0. Z.« 0050/ 50984 -1 As originally filed *159159* Oxi dation reactions
using m xed conducting, oxygen selective nmenbranesOThe POBEERDOBAVenti on
telates to the field of het er ogeneous cdt al ysis. Mre particularly, the 5
present invention relates to oxidation reactions carried out over a

het er ogeneous catal yst nounted on a m xed conductive ne lmmmm ,mmmwum .
menbr anes Amaﬁigsnayj;yﬂbdon conductivity as well as sele ivity
for oxygen ions. Oxygen perneabl e nenbranes whereby oxygen megoie
selectively transported through the 10 nenhranes are well known. Such

menbr anes e. it possi.ble to separate oxygen fro ont ai ni ng
m xtures w CRIggtpa rea 4’?&'?Se'fséﬂﬁ V"gas@Bﬁgct“ég nie?ﬁéeg Fﬁ’é’f‘?‘?ﬁl ty is due

to the mgration of Oz™ 1onsS through a 'ayer cOnMpoSed oOf certain ceranmc
materials. Before the. oxygen passes through the nenbrane, electrons are
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The cer anifeo Ii*hméxeﬁfscﬁflﬁhéﬂﬁ‘él Mppbrangy ucrhsmgmbr@nmq;ms elsaipruenpsiuetivity
transitiong wmtaalsaectm%gdﬁb@wﬁyim dagg@l ohystal | ographi c vacancies in the

| attice for oxygen ion transport to take place. 2 0 These lattice
vacanci es can be produced for exanple by replacing nmetal ions in a given
oxi de wi t lDxygas peineableenanbrenesweticeetyyoxygen mag bessledivily tansporeddi theugh shepl e
manner , QZ" c | [ dtot eother
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Usi ng such a material as an oxygen sel ect’i ve rane provi es a materi al
enabl i ng (&S8R peﬁrse%émqg e membraggeloctigns w&éranefegpw the gxygen on
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circuitry, 1t een propose ranes posse
conduct i vﬂ’taflSBi%T t\ﬂéiﬂie Rlaceoxi de i on conduct ivity. This is generally achieved
on addi ng a second conponent possessi ng good electron conductivity 3 5 to

t he cggam’ ma%r ane. Pal | adi um | at.i hum S|1I \{’F" %ol d or. conducti ve

oxi di €0 COSEUHER oYcRHkscCag, beobBhCeffeipE Pkample b aplaeie metilsions fibf BIHATS

pur pose. TDiide withdsny bf eorhe ctK8D0ARRAEY. This creates in a relatively simple manner O*
vacancies via which the oxide ions are transported to the other end of the membrane.

The best-known oxygen selective ceramic material is ZrO,, where oxide ion conductivity is

generated by partly replacing the tetravalent zirconium with trivalent yttrium or divalent
25  calcium ions. Using such a material as an oxygen selective membrane provides a material

enabling the transport of O® ions. The material has no electron conductivity. Such a

material is accordingly in itself not capable of transporting oxygen. If oxygen is to be

transported through a membrane composed of such a material, an external circuit has to be

applied to electrodes mounted on both sides of the membrane in order that charge
30  equalization may be ensured.

To eliminate the need to apply external circuitry, it has been proposed to produce
membranes that possess electron conductivity as well as oxide ion conductivity. This is
generally achieved on adding a second component possessing good electron conductivity
35 to the ceramic membrane. Palladium, platinum, silver or gold or conductive oxidic
compounds of these or other metals are frequently used for this purpose. This gives rise to
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O Z.. 0050/50984 . - 2 dual phase nenbranes. These are disclosed for
exanpl e in EP-A-399 833. EP-A-399 833 describes inbez. adldR0£5@284 on
conducting as well as oxygen sel ecti.ve @erbranes conprising a m xture of
from25 to 99% by volume of yttriumdoped zirconia and from1 to 75% by
vol ume of dpdl phasemembBranks. nbweie atalisclosed farerrampkedni EP-4x3a8330 EPrA2€0i833s i n
whi ch oxy and
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menbr anes 41 ous oxi dati on reactions, for
exanpl e the productl on of ethylene oxide or propylene oxide fromthe

respectiv e i : |ef|
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conprising a plurality of different netal ions and of a catal yst appl i ed
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conver si on f sul fur oxides into. sul fur and % 98/41394 teaches

an oxide Peshulsioy wariquy P P AReetios.t 198 e@ié‘ﬁB‘Pa‘lhefRfPﬁiﬂ?ltlan thylene, Aride ok | s
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?;ngg;ef ?Lmt%g {Haﬁn%coup?ggn?ﬁl%thalné8r0thgroal?€anes nickel and copper, and S

EP-A-663 232 describes a mixed conducting, oxide ion selective membrane comprised of a
metal oxide comprising a plurality of different metal ions and of a catalyst applied thereto.
The oxide preferably comprises bismuth, barium, vanadium, molybdenum, cerium,
ruthenium, manganese, cobalt, rhodium or praseodymium ions. The catalyst is preferably
30 formed of a metal selected from the group consisting of platinum, palladium, gold and
silver. The membrane catalysts thus obtained are useful for various oxidations, for example
the conversion of methane to syngas, but also the conversion of oxides of, for example,
sulfur or nitrogen into the respective elements, for example the conversion of sulfur oxides
into sulfur and oxygen.
35
WO 98/41394 teaches an oxide ion selective membrane of the general formula ABO,,
where A is one or more of calcium, strontium, barium, yttrium and lanthanum, B is one or

more of chromium, manganese, iron, cobalt, nickel and copper, and & ranges from 0 to 0.5.



- 3. OZ 0050/50984 The nenbrane has a catal yst on both sides, nanely a
catal yst for activating oxygen en one side and a thEoc@@b@x’ﬁ@%ﬂl al

oxi dation catal yst on the other. A cataByst of such a conmposi tion is useful
for exarrpl for sel ectlvel carrying out the partial oxidation of nethane
to car bon Yty 8R both syggsgugmel 2 gatglystior petivating @xygasromesitor ane
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catal ysts, 10 both oxidic and netallic, that can be applied to such
menbranes are di scl osed. However, all the oxidation reactions nentioned in
the above-WOr9R 1649 dessibes aaw@t(gén@n@amycmmseédnf@ummd chndyistingnprddaianr es,
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oxidation reactions is thus generally restricted to oxidation reactions
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conduct i nglsocbmmdﬁiat@eiaﬁeél;ewwmpeﬁtmc menbr ane of the conposition

(Sr, XCax), YAy, Wvn, ZBZ03_S, where Ais Ba, Pb, Na, K, Y, an elenent of the
| ant hani de group or a conbination thereof, 35 Bis My, Al, G In, Sn, an

el enent oflt iske djecoef e esenemventian togmvidasuchra teaetorofembraref Hohll 2¢teid. 8,

yi sfromx @Q. %rev?od-sﬁf knsm Oadbﬁltggeg’ofaQ)Qdation catalysts applied to mixed conducting

25 membranes. This is in particular the elimination of the need for an air separation in those

cases where the particular oxidation reaction has to be carried out with pure oxygen. In
addition, the selectivity of the oxidation is frequently enhanced by making the oxygen
available as lattice oxygen at the catalyst/reaction gas phase boundary. Unwanted
secondary reactions taking place homogeneously in the gas phase are suppressed.

30
We have found that this object is achieved by a reactor membrane comprising a selective
oxidation catalyst on a mixed conducting, oxide ion selective ceramic membrane of the
composition (Sr,,Ca,); ,AMn, ,B,O, 5, where
A'is Ba, Pb, Na, K, Y, an element of the lanthanide group or a combination thereof,

35 Bis Mg, Al, G, In, Sn, an element of the 3d or 4d series or a combination thereof,
x is from 0.2 to 0.8,
y is from 0 to 0.4,
z is from 0 to 0.6, and



- 4. OZ 0050/50984 S is a nunber, dependent on x, y or z, that renders

t he composition charge neutral. This invention fur@her @roVise3s4or the use
of the above-described reactor nmenbranedin oxidation reactions of

hydr ocar bons using oxygen. 5 The reactor nenbrane of the invention or its
use in oxfdva henberedependans onake or Zithg erslets the campenitinoehatgegwstraleact i ons at
previously inpossible tenperatures. This tenperature range extends in
particul ar, from 350 to 450C. A decisive aspect of the reactor nenbrane
accor di ng T8 iPKentionJarbsroproyvisles fer the sl o dhraaverflgscriber deagtemmeatbeaei e
menbr ane. oﬂ;ﬁaﬁdﬁﬂfewtldﬁb&Eﬂydrombtﬁtslugglgrmp@é@nes i ncl ude the m xed conducting
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smal [ er ionic. radl n strontium ri

this way, aapding to theinvgntien kike wixed cmduyﬁpal axide ien ﬁﬁdww& TRRIIARE-t he
conposition Sr, XCa,~Mh3_S. If desired, a further ion snmaller than
strontiu |det|f|ed above as A ¢ elnc porated. This furt ion A
i s sell%cgpg&ﬁ% HrongHcIing TemLiAged iglugf themied c R&uctlvegamnhranepr@sgm| ting
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and S are e Furt ese can

and, S o R A eASLAIC A0 SHA O Y NEHACYy JRASBRI SR A°lRRLEY,
as B herethqbedilmbllB}’@admth@@Xadeleneﬁmmabrblﬂythe 3°d main group, preferably
Al3+, Ga3+ or I1n3+ or an elenent of the 3d or 4d series, for exanple Fe3+,
CoZ+ or 2 5 Nit+, The partjcul ar advantage of incqrporating a netal of

val endy <Xhgse forsign ’«9§E|I11%‘i‘?ﬂj Firshhie Fatiop iy g & smaller denie gedippthanp jsigpntium. If

| ncor por atheas®matedial mn&hged/astmwapmﬁslscaﬁdémm a@rkfagcato a‘)mlmal @bmpound

Srvh, 7B where z .an s d n above. urt.her
modi f i catZ]93 ng g’FrCBH‘[pPﬂH?’éSB %@é@@s&%ﬁfﬁ ‘ﬁ f?’glfﬂ Amal] er Sérﬁat“t“ﬁémgarre
tine. Thi sleptifbetuateyeaspoamtls imfordrated)chids dibrtfeorioniAais selected from the group

S XCa j d
Cbove, onboneiihiBe BETER S K 3O o1 ceﬁ‘é@“gc‘;fg&ﬂﬁ%?‘aﬁ@@e EaRf Bl 917
di f f & onclokfA M@ whete xaeud O pee each gy defingdaberg-ai ned at as | ow as about

220C. This makes it technologically interesting to use such nenbranes as
part of gactor nenbr anes for ngcu ve, cat al, étl C 5 oxi dati.ons art

m xed con et antas Cﬂ%\?s reppfedcwith grFati ’Prﬁ‘éY‘&gd‘r]é‘égeSm@ra%P%tté“ﬁct |y
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preferably Al**, Ga*" or In** or an element of the 3d or 4d series, for example Fe**, Co®" or

25  Ni*". The particular advantage of incorporating a metal of valency <4 is the resulting higher
conductivity for the material. Incorporation of cation B gives compounds of the general
formula StMn, B0, 5, where z and 8 are each as defined above.

In a further modification, strontium and manganese can be replaced at one and the same
time. This produces compounds of the general formula (Sr,,Ca,), ,AMn, ,B,O,5, where x,
30 y,zand d are each as defined above.

One advantage of such mixed conducting membranes is that O, diffusion coefficients of
about 10”7 ¢m®/s are obtained at as low as about 220°C. This makes it technologically
interesting to use such membranes as part of reactor membranes for selective catalytic
35  oxidations. Prior art mixed conducting membranes have application temperatures >700°C,

distinctly too high for such selective catalytic oxidations.



The .nenbr anes descri bed may include other materials that conduct oxide ions
or electrons. To preserve the advantageous propertDe&.oD0bhg50064r ane,
however, it should account for nore thard X0% by vol ume of the ceramc
material according to the invention. Furthernore, the nmenbrane descri bed
can be appiicsrembranessissesibed sugypaeludaether materialh thaé corstuet dxideionsnr Slectamges
from 10 t ooBe¥erdddie aﬁ‘?ﬁﬁt uQEro%@fti%@@f ﬁﬁ%élﬁ&tah@ rhojvx%gelzﬁ Sﬁl%?ldSac\%'ﬁJﬁ Ror

refers to the m xed on uc Oggh nmbrane and Its _preparation forns an

i mpor t ant merg t hawt@ q%argwég%?ﬁahaﬁ%ﬁlpgéqﬂhgn@vqngop usthsurereed
herei n by th@frﬁfrﬁ:m dei&ltﬁeldaﬁtbev@pﬁed a4 pordus stdoySthbteihll Whosedsoz® fidktich t O
the i n;a/entl on fr%?nnl(f)% @Q{Fﬂ ied to the above-descri bed nenbrane i ncl ude

sel ect Pve "FEFETHN O 'ysts that are used in the commonly known oxi dation
reacti ons of hydrocarbons. Exanples of such oxidation reactions and the
catal ysts Wnbe A4 R

acrylonitri eg%a%lg Ofrs'?s use %gz\%tém%ﬁ% corr%%gﬁqla{]r{%rs\/&?R@%quo‘f‘onducm}igrrpl e,
where X i dnggb orangandAgs nr]eparg(]lon fz»rms an 1m]|\m‘tan]:@nd m@pygre@@art%thq\]presqngmvpmlorsb
Be, B-~, Igndqgemc oS HcRdih 8 rétbrehée catal ysts of this type is given in
EP—A—? 3 836. 20 Amoxi datlon of propene to acrylonitrile M-, Bi- and
Fe-contai ning catal ysts can be used for exanple. These are descri bed for

exanpl e i rBekdetive SRidatidiz caﬁl)&tsAWhmhj dedording ab the rMuavenkiyh.ecm be a@plﬂed to the
Sbh- cont ai d X c I st s

descri bed%gge g%gﬁt%/ds%e&% Z\SU% 2%&“&5% (%H?lt@ﬁl g'{‘%#t%ﬁk‘ ¢ R uf ﬁlée or
but adi ene cpmmmﬂbfkn@wanhyldaﬁlm reacoitk ol i hy dyesarbgnsinExamples of such oxidation

phOSphOfU%ee?e%ﬁ@éﬂ?l‘tﬁ&c@tﬁ&@t‘s%écﬁwﬁﬁ{bvp@eg&%ﬁj as described for exanple in
EP- A- 646 045. Oxidation Of o-xylene to phthalic anhydride

Ammoxidation of propane to acrylonitrile

Catalysts used have the composition Mo-V-Te-X-O, for example, where X is Nb, Ta, W,
Ti, Al, Zr, Cr, Mn, Fe, Ru, Co, Rh, Ni, Pd, Pt, Sb, Be, B, In, Ce. A descrlptlon of the
catalysts of this type is given in EP-A-603 836.

20
Ammoxidation of propene to acrylonitrile

Mo-, Bi- and Fe-containing catalysts can be used for example. These are described for
example in EP-A-807 622.

25  Ammoxidation of 0-m-p-xylene

V- and Sb-containing catalysts can be used for example. Such catalysts are described for
example in EP-A-222 249.

Oxidation of n-butane, n-butene or butadiene to maleic anhydride

30 Oxidic vanadium- and phosphorus-containing catalysts can be used, as described for
example in EP-A-646 045.

Oxidation of o-xylene to phthalic anhydride

Oxidic vanadium- and titanium-containing catalysts are used for example, and they are
35  described for example in DE-A-197 07 943,



xi di ¢ vanadium and titani umcontaining catal ysts are used for exanple,
and they are 3 5 described for exanple in DE-A 197007. 9a350/5088D. Z.

0050/ 50984 Anmoxi dation of o-xylene te phthalonitrile V- and Sb-contai ni ng
catal ysts can be used for exanple, as is described for exanple in EP-A-222
249. 5 OxiAdnpxyAal] ERRC OPNHANIEIY Her e, oxi di ¢ nol ybdenum, bi smut h-
and 't on- §oMnd! SH-Séhisifing| AP BEusEtdr ASmbR, B RCIARABL R LHARRIF 1N
EP- A-575 %g,? 2?3?,- ghase oxi dation of acrolein to acrylic acid 10 It is
advant age éAT 4& Mo- and V- cont ai ni ng catal ysts, for exanple those

di scl osed in EP-A-17 000 or EP-A-774 297. Oxidation of nethacrolein to

nmet hacg yl i ; aci ﬁ i i: I!é denum, phosphorus- and vanadi um cont ai ni ng
cat al yétslog“&%og? .XS b to.dctd gdescri bed for exanple in EP-A-668 103.
Oxi dat i ve H¢ehyakidigemelybdensim-n bigenwth-atnd éoh-cknteiming xgtdkylts deangbm asédyras is

cat al yst s ygaRsQefireeinndth Ep-Alshy §§-pgenat e propane to propene, for exanple,
oxi di ¢ nol ybdenum andp cobal tcontai ning catal ysts are used. This is

descri bed for exanple in WD 99/42404.
Gas phase oxidation of acrolein to acrylic acid

10 It is advantageous to use Mo- and V-containing catalysts, for example those disclosed in
EP-A-17 000 or EP-A-774 297.

Oxidation of methacrolein to methacrylic acid

Cesium-, molybdenum-, phosphorus- and vanadium-containing catalysts are used. This is
15  described for example in EP-A-668 103.

Oxidative dehydrogenations

In general, all known oxydehydrogenation catalysts can be used.

20
To dehydrogenate propane to propene, for example, oxidic molybdenum- and cobalt-
containing catalysts are used. This is described for example in WO 99/42404.

Butenes can be dehydrogenated to butadiene using for example oxidic antimony- and iron-
25  containing catalysts. This is disclosed for example in US 3,445,521.

To dehydrogenate ethylbenzene to styrene all known oxydehydrogenation catalysts can be

used.

30 The oxidative dehydrogenation of methanol to formaldehyde is carried out using oxidic
iron- and molybdenum-containing catalysts, as is disclosed for example in DE-A-24 42
311, EP-A-423 692 or EP-A-591 572.

The membrane-mounted oxidation catalyst is most simply porous and/or has been applied
35  to a porous material. In a preferred embodiment, the oxidation catalyst is a material which
is itself mixed conducting and oxide ion selective. The advantage of such an embodiment
is that in this case the catalyst can be applied to the actual mixed conducting membrane



But enes can be dehydrogenated to butadi ene using for exanple oxidic
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20  described above, but that the membrane can also be present in other geometries and forms
known to one skilled in the art.

The oxidation catalyst is applied to the membrane using customary methods known to one
skilled in the art. These methods include for example sol-gel deposition, sputtering,

25  precipitation, crystallization, chemical vapor deposition, physical vapor deposition or slip
coating. After this catalyst has been applied to the membrane, the product obtained is
brought into the ready-to-use state by customary methods, for example by heat treatment,
at high temperatures which lead to sintering, including in specific gas atmospheres, for
example inert gas, oxygen or air.

30
The ready-produced reactor membrane according to the invention is then used in the
particular oxidation reaction where an oxygen-containing fluid will contact the membrane
on that side which is not coated with catalyst. The oxygen-containing fluid used is air or air
with modified oxygen fraction, although in each case further components, which may be

35  vaporizable, can be present. The pressure acting on this fluid is from 0.1 to 100 bar,
preferably from 0.6 to 50 bar, most preferably from 0.6 to 30 bar.
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appropriate shape, of course, Some of the tubes are used for cooling, according to the

above-explained methods. Preferably, such cooling in a tubular reactor takes the form of
evaporating a suitable medium.

The reactor membrane of the invention can be used in customary reactors made of

35  materials known to one skilled in the art. Examples of such materials are carbon steel,
stainless steel or Hastelloy. It is particularly advantageous for the membrane to be used in a
reactor made entirely of ceramic materials. This eliminates any problems due to differences
in the expansion coefficients of the reactor material and of the membrane material.
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Thermal treatment led to a dense layer from 1 to 2 pm in thickness.

This layer on the inside of the tube was dip coated with a suspension of 235 g of (VO),P,0,

(prepared according to EP 39 537), particles having an average size of 5 um, 800 ml of
25  water and 100 ml of glycerol as adhesive to form a catalyst layer about 50 um in thickness.

The applied catalyst layer was dried and the adherent glycerol removed by heating the

coated tube at 110°C for 5 h and then at 250°C for 10 h.

A stream of 10 standard 1/h of n-butane was directed through the tube. The outer surface of

the tube was contacted with 50 standard I/h of air. The two gas streams were preheated to
30  420°C prior to entry into the reactor. The reactor membrane was likewise temperature

controlled to 420°C.

The resulting reaction mixture was analyzed by gas chromatography. Maleic anhydride

was found to have been formed at a rate of 0.1 mol of maleic anhydride per hour per m? of

membrane surface.



The .applied catalyst |ayer was dried and the adherent glycerol renoved by
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reactor nenbrane as clai gi inclaiml that is flat or has a tube geonetry

with 15 internéllsﬁ?lgg)ef@rn@ from4 to 100 nm 3. A reactor nenbrane as

clainmed in cl ayis fromr0 t8d Owherein the catalyst is a porous |layer or itself

has m xed condygt . ’0t8)6i.§%n. on selective properties. 2 0 4. A reactor
n-an

menbrane as clai ned i of clainms 1 to 3 wherein the catal yst has been
appl i ed to sai 8inenwmbsredspendent gy ary aid 2 Khat sendersghe ¢@npositionicharpe neutral.

2. A reactor membrane as claimed in claim 1 that is flat or has a tube geometry with
15 internal diameters from 4 to 100 mm.
3. A reactor membrane as claimed in claim 1 or 2 wherein the catalyst is a porous

layer or itself has mixed conducting, oxide ion selective properties.

20 4. A reactor membrane as claimed in any of claims 1 to 3 wherein the catalyst has

been applied to said membrane in a layer thickness from 10 A to 1 mm.

5. A reactor membrane as claimed in any of claims 1 to 4 comprising an oxidic
interlayer from 10 A to 10 um in thickness between said membrane and said

25 oxidation catalyst.
6. The use of a reactor membrane as claimed in any of claims 1 to 5 in oxidation

reactions of hydrocarbons in the presence of oxygen.

30 7. A use as claimed in claim 6 wherein the oxidation reaction is carried out at from
200 to 1200°C, preferably from 200 to 600°C, most preferably from 300 to 500°C.

8. A use as claimed in claim 6 or 7 wherein the oxidation reaction is an
ammoxidation, the synthesis of maleic anhydride or phthalic anhydride from linear
35 C, hydrocarbons, preferably n-butane or n-xylene, the synthesis of (meth)acrolein

or (meth)acrylic acid from the corresponding hydrocarbon or an oxidative
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