oxi dati on of propene (Conpar ative exanpl e)
ous layers. It is also possible to use tube reactors for
the process of the invention. Here, anode and cathode
materials are either applied to a tube made of the
electrolyte or a support tube made of an inert material
(for example Al,0;) is provided with appropriate layers.

The necessary power leads are adapted appropriately.

Furthermore, anode or cathode layer can be configured as
a woven fabric or a structured surface layer with
regular depressions or elevations.

The following examples illustrate the invention without
restricting its scope.

Examples:

1. Catalytic oxidation of propene {(Comparative
example)

A porous catalytic film having a BET surface area
of 16 m’/g is applied by screen printing and
subsequent heat treatment to an electrolyte film of
Lap. gSro.2Ga0.85sMgo.1502-. Pt is vapor deposited as
counterelectrode. The reaction temperature is
400°C. A mixture of 5% of propene, 5% of oxygen and
90% of nitrogen is passed at 2 1/h over the anode.

Air is passed over the cathode at the same rate.



A porous catalytic filmhaving a BET surface area of 16 nferr]/g is applied
by screen printing and subsequent heat treatnment to an electrolyte film of
La[err]Sr[err]Gferr]M[err]dJerr]. Pt is vapor deposited as

count erel ectrode. The reaction temperg@ture is 400[err]C. A m xture of
5% of propene, 5% of oxygen and 90% of nitrogen is passed at 2 1/h over the
anode. Air is BPesgktsover the cathode at the sane rate. - 10 - Results:
Anode material (catalytic film Acrolein formation [muol /h*g] Mo err]
0. 05 Mo[ err] BifferriFeCoferriCaierriKerricer+i 025
Mo[err] Bi[err]iN [ embli&ahstieri®l [ @dathif i 1f¥ahg r] Y eiddolein Boration
El ectrocat al yt|i c oxi dati on of pr opene under Faradaic conditigns A
porous catal ytlic filmhaving a BET surface area gf 16 retihied s
applied by 9dcreen printing and subsequent hedt treatnent to an
electrolyte fillmof Laferr]SrM%] Ga[err]My[err]Q[err]. OPP5S is vapor
deposited as jcounterel ectrode. The reaction tenperature 'S
400[err]C. A} m xtur ¥o:Bdf sFeP0.Qh o256 09@Ne  and | 95% of 0n2%rogen i
passed at 2 |/fh over the anode. AT 1S passed ovgr the cathode at theg sane
rate. The appl|i edMwBlii atjé: §-8r0 :0ni (Kl disNay he, oxigen ion bDlax is 1 V.
Results: Anode naterial (catalytic fItm Actotermm formation ol / h* g]
Mo err] 0.75

Mo[ err] Bi [ err ] FeCo[ Ble¢d¢adetdiKftdicr | Oxikdation  of0 . $ropene  under
Faradaic conditions

A porous catalytic film having a BET surface area
of 16 m’/g 1is applied by screen printing and
subsequent heat treatment to an electrolyte film of
Lag.gSrp.2Ga0.85sMJp.1502. Pt is vapor deposited as
counterelectrode. The reaction temperature is
400°C. A mixture of 5% of propene and 95% of
nitrogen is passed at 2 1/h over the anode. Air is
passed over the cathode at the same rate. The

applied voltage for controlling the oxygen ion flux

is 1 V.
Results:
Anode material (catalytic £ilm) Acrolein formation
[mmol/h*g]
M003 0.75
Mo3Bi, 2sFeCo,Cag. 025Ko. 0250 0.45
Mo;3Big.25Niz. 07F€0.49512.5Ko. 0125Na0. 03750 0.85
3. Electrocatalytic oxidation of propene using oxygen

in the starting material stream

A porous catalytic film having a BET surface area

of 16 m?’/g is applied by screen printing and



Mo[err]Bi[err]Ni[err]Fe[err]Si[err]K er]Na[err](err] 0.85 3.

El ectrocatal yti c oxidation of propene using oxygen in the starting materi al
stream A porous catalytic filmhaving a BET surface area of 16 nferr]/g
is applied by screen printing and - jgubsequent heat treatnent to an
electrolyte filmof La[err]Sr[err]Ga[errMy[err]derr]. Pt is vapor
deposited as count enbbeduenticheat Theeatmeast i bn aneebmetm&ﬁe fiiskm of
400[err]C. A m xtur faPY en 5%, pf yg tr nis
passed at 2 |/h oveF%é1 Q/Qrzl@& %%% 15625 a?s)gedqéve e cg%ﬁ %Itd t%%’esarre
rate. The applied vSPPBEJ%r‘F%?CEE‘ﬁ@fF ol | |Tr113@ t heeagyyem | @#mplemtilgeo 3isv.

Under these conditiqogsc! e @l e6lFd-o £ SRl propdf@CiHE o & &nhd
under Far adai c CF itions. Results: Anode rraterl al (cat aI ytic film

Acrolein formati on théfrﬁgepeﬂﬁlpassed at 2 1/h over the anogle.

Nb[err]B'[err]FeCD[Qﬁf]@ﬂ}ﬂdiﬁédrbcéﬁrkhe catHode lat the same rate
Mo[err]Bi[err]N [er FL;;( err. err Na[err]CIerr]

CLAI MB: Pl ease amen feﬂs Vé?& ; cantrq dé?&l)e R"Mg@é‘eslsorf or

t he el ectrochem cal fdmxdam oRn3o0¥. aUndégaﬁhéséoﬁﬁﬁaﬂﬁlowmhé|él(35d3tﬁ:354 ng a
m xt ure contai ni ng ni c ound and oxygen over .an anqde and

oxi di zi ng said corrp%gﬁr&?'%%ft he %?%gte%e of P&t |t roPViigr [a?ﬁjaliaﬁéalé:node
materi al and a cat hedsdithensin said anode nmaterial conprises a nixed oxide
of the formula (1) MJferr]Bi[err]Xerr]Xerr]Xerr]Xerr]Xerr]O

Results:
Anode material (catalytic £ilm) Acrolein formation
[mmol/h*g]
MoO; 2.5
Mo3Bi; 2sFeCo2Cag. 025Ko. 0250« 1.1
Mo3Big.asNiz.07F€0.49512.5K0. 0125Na@0 . 03750x 3.2




'Wne're Xerr] isV, Nb, O, W Ta, Ga, Ce and/or La; Xerr] is Li, La, K

Iﬂ and/or Pt; Xerr] is Fe, Co, N and/or Zn; Xerr] is
Cﬁlmﬂﬂmwmﬂu X[err] is T| Zr, Si and/or Al, vvhere ais.0-3; cis

.B5r dtist0-"; 5 e*is 0-1.5; f is O- 1 [ and] @epr:is
deternlned by the val ence and number- df2 ef ement Tﬂﬁﬁ$ rom gxygen in
formula (1); wth the proviso that a+d[err]0. 15 REPRA -ocess of
Claim 1, wherein caaiichsel ectrolyte is a solid whi conducts oxygen ions. 3.
The process of Caim 2, wherein said solid which conducts oxygen ions
conprises a netal oxide. 4. (Anended) The process of Caim 3, mhereln said
solid which condutts dxygsacessns fiox atb%rcﬂkﬂqunQCbﬁm%¢ﬁ#'f@ﬁﬁﬁP%??Wl)°

La[err] X[err] X[ err] My ahg:eEF)}npounds whereln the anode materidll [ysather e
Xerr] is Ca, Sr, Ba; Xerr k is 0.1-0.7; with

the proviso that i+k=0: gim%xe$ ?%}Qf §f0t§e ﬂ?T@P%? 1 0.7; and, nis

determ ned by the val ence and nunber of elenents dlfferent fron1oxygen

MO,BinX' X aX’ X! £X°40n (1)

where

x! =V, Nb, Cr, W, Ta, Ga, Ce and/or La,
Xx?* = Li, La, K, Rb, Cs, Cu, Ag, Au, Pd and/or Pt,
X} = Fe, Co, Ni and/or Zn,

x* = Sn, Pb, Sb and/or Te,

X> = Ti, Zr, Si and/or Al, where

a = 0-3,

b = 0-3,

c = 0-12.5,

a = 0-5,

e = 0-1.5,

f = 0-1 and

g = 0-25

with the proviso that a+d=0.15.

2. The process as claimed in claim 1, wherein the
electrolyte used is a solid which conducts oxygen
ions.

3. The process as claimed in claim 2, wherein the
solid which conducts oxygen ions comprises a metal
oxide.

4. The process as claimed in claim 3, wherein the

solid which conducts oxygen ions is a perovskite of
the formula

La;X%X 1MgrOn (I1)
where
x¢ = Ca, Sr, Ba
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in formla (I'1); with the proviso that 1+m= 1-1.1. 5. The process of Claim
2, wherein said SO|Id whi ch conducts oxygen ions is ZrJerr] or Ce®; and

TN > v 2 S5 e e

Y[err]d etr] Yb err]err] or GdlerrfGérr]. - 14 - 6. (Amended) The
process of Claim2, wherein sai d solid which conducq SH%%HEF' TORsS—+S5—a
pyrochl ore corrpound ofy7t he fegmuha (111) ' H___'J HAS BEE!
(Ln[err]X[err])[err](X[err]ngerré?_n[;err]Qerr] REPLASE (I
where Ln is La, Ce, Pr* Eu, &d, Th, Dy, Ho, Er, Tm Yb~or Lu;

Xerr] is My, Ca or Srk X[=err0] 1-6.Ti or Zr; X[err] is Fe, Al, Sc, Ga or Y;

ois 0.4-1; pis 0-0. gogls(ga%g]r 1+ks 6; and3|s det erm ned
by the val ence and nu er o eFerrents férent rom oxygen in fornual

(I11) 7. The process of O%iM-2-ORerein said cathode is a netal. 8. The
process of Claim?7, whereih gai1docathode is silver or platinum 9. The

process of Clainms 1, wherein sald cath onpri ses .one or nore netal
oxi des or a nmixed netaf*'dki t&’éa rovisq gt aer’lg my An'injdeld) The process of Claim
9, wherein said cathode is a perovskite of the formula

La[err]X[err]X[er 1 X XLepkLk ert (2\/) i XEger] is
Ce, Pr, Nd, [3 Ee'f‘l'ic%;db?B 129‘; s] cl%med_l_ in clalm & w 1
solld which conducts oxygen 1ons 1s 7Zr0O, stabilized

by CaO, Sc;03, Y203 or Yb,0; or else Ce0O; stabilized
bY La0,, Y04, ngo-\ or Gd303.

6. The process as claimed in claim 2, wherein the
solid which conducts oxygen ions is a pyrochlore
compound of the formula

(LnoX®) 2 (X°g%'%r) 20, (III)
where
Ln = La, Ce, Pr, Nd, Pm, Sm, Eu, G4, Tb, Dy, Ho,

Er, Tm, Yb or Lu

x® = Mg, Ca or Sr,
X = Ti or Zr,
X = Fe, Al, Sc, Ga or Y,
o = 0.4-1
p = 0-0.6
a = 0.4-1
r = 0-0.6.
7. The process as claimed in any of claims 1 to 6,

wherein the cathode used is a metal.

8. The process as claimed in claim 7, wherein the

cathode used is silver or platinum.

9. The process as claimed in any of claims 1 to 6,

wherein the cathode used comprises one or more

metal oxides or a mixed metal oxide.
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rr s Ca, is M, Fe; Xerr] is G, Co, Ni, Al; t is
\m“\m‘mm\m\!ﬁmo 1-0. 4, vmth the proviso that t+u+v[err]1l; wis

0 6 1 1 s 3[err]y is determned by the val ence and nunmber of
el enent s “di ferent fromoxygen in formula (1V); - "pr Wi sa’t hat
wtx[err]1l.-- 11. The process of O ai m1ll4wherein sird: el) tr‘othem cal
oxidation is carried out at tenperatures of from 200 f‘b' OL‘grr]C 12. The
process of Caim1, wherein said el ectrochen cal oxi "dation is carried out
at tenperatures o?ofro 250 to 500[err]C. 13. The process of Caiml,
wherein said el ectPochEiF c&F 58P fatiSonclaimest rind cdadimatd prebergios shefrom
1 to 100 bar. 14. The prtheds uwskedChiai angderotaeh ek Nosaink Foertitgcheni cal

oxidation is carried out at pressures of from1 to 10 bar.

LacX',x!2,x1,0, oy (IV)
where

X" = Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er,

Tm, Yb or Lu,

x1? = Ca, Sr, Ba,

x* = Mn, Fe,

x* = cr, co, Ni, Al,

t = 0.5-1,

u = 0-0.5,

v = 0.1-0.4

with the proviso that t+u+v < 1,

w = 0.6-1.1,

x = 0-0.7

with the proviso that w+x > 1.

11. The process as claimed in any of claims 1 to 10,
wherein the electrochemical oxidation is carried
out at temperatures of from 200 to 750°C.

12. The process as claimed in claim 11, wherein the
electrochemical oxidation is carried out at
temperatures of from 250 to 500°C.

13. The process as claimed in any of claims 1 to 12,
wherein the electrochemical oxidation is carried
out at pressures of from 1 to 100 bar.

14. The process as claimed in claim 13, wherein the

electrochemical oxidation is carried out at pres-
sures of from 1 to 10 bar.
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