2 3 MAY 2004 Oxidative reactions using nenbranes that selectively conduc
oxygen The present invention relates to the field of heterogeneous ZBW\Y 2004
catalysis. More particularly, the 5 present invention relates to oxidation
reactions carried out over a heterogeneous catal yst nmounted on a m xed
conductive nmenbrane. Such nmenbranes possess el ectron conductivity as' well
as sel ective conductivity for oxygen ions. Oxygen perneabl e nenbranes

wher eby oxygen nay be selectively transported through the 10 nenbranes are
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Pal | adi um platinum silver or gold or conductive oxidic conpounds of
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oxide with ions of some other valency. 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
cnabling 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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for exanpl e conver on
useful in various oxidation reactions, for example the production of ethylene oxide or
propylene oxide from the respective olefin, the oxidative dehydrogenation of moncolefins
or the oxidative coupling of methane or other alkanes.
25

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.
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the oxygenalso be used at relatively low temperatures.

It is an object of the present invention to provide such a reactor membrane. It shall retain
the previously known advantages of oxidation 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, B0, ;, where
A'1s 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,
xis from 0.2 to 0.8,
yis from 0 to 0.4,

z1s from 0 to 0.6, and
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20 Ca), , AMnO, s where x, y and & are each as defined above.

Furthermore, manganese can be replaced with a cation having a larger ionic radius, this
cation being referred to as B hereinbelow. B can be an element of the 3" main group,
preferably AI**, 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, ,B,0, 5, where z and § 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,), A Mn, ,B,O, 5, where x,
30 vy, zand d are each as defined above.

One advantage of such mixed conducting membranes is that O, diffusion coefficients of
about 107 cm¥/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.
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t he c%al yst t type Is given in 603 836.

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 o-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,
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dehydr ogenate pr opane to pr opene, for exanpl e, oxidic nolybdenum and
cobal t - corfadation! emethactolein temethaewdic adidi s i s described for exanple in WO

99/ 42404.  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
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The oxidation catalyst 1s 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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reacti 6ff moxy ‘%WENPgﬁ@%Vﬁ@HF@“B$ this fluid being beIOM/that of the
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membrane. Boiling will in many cases provide effective cooling to the membrane. It is also
possible to cool by heat transfer between either or both streams leaving the reactor and the
25  corresponding streams entering the reactor. Such an embodiment has the advantage that the

excess heat evolved in the oxidation reaction can be used for heating the reactant mixture.

In a preferred embodiment of the present invention, the oxidation reaction takes place in a
tubular reactor, in which case the reactor membrane of the invention has to have the
30  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.



20 oxygen fraction, nitrogen or ammonia. A cooling effect can also be

provi ded by provi d| ng a boiling nmedium on one side of the nenbrane. 4 3 MAY 2004
Boiling will in many cases provide ef f éctd ve cool i ng to the nmenbrane. It is
al so possible to cool by heat transfer between either or both streans
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the art. ‘h materials are carbon steel, stainless steel or
Hast el | oy. It is particularly advantageous for the rrerrbrane to be used in a
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due to difference pansiron coe ients of the reactor materi al
and of the menbrane material. - 9 2 ' MAY 2006 The inventive reactor
menbr anes W.thnidhe applied oxidation catalyst can be used with advantage
i n oxi daticms*‘rng the tenperature range from 200 to 600C, preferably from
300 to 500C. This is not possible with prior art nenbranes. The reactor

nmenbranes BEQHh Y nSbutdhelii @n pLiASRH mbM¥RAE r@Bior however, are al so useful,
it wl Lrébe appreciated, in oxidations at tenperatures higher than

i ndi ca for exanple up to 1200C. The reactor nenbranes of the invention
can be used\ poroat Inagnésilat ioaitiertebe (average phat sizeaXk @npl 1aemi if dxbeendl eimﬁétext, are
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up intelan %’&D%‘?)H‘é‘ 1§|ths %ﬁ&lshm@@pewpwa%oféﬂ “pad anaverage pore size of 0.7 um.
This layer was dip coated with a thin layer of SryCa, ;MnO, by the sol-gel technique.

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 pm 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 I/h of n-butane was directed through the tube. The outer surface of

the tube was contacted with 50 standard 1/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.
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to a porous 20 layer 20 min thickness with an open porosity of 45% rd AR 004
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NAY 2004 1. Ar conprising a selective oxidation catalyst on
a mxed 5 condmdsfrom,0o¥ide i on sel ective ceranic nenbrane of the

conposition (Spisgdhkdoo)s,Ma_. . B O _s, where Ais Ba, Pb, Na, K Y, an
el ement of the Iéntﬁgm 3e group or a combi nati on thereof, Bis My, A, G,

In, Sri, an el efrisit Ngn ftrhféepsadfmt on . Y2k % dhas rendersdherompasisipnghareeaeutraly j s
fromo0.2 to O. 8, 10y is fromOto 0.4, zis fromO to 0.6, and 8 is a

nunber, dependent on X, and z nders, the_co sitipon charge
noutral 23 AT et el et SRR it AT h Tt RO e ErRSY: viths
t ube glezorretry Wirltdinal ibarhétesrfromh 4 db HOEIaT. s from4 to 100 nm 3. A reactor
menbrane as clainmed in claiml or 2 wherein the catalyst is a porous |ayer
or itself has m xed conducting, oxide ion selective properties.

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 | to 4 comprising an oxidic
interlayer from 10 A to 10 pum 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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to 1 mm 5. A reactor nenbrane as clai medlin any of clains 1 to 4
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hydr ocarbons in the presence of oxygen. 30 7. A use as clained in claim®6
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preferably fromO0.6 to 30 bar, and the pressure on the side of said

menbrane on which said catalyst is not located is from0.1 to 100 bar,
preferably from0.6 to 50 bar, nost preferably fromO0.6 to 30 bar.



