1 4 DEC 2004 | 5 10 Method for Producing Acrolein And/O Acrylic Acid_The
present invention relates to a process for the preparation of acrofl &i BEC 2004
and/or acrylic acid from propane and/ or propene. Acrolein and acrylic acid
are key chem cals. Thus, acrylic acid is used, inter alia, as a nononer for
t he preparation of polynmers which, for exanple as a dispersion in an aqueous
medi um are used as bi nders. Dependififj-on the intended use of the polyner,
an esterification of the acrylic acid "may al so take place before the

pol yneri zation. Acrolein is 15 an inportant internediate, for exanple for
the preparation of glutaral dehyde, nethionine, folic acid and acrylic acid.
Known processes for the preparation of acrolein and/or acrylic acid start
from propane and/or propene. DE-A 33 13 573 and EP-A-0 117 146 disclose a
process Tor converting 20 propane 1nto acroleln and/or acrylic acrd. A

t wo- stage or three- ge cess.in wh e.|s dehydrogenated to
prapene in a first aﬁ’éfgﬁg "Er%ffé’ H&W&F?’E‘&%b& acroleinin a
second stage is described. An inportant feature here is that no separation
of the propane from secondary conponents formed in the dehydraogenatjon, for
exanpl e nol ecul ar hydrogen, is carried out between the two stages. The
oxidation is carried out 25 under conditions under which no narked oxidation
of t he Thy @resgeinnyention rplates o aprocesy Fr the prepargion efrroralel o agryhic gpidn pe

oxi di Zgghel Bropafie/adfordrbpenel t 1S al so possible to separate off unconverted
propane an ropene fro the second or third stage by absorption and, after

| idokration fromthe absorbent, to recycle themto the first stage
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separ atfﬁﬁ'cﬁ.’éi&aﬁti%&%h&?&d.ox' dation by a selective separator which conprises
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pressure SW ng ads on units and then recycled to the gas-phase 1 4 DEC
2004 2 catal ytic oxi dation GB 1378-178 di scl oses a process in which

unconvetdgeh HMQE ﬁlb % 1&Parafion o GRkdiQn m@fd?%ﬁﬁhc' sidRaa’ ReE propaik
absor bent  an he abgo ent |ssr|E)ed wth r|pp|n mi.dlum .
and/or propene. DE-A 33 13 573 and EP-A-0 117 146 ose a or converting
20  propane into acrolein and/or acrylic acid. A two-stage or three-stage process in which the
propane is dehydrogenated to propene in a first stage and the propene is oxidized to
acrolein in a second stage is described. An important feature here is that no separation of
the propane from secondary components formed in the dehydrogenation, for example
molecular hydrogen, is carried out between the two stages. The oxidation is carried out
25  under conditions under which no marked oxidation of the hydrogen takes place. In a third
stage, the acrolein can then be oxidized to acrylic acid. It is aiso possible to separate off
unconverted pfopane and propene from the second or third stage by absorption and, after
liberation from the absorbent, to recycle them to the first stage {(dehydrogenation stage).

30  Japanese Patent Application JP-A 10-36311 discloses a process for the preparation of o,B-
unsaturated carboxylic acids, such as acrylic acid, by gas-phase catalytic oxidation of
propane in the presence of a composite metal oxide catalyst, the ratio of propane to oxygen
and, if required, diluent gas being kept in a defined range for achieving high yields in the
starting mixture and furthermore the conversion being kept at a specific value.

35  Unconverted propane can be separated off after the oxidation by a selective separator
which comprises pressure swing adsorption units and then recycled to the gas-phase



51n this, the hydrocarbon to be recovered is added to the stripping Hﬁeiﬂ@h
in such a quantity that the mxture is outside the flammable 1imid

an object of the present invention to provide a process for the gas-phase
catalytic preparation of acrolein and/or acrylic acid from propane and/ or

propene, which is 10 econom cal and inhn“which the catal yst used can be

enpl oyed for a very long tine without regeneration. W have found that this
obj ect icatabtigiosudationaccordi ng to the invention, by absorption of propane
and/ or propene from a propane- and/or propene-containing gas mxture into an
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enbodi nents of, the invention are evident fromthe foll ow ng description and

the fi guf2eReraPhce t he propane and/or propane are subjected to absorption
before the oxidation, as a rule 35 residues of absorbent are present in the
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of the absorbent present problens, which is generally not the case when
hydr ocar bons having a high boilin oint, in ticul at. hQs, used
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propane and propene recovered by absorption or separated off are recycled
to 2he het erogeneously catal yzed dehydrogenati on of propane. ..

(@) separation of propane and/or propene from propane- and/or propene-containing gas

mixture A by absorption into an absorbent,

(b) separation of the propane and/or propene from the absorbent to give a propane-
25 and/or propene-containing gas B and

(c) use of the gas B obtained in step (b) for an oxidation of propane and/or propene to

acrolein and/or acrylic acid,

30  no heterogeneously catalyzed dehydrogenation of propane without a supply of oxygen
being carried out between step (b) and step (c). Preferred embodiments of the invention are

evident from the following description and the figures.

Since the propane and/or propane are subjected to absorption before the oxidation, as a rule
35  residues of absorbent are present in the gas B. Surprisingly, it has now been found that
nevertheless no problems occur during the oxidation. Thus, no substantial decrease in the
activity of the oxidation catalyst was observed, and the oxidation catalyst could be used
over a long operating period without regeneration. Furthermore, no problems due to any




In the heterogeneously catal yzed propane dehydrogenation, the cataL%sg Caﬂm
be 10 deactivated, for exanple by coking. Such dehydrogenation cat E é
therefore frequently regenerated. The absorbent fed in together with the
gas streamtherefore presents no problens since it can be incinerated
together with the coke. On the other hand, the catalysts used in the
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oxidation to acrolein and/or acrylic acid.

25
In the present invention, the gas B may also be a gas mixture.

In step (a), gas mixtures A comprising any desired amounts of propane and/or propene can
be used. Preferably, the gas mixture A contains propane and propene in a molar ratio of
30 from 0:100 to 100 : 0, in particular from 10 : 90 to 90: 10, frequently from 80:20 to

40 : 60.

Preferably, the gas mixture A contains at least one further component which differs from
propane and/or propene and is not subject to any particular restrictions. As a rule, the
35  further components depend on the origin of the gas mixture. In particular, they comprise at
least one component selected from nitrogen, hydrogen, oxides of carbon, such as carbon
monoxide or carbon dioxide, further secondary components originating from a propane
dehydrogenation, secondary components originating from a gas-phase oxidation of




especially from200 to 350C, in particular from 250 to 300C, nore @r pggagmﬁ
from260 10 to 290C. Expediently, the flashpoint (at an atnospheri ﬁ

of 1 atm) is above 110C. 1In general, suitable absorbents are relatively
nonpol ar organi c solvents, for exanple, aliphatic hydrocarbons which
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W t2h5 e e enz? Olplljlggytrhnae&a];nre Oarpldl nnxtures of Euc%flgcgrggljs are ﬁn‘ﬁ?e?m&% saftablBCA Suitable
absorbent is a solvent mixture comprising biphenyl and diphenyl ether, preferably in the
azeotropic composition, in particular comprising about 25% by weight of biphenyl and

about 75% by weight of diphenyl ether, for example the commercially available diphyl.
Frequently, this solvent mixture contains an added solvent, such as dimethyl phthalate, in

an amount of from 0.1 to 25% by weight, based on the total solvent mixture. Other
particularly suitable absorbents are octanes, nonanes, decanes, undecanes, dodecanes,
tridecanes, tetradecanes, pentadecanes, hexadecanes, heptadecanes and octadecanes,
tetradecane having proven particularly suitable. It is advantageous if the absorbent used on

the one hand has the abovementioned boiling point but on the other hand simultaneously

has not too high a molecular weight. Advantageously, the molecular weight of the
absorbent is < 300 g/mol. The liquid paraffins of 8 to 10 carbon atoms which are described

in DE-A 33 13 573 are also suitable. Examples of suitable commercial products are
products sold by Haltermann, such as Halpasols i, ¢.g. Halpasol 250/340 i and Halpasol

_h




preferably from5 to 10, bar and fromO to 100C, in particular froi? SBEEOZGM
50C. The absorption can be carried out both in columms and in que é’h
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20C, for, exanpl e nmet hane, ethane, propane, butane, pentane, hexane,

benzene,™§E&%nol , et hanol, amonia, carbon dioxide or water. Bubble
colums with or without internals are also particularly suitable for the

stripping. 35 The s ration. of o) o)
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-6 eferred conditions during the distillation are a _pressure of fr?m 0.01
to 5, inlheasepawatipaof the piepane andjonpropenecfromcthe ahsarhent ip step (bpI1sprefemably g 4

t enper at iy dthfpiRg ok ABdorpliod #AWa gas which is inert with respect to the novel step
{c) and/or with molecular oxygen (for example air). Here, the stripping can be carried out
in the usual manner via a pressure and/or temperature change, preferably at from 0.1 to 10,
in particular from 1 to 5, more preferably from 1 to 2, bar and from 0 to 200°C, in |
particular from 20 to 100°C, more preferably from 30 to 50°C. Another gas suitable for the |
stripping is, for example steam, but oxygen/nitrogen mixtures are particularly preferred, for
example air. With the use of air or oxygen/nitrogen mixtures in which the oxygen content
is more than 10% by volume, it may be expedient to add, before or during the stripping
process, a gas which reduces the explosion range. Particularly suitable for this purpose are
gases having a specific heat capacity of >29 J/mol'’K at 20°C, for example methane,
ethane, propane, butane, pentane, hexane, benzene, methanol, ethanol, ammonia, carbon
dioxide or water. Bubble columns with or without internals are also particularly suitable

for the stripping.

The separation of the propane and/or propene from the absorbent can also be effected by
means of distillation, it being possible to use the columns familiar to a person skilled in the
art and containing stacked packings, dumped packings or corresponding internals.
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25 propene to acrolein and/or acrylic acid.

In principle, the heterogeneously catalyzed gas-phase oxidation of propene to acrylic acid
with molecular oxygen takes place in two steps in succession along the reaction coordinate,
the first of which leads to acrolein and the second from acrolein to acrylic acid. This
30 reaction sequence in two successive steps makes it possible, in a manner known per se, to
carry out the step (c) of the novel process in two oxidation zones arranged one behind the
other, it being possible for the oxidic catalyst to be used to be adapted in an optimum
manner in each of the two oxidation zones. Thus, as a rule a catalyst based on multimetal
oxides containing the combination of elements Mo-Bi-Fe is preferred for the first oxidation
35  zone (propene — acrolein), while catalysts based on multimetal oxides containing the
combination of elements Mo-B are usually preferred for the second oxidation zone
(acrolein — acrylic acid). Corresponding multimetal oxide catalysts for the two oxidation
zones have been widely described and are well known to a person skilled in the art. For
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25
The reaction temperature in the first oxidation zone is as a rule from 300 to 450°C,

preferably from 320 to 390°C. The reaction temperature in the second oxidation zone is as
a rule from 200 to 300°C, frequently from 220 to 290°C. The reaction pressure in both
oxidation zones is expediently from 0.5 to 5, advantageously from 1 to 3, atm. The gas

30 loading (I(S.T.P.)/1-h) of the oxidation catalysts with reaction gas is frequently from 1500
to 2500 h™! or up to 4000 h™! in both oxidation zones. The propene loading (I{S.T.P.)1'h) is
frequently from 50 to 300 h™!, in particular from 100 to 200 h.

In principle, the two oxidation zones can be designed as described, for example, in DE-A

35 198 37 517, DE-A 199 10 506, DE-A 199 10 508 and DE-A 198 37 519. Usually, the
external heating in the two oxidation zones, if desired in multizone reactor systems, is
adapted in a manner known per se to the specific composition of the reaction gas mixture
and to the catalyst load.
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catalyzing the reaction of both reaction steps. Here, the catalyst load can also change

continuously or abruptly along the reaction coordinate within the oxidation zone. In an

25  embodiment of step (c) in the form of two oxidation zones connected in series, it is also

possible partly or completely to separate, from the product gas mixture leaving the first

oxidation zone, oxides of carbon and steam contained in said mixture and formed as

byproduct in the first oxidation zone, if required before further passage into the second

oxidation zone. Preferably, a procedure which does not require such a separation is chosen.

30
Suitable sources for the molecular oxygen required in the oxidation step (c) are both pure

molecular oxygen and molecular oxygen diluted with inert gas, such as carbon dioxide,
carbon monoxide, noble gases, nitrogen and/or saturated hydrocarbons.

35 In an expedient manner, air is used as an oxygen source at least for covering part of the
requirement of molecular oxygen. The gas B fed to the oxidation step (c) of the novel
process advantageously comprises substantially only propane and propene, and exclusively
air is used as a source of molecular oxygen for the oxidation. If required, cooling of the gas




(c). The oxidation of propene to acrolein and/or acrylic acid in step éc)

can also be carried out as described in EP-A-0 117 146, US-A-5 198450 Camll
US-A-5 183 936 or analogously to DE-A 33 13 573, CA-A-1 217 502, US-A-3 161
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2000- 37623, JP-: - : ' 4 Buffidthe tHe! t al y)
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A. Ceneral 194 to

In a further preferred embodiment, step (c) of the novel process is carried out as an

20  oxidation of propane to acrolein and/or acrylic acid. In this oxidation, propane is converted
over a suitable catalyst, in one or more stages, to acrolein and/or acrylic acid. All processes
known to a person skilled in the art are suitable for this purpose. A suitable process is
described, for example, in JP-A-10 36 311.

25  Catalysts suitable for the heterogeneously catalyzed gas-phase oxidation of propane to
acrolein and/or acrylic acid are multimetal oxide materials of the formula (T)

MoV M M*4O, I
30 where

M! is Te and/or Sb,

M? s at least one of the elements from the group consisting of Nb, Ta, W, Ti, Al, Zr,
Cr, Mn, Ga, Fe, Ru, Co, Rh, Ni, Pd, Pt, La, Bi, B, Ce, Sn, Zn, Si and In,

isfrom 0.01to 1,

is from > 0 to 1, preferably from 0.01 to 1,

is from > 0 to 1, preferably from 0.01 to 1, and

is a number which is determined by the valency and frequency of the elements

35

B A o o




195 (2000), 479 to 485, JP-A 11/169716, EP-A-0 895 809, DE-A 198 3; "Zﬁgc 2004
JP-A 8- 57319, JP-A 10-28862, JP-A 11-43314, JP-A 11-57479, WD 00/ 291

JP- A 10- 330343, 10 JP-A 11-285637, JP-A 10-310539, JP-A 11-42434, JP-A

11- 343261, JP-A 11-343262, WO 99/0382 JP-A 7-53448, JP-A 2000-51693 and
JP-A 11-263745. The multinetal oxides ?)1) (1) and (111) described bel ow
are particulaqrdlé/ wta%ﬁg ﬂi In the nultinetal oxide materials (1) of the
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stoichionetries for the nultinetal oxide 30 materials (1) are those which

are disclosed in EP-A-0 608 838, WD 00/29106, JP-A 11/169716 and EP-A-0 962
253. TheTHeydnlointeed waidep (B pAhanid (Hodesenibed bebava hrecpartirylarhst suiteblgnt er i al
precursors is famliar to a person skilled in the art (cf for exarrple
Applied Catalysis A 194 to 195 (2000), 479 35 485, Kinetigcs tal ysis,
40,130. 18 the padmetabaxide meerialofid of totomsula @h%gys Tesan/qrSb; 3‘28‘3 c;e
6/227819 4 Ofr s (RS &dnsisfing rw*@:bs odvmairm ertawm;tﬂeaRuLs t he
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6004p and st eam pressures above 500 atm5 may al so be used, but this is not
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whi ch stinawhivhda [mistird ofasarcesoek eenrmnbah@naaygm&l thg multigtal, axide o
range “Bﬂ%eﬁall?ﬂ itsosubjected to hydrothermal treatment and the freshly forming solid is
separated off and is converted into an active oxide by thermal treatment. In the multimetal
25  oxide material (I), M! is preferably Te, M? is preferably Nb, b is preferably 0.1-0.6, ¢ is
preferably 0.05-0.4 and d is preferably 0.01-0.6. The thermal treatment is preferably
carried out at from 350 to 700°C, the thermal treatment initially being effected in particular
at from 150 to 400°C under an oxygen-containing atmosphere and then at from 350 to
700°C under an inert gas atmosphere. Suitable stoichiometries for the multimetal oxide
30  materials () are those which are disclosed in EP-A-0 608 838, WO 00/29106, JP-A

11/169716 and EP-A-0 962 253.

The hydrothermal preparation of multimetal oxide active material precursors is familiar to
a person skilled in the art (cf. for example Applied Catalysis A: 194 to 195 (2000), 479-

35 485, Kinetics and Catalysis, 40, No. 3 (1999), 401 to 404, Chem. Commun. (1999), 517 to
518, JP-A 6/227819 and JP-A 2000/26123).

What is understood here in particular is the thermal treatment of a preferably intimate
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During the hydrothermal treatment, stirring may or may not be effected. Particularly

suitable starting compounds (sources) for the hydrothermal preparation variant are all those
which are capable of forming oxides and/or hydroxides on heating with water under
25  superatmospheric pressure. Oxides and/or hydroxides of the elemental constituents may
also be concomitantly or exclusively used as starting compounds for the hydrothermal

preparation. As a rule, the sources are used in finely divided form.

Suitable sources for the elemental constituents are all those which are capable of forming
30  oxides and/or hydroxides on heating (if necessary in air). Oxides and/or hydroxides of the
elemental constituents may be concomitantly or exclusively used as such starting

compounds.

Suitable sources of the element Mo are, for example, molybdenum oxides, such as
35  molybdenum trioxide, molybdates, such as ammonium heptamolybdate tetrahydrate and
molybdenum halides, such as molybdenum chloride.

Suitable starting compounds to be used concomitantly with the element V are, for example,




Advant ageous anti nony starting conpounds are antinony halides, SUCR @ﬁgg
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their halides, nitrates, formates, oxalates, acetates, carbonates and/or hydroxides. Suitable
starting compounds are often also their oxo compounds, for example tungstates, or the
acids derived from these. Frequently, ammonium salts are also used as starting compounds.

25
Other suitable starting compounds are polyanions of the Anderson type, as have been
described, for example, in Polyhedron 6, No. 2 (1987), 213-218, and have been used, for
example, in Applied Catalysis A: General 194-195 (2000), 479-485, for the preparation of
suitable multimetal oxides (I} or are disclosed in the secondary literature cited therein. A
30  further suitable literature source for polyanions of the Anderson type is Kinetics and
Catalysis, 40 (1999), 401 to 404.

Further polyanions suitable as starting compounds are, for example, those of the Dawson
or Keggin type. Preferably used starting compounds are those which are converted into

35  their oxides at elevated temperatures either in the presence or in the absence of oxygen,
possibly with liberation of gaseous compounds.

The hydrothermal treatment itself takes, as a rule, a period of from a few hours to a few
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25  In general, the thermal treatment may take up to 24 hours or more.

The thermal treatment is preferably carried out initially under an oxidizing (oxygen-
containing) atmosphere (for example under air) at from 150 to 400°C or from 250 to
350°C. The thermal treatment is then expediently continued under inert gas at from 350 to
30 700°C or from 400 to 650°C or from 400 to 600°C. The thermal treatment of the
hydrothermally produced catalyst precursor can also be effected in such a way that the
catalyst precursor material is first pelleted, then thermally treated and subsequently

converted into chips.

35 It is expedient in terms of application technology if the solid obtained in the hydrothermal
treatment is converted into chips for the subsequent thermal treatment.

If the starting compounds used for the preparation of the multimetal oxide materials (I) are



essentially to those in EP-A-0 529 853, DE-A 198 35 247 and EP-A-0 f?ﬁﬂ@%nm
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mul ti met(astiveanaterial). The diluent can be incorporated before and/or after the calcination. As a
rule, the diluent is incorporated before the hydrothermal treatment. If the incorporation is
effected before the calcination, the diluent must be chosen so that it is substantially
retained as such during the calcination. The same applies to the hydrothermal treatment in
25  the case of incorporation before said treatment is carried out. As a rule, this is true, for

example, in the case of oxides calcined at correspondingly high temperatures.

Other catalysté suitable for the propane oxidation are multimetal oxide materials (II) which

have the abovementioned formula (I) and whose X-ray diffraction pattern has reflections h,
30 iand k whose peaks are at the diffraction angles (26) 22.2 + 0.4° (h), 27.3 + 0.4° (i) and

28.2 + 0.4° (k), where

- the reflection h is the one with the highest intensity within the X-ray diffraction pattern

and has a half-width of not more than 0.5°,

- the intensity P; of the reflection i and the intensity Py of the reflection k fulfill the
35  relationship 0.65 <R < 0.85, in which R is the intensity ratio defined by the formula

R=Pi/(Pi+ Py,




materials (I1) are those which are disclosed in the publications o %@E& 2004
prior art cited above, in particular those disclosed in JP-A 7-53448.
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t he£15 Sszin%C&ﬁg' ISlﬂ:séshﬁ‘of Q%fﬂﬁlﬁ k-phase) is first produced in a manner known per se and
disclosed in the cited prior art publications. In this mixture, for example, the proportion of
i-phase can be increased by selectively removing the other phases, for example the k-
phase, under the microscope or washing the multimetal oxide material with suitable
liquids. Suitable such liquids are, for example, aqueous solutions of organic acids (for
30  example oxalic acid, formic acid, acetic acid, citric acid and tartaric acid), inorganic acids
(for example nitric acid), alcohols and aqueous hydrogen peroxide solutions. Furthermore,

JP-A 7-232071 discloses a process for the preparation of multimetal oxide materials (II).

Multimetal oxide materials (II) are obtainable by the preparation method according to DE-
35 A 198 35 247. According to this, a very intimate, preferably finely divided, dry blend is
produced from suitable sources of their elemental constituents and said dry blend is
subjected to a thermal treatment at from 350 to 700°C or from 400 to 650°C or from 400 to
600°C. The thermal treatment can be carried out under either an oxidizing, reducing or
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mixed with one another in the form of an aqueous solution and/or suspension. Thereafter,

25  the aqueous material is dried and is calcined after the drying. Expediently, the aqueous
material is an aqueous solution or an aqueous suspension. Preferably, the drying process is
carried out immediately after the preparation of the aqueous mixture and by spray-drying
(the outlet temperatures are as a rule from 100 to 150°C; the spray-drying can be carried
dfut by the cocurrent or countercurrent method), which requires a particularly intimate dry

30  blend, especially when the aqueous material to be spray-dried is an aqueous solution or

suspension.

Suitable sources or starting compounds for the multimetal oxide material (II) are the
compounds described above in the case of the multimetal oxide material (1).

35
The multimetal oxide materials (II) can be converted into moldings as in the case of the
multimetal oxide materials (I) and can be used in the same way as these. The shaping of
the multimetal oxide materials (II) can be effected, for example, by application to a
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followng diffraction angle (20): 45.2 0.4 (q). 20 Frequently, the X-ray
di f f r actThenlefiaitioarof thé irtdrsitynelf tai nefliectionaini the Xreatyatiffedction phjteralis based here

on the definition stated in DE-A 198 35 247 and that in DE-A 100 51 419 and DE-A 100
46 672.

20
This means that if A' is the peak of a reflection 1 and B! is the next pronounced minimum
(minima having the reflection shoulders are not taken into account) to the left of peak Alin
the line of the X-ray diffraction pattern when viewed along the intensity axis perpendicular
to the 20 axis and B? is correspondingly the next pronounced minimum to the right of the

25  peak A' and C! is a point at which a straight line drawn from the peak A! perpendicular to
the 20 axis intersects a straight line connecting the points B' and B, then the intensity of
reflection 1 is the length of the straight line section A'C' which extends from the peak A’
to the point C'. The expression minimum means a point at which the slope of a tangent to
the curve in a base region of reflection 1 changes from a negative value to a positive value,

30  or a point at which the slope tends to zero, the coordinates of the 26 axis and of the
intensity axis being used for specifying the slope.

Here, the half-width is correspondingly the length of the straight line section which is
present between the two points of intersection H' and H? if a parallel to the 20 axis is

35 drawn in the center of the straight line section A'C!, H! and H? being in each case the first
point of intersection of this parallel, to the left and right of A!, with that line of the X-ray
diffraction pattern which is defined as above.



contains the reflections 29.2 0.4 (n) and 35.4 0.4 (n). The rrultirlrﬂarngt 2004
oxide material (H) nay be one whose X-ray diffraction pattern has

reflection with a peak position of 20 = 50.0 0.3, i.e. one which contains
no k-phase. However, the nultinetal ox'bge material (l11) can also contain a
k- phase, its X-ray 25 diffraction paf in generaIIy al so cont ai ni ng further
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det®@tor: sci hPH04T(n counter). The specrfr c surface area of multinetal
oxide materials (11) |s often from1l to 30 mZ/g 15 (BET surface area,
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is pref 1°P1a“$ ( rtherm)re advant ageous if M2 is Nb, Ta, Wand/or Ti.
Preiserably, M2 is Nb.

452+ 0.4° (Q).

Frequently, the X-ray diffraction pattern of the multimetal oxide materials (II} also
contains the reflections 29.2 + 0.4° (m) and 35.4 + 0.4° (n).

20
The multimetal oxide material (I[) may be one whose X-ray diffraction pattern has no
reflection with a peak position of 26 = 50.0 % 0.3°, i.e. one which contains no k-phase.

However, the multimetal oxide material (II) can also contain a k-phase, its X-ray
25  diffraction pattern generally also containing further reflections whose peaks are at the
following diffraction angles (20):

36.2 + 0.4° and
50.0 £ 0.4°.
30
If the reflection h is assigned the intensity 100, it is advantageous if the reflections i, 1, m,
n, o, p and q have the following intensities on the same intensity scale:
i: from § to 95, frequently from 5 to 80, in some cases from 10 to 60;
35 1: from 1 to 30;
from 1 to 40;
from 1 to 40;

o 8 g

from 1 to 30;



The stoichionetric coefficient b of the oxide materials of t he fornu%znﬁf

in catalyst (Ill) is 25 advantageously from0.1 to 0.6.:1n a corrds

manner, the preferred range for the stoichionetric coefficient ¢ is from
0.01 to 1 or fromO0.05 to 0.4, and advgntageous values for d are fromO.01
to 1l or fromO.1 to 0.6. Particularly advantageous oxide materials are

those in which thqmﬁﬁgqggbqﬁgtric coefficients b, ¢ and d are sinultaneously
in the abovénentioned preferred ranges. 30 Further suitable stoichionetries
for the oxidel:mat d9mP40éP- the fornula (1) are those which are disclosed in
t he abovenenti oned publications, in partlcular t hose which are disclosed in

EP- A-0 608 838, WD.00/29106, JP-A ﬂﬁ& nd EP-.A- O 9621%i 35 -Slig
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oxi Ge M Hivwith thefeof Reasfaxufakac (1) to a support is aI so particularly
preferred for the preparation of the <catalyst (I111). 1 4 DEC 2004 20 The
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appl i ed 1_Jf; e material coat. Frequently, the surface roughness RZ of the
support s omb5 to 200 gm often from20 to 100 gm (determ ned accordi ng
to DIN 4768, Sheet 1, using a Hammel tester for DIN-1SO neasured surface

vari abl egef srp@eilﬁ'dmba\@féﬁeof FRltTae) oxild matetifle (e ofteh drawdptr 80 mfter i al
may be porous nonporous. The support material I1s expediently nonporous

(t dt3al \@EJ Fe"l’rﬁ%vnb%?%@ <_ 1% by vol ume, based on the volume of the
support). The thickness of the active oxide material coat present on the

ted t 0 f b
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500 pm el aéﬂlfég'fgtﬁ%bﬁtuf’fag%ﬁf@‘%}l%&fpr' nci pl e, any desired geonetries of the

supports Sul elrr ngest dimension is 25 as arule from1l to 10
mm2However, spheres or cylinders, in particular hollow cylinders

The use of oxide materials of the formula (I) where M" is Te is preferred. It is furthermore
advantageous if M? is Nb, Ta, W and/or Ti. Preferably, M? is Nb.

The stoichiometric coefficient b of the oxide materials of the formula (I) in catalyst (III) is

25 advantageously from 0.1 to 0.6. In a corresponding manner, the preferred range for the
stoichiometric coefficient ¢ is from 0.01 to 1 or from 0.05 to 0.4, and advantageous values
for d are from 0.01 to 1 or from 0.1 to 0.6. Particularly advantageous oxide materials are
those in which the stoichiometric coefficients b, ¢ and d are simultaneously in the
abovementioned preferred ranges.

30
Further suitable stoichiometries for the oxide materials of the formula (I) are those which

are disclosed in the abovementioned publications, in particular those which are disclosed in
EP-A-0 608 838, WO 00/29106, JP-A 11/169716 and EP-A-0 962 253.

35  The application of the above-described multimetal oxide material (II) as the oxide material
of the formula (I) to a support is also particularly preferred for the preparation of the
catalyst (I1I).




(rings), are preferably used as supports. Advantageous di aneters of tm
support spheres are froml.5to 4 mm If cylinders are used as su 2004
their length is preferably from2 to 10 nmmand their external dianeter
preferably from4 to 10 mm In the casgyof rings, the wall thickness is
noreover usually from1l to 4 mm Suitable annular supports can al so have a
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In principle, any desired geometries of the supports are suitable. Their longest dimension is

25  asa rule from 1 to 10 mm. However, spheres or cylinders, in particular hollow cylinders
(rings), are preferably used as supports. Advantageous diareters of the support spheres are
from 1.5 to 4 mm. If cylinders are used as supports, their length is preferably from 2 to 10
mm and their external diameter preferably from 4 to 10 mm. In the case of rings, the wall
thickness is moreover usually from 1 to 4 mm. Suitable annular supports can also have a
30  length of from 3 to 6 mm, an external diameter of from 4 to 8 mm and a wall thickness of
from 1 to 2 mm. However, an annular support having measurements of 7 mm x 3 mm x 4
mm or of 5 mm x 3 mm x 2 mm (external diameter x length x internal diameter) is also

possible.

35  The preparation of the catalysts (III) can be carried out in a very simple manner by
preforming active oxide materials of the formula (I), converting them into a finely divided
form and finally applying them to the surface of the support with the aid of a liquid binder.
For this purpose, the surface of the support is moistened in a very simple manner with the




nozzle (for exanple an atom zer nozzle operated with conpressed aiL‘)3 gmo%q
whi ch the 25 supports rolling in the rotating pan are sprayed and i n
in a controlled manner with the liquid binder. The second netering
apparatus is |ocated outside the atomgation cone of the |iquid binder
sprayed in and serves for feeding in the finely divided oxidic active
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nozzle (for example an atomizer nozzle operated with compressed air) through which the
25 supports rolling in the rotating pan are sprayed and moistened in a controlled manner with
the liquid binder. The second metering apparatus is located outside the atomization cone of
the liquid binder sprayed in and serves for feeding in the finely divided oxidic active
material (for example via a shaking conveyor or a powder screw). The support spheres
moistened in a controlled manner take up the supplied active material powder which, as a
30  result of the rolling movement, becomes compacted to a cohesive coat on the outer surface

of the support, which for example is cylindrical or spherical.

If required, the support provided with the basecoat in this manner passes through the spray
nozzles again in the course of the subsequent revolution, is moistened in a controlled
35  manner in order to be able to take up a further coat of finely divided oxidic active material
in the course of the further movement, etc. (intermediate drying is as a rule not necessary).
Finely divided oxidic acid material and liquid binder are as a rule fed in continuously and

simultaneously.




25 the coating process: water, nonohydric al cohols, such as ethanoly, DEC 2004
nmet hanol , propanol and butanol, polyhydric al cohols, such as ethyl Jnl!a
glycol, 1, 4-butanediol, 1,6-hexanediol or glycerol, nonobasic or polybasic
organi ¢ carboxylic acids, such as pro ':?_ni c acid, oxalic acid, malonic
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di et hanol am ne, and nonofunctional or polyfunctional organic am des, such as
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material. Of course, the drying can also be carried out exclusively in a drying oven.

Regardless of type and geometry of the support, the following can be used as binders for
25  the coating process: water, monohydric alcohols, such as ethanol, methanol, propanol and
butanol, polyhydric alcohols, such as ethylene glycol, 1,4-butanediol, 1,6-hexanediol or
glycerol, monobasic or polybasic organic carboxylic acids, such as propionic acid, oxalic
acid, malonic acid, glutaric acid or maleic acid, aminoalcohols, such as ethanolamine or
diethanolamine, and monofunctional or polyfunctional organic amides, such as formamide.
30 Advantageous binders are also solutions consisting of from 20 to 90% by weight of water
and from 10 to 80% by weight of an organic compound which is dissolved in water and
whose boiling point or sublimation temperature at atmospheric pressure (1 atm) is >
100°C, preferably > 150°C. The organic compound is advantageously selected from the
above list of possible organic binders. Preferably, the organic fraction of the
35  abovementioned aqueous binder solutions is from 10 to 50, particularly preferably from 20
to 30, % by weight. Other suitable organic components are monosaccharides and
oligosaccharides, such as glucose, fructose, sucrose or lactose, and polyethylene oxides

and polyacrylates.
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required, finhally subjecting it to mlling. After the coating of the
support@WWWPﬁ@e@%EIEﬁléH' material, calcination is then effected,
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| oaded at reaction tenperatures of, "for exanple, from 200 20 to 550C or from
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f ol | owi NGowePOHe aftive oxide materials of the formula (I) from WO 00/29106, which
substantially have an amorphous structure which appears in the X-ray diffraction pattern in
the form of very broad reflections having peaks at the 26 angles of about 22° and about

25  27°, are also suitable for producing the coated catalysts.

However, the active oxide materials of the formula (I) from EP-A-0 529 853 and from EP-

A-0 608 838, which have very narrow reflections at 20 peak positions of 22.1 +0.3°, 28.2

+0.3°, 36.2 £ 0.3°, 45.2 + 0.3° and 50.0 = 0.3° in the X-ray diffraction pattern, are also
30  suitable.

The coated catalysts can be prepared not only by applying the finished, finely milled active
oxide materials of the formula (I) to the moistened support surface; instead of the active
oxide material, a finely divided precursor material thereof can also be applied to the
35  moistened support surface (using the same coating process and binder) and the calcination
can be carried out after drying of the coated support. A suitable finely divided precursor
material of this type is, for example, the material which is obtainable by first producing,
from the sources of the elemental constituents of the desired active oxide material of the
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propene.th‘l#&%@&ﬂ%g{ﬁ&ggenati on can be effected by oxidation, i.e. by

from 1 to 15, preferably from 1 to 7, % by volume of propane,
from 44 to 99% by volume of air and
25 from 0 to 55% by volume of steam.

Other possible compositions of the gas mixture fed to step (c) for producing the gas B are:

from 70 to 95% by volume of propane,
30 from 5 to 30% by volume of molecular oxygen and
from 0 to 25% by volume of steam.

The plate-type heat exchanger reactors described in DE-A 199 52 964 are also suitable for
carrying out the propane oxidation. In another embodiment of the present invention, the

35  propane oxidation is carried out according to the processes described in DE-A 198 37 517,
DE-A 198 37 518, DE-A 198 37 519 and DE-A 198 37 520.

The product gas mixture leaving the propene oxidation and/or propane oxidation as step (c)
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Cat al ysi BcYded Orsten(s)-( 1994) , 103 106, W Zzhang, Gaodeng 25 Xuexi ao Huaxue
Xuebao 14 (1993), 566, Z. Huang, Shi you Huagong 21 (1992), 592, WO
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has the composition of a gas mixture which is obtainable by catalytic dehydrogenation of

25  propane to propene. Here, the dehydrogenation can be effected by oxidation, i.e. by

supplying oxygen, or without a supply of oxygen, in particular substantially without a

supply of oxygen. In the dehydrogenation with a supply of oxygen, a distinction may be

made between two cases. In one case, all hydrogen formed is oxidized by an excess of

oxygen so that the product gas no longer contains any hydrogen but excess oxygen

30  (oxidative dehydrogenation). In the second case, only sufficient oxygen is added to cover

the enthalpy of reaction, so that no oxygen is contained in the product gas but hydrogen

may well be (autothermal procedure). The propane dehydrogenation can be carried out
catalytically or homogeneously (noncatalytically).

35 Dehydrogenation of propane can be carried out, for example, as described in DE-A 33 13
573 and EP-A-0 117 146.

In principle, the oxidative propane dehydrogenation can be carried out as 2 homogeneous



4 341 664, J. of Catalysis 167 (1997), 560-569, J. of Catalysis 167 g )
550-559, Topics in Catalysis 3 (1996), 265-275, US-A 5 086 032, Cak Illiégszw’
Letters 10 (1991), 181-192, Ind. Eng. Chem Res. 35 (1996), 14-18, US-A 4
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20 Here, components recycled to stage (a) are generally referred to as recycle gas.

If the propane dehydrogenation is designed as a heterogeneously catalyzed
oxydehydrogenation, it can be carried out in principle as described, for example, in US-A 4
788 371, CN-A 1073893, Catalysis Letters 23 (1994), 103-106, W. Zhang, Gaodeng
25 Xuexiao Huaxue Xuebao 14 (1993), 566, Z. Huang, Shiyou Huagong 21 (1992), 592, WO
97/36849, DE-A 197 53 817, US-A 3 862 256, US-A 3 887 631, DE-A 195 30 454, US-A
4 341 664, J. of Catalysis 167 (1997), 560-569, J. of Catalysis 167 (1997), 550-559, Topics
in Catalysis 3 (1996), 265-275, US-A 5 086 032, Catalysis Letters 10 (1991), 181-192, Ind.
Eng. Chem. Res. 35 (1996), 14-18, US-A 4 255 284, Applied Catalysis A: General 100
30 (1993), 111-130, J. of Catalysis 148 (1994), 56-67, V. Cortés Corberan and S. Vic Bellén
(Ed.), New Developments in Selective Oxidation II, 1994, Elsevier Science B.V., pages
305-313, 3 World Congress on Oxidation Catalysis, R.K. Grasselli, S.T. Oyama, A.M.
Gaffney and J.E. Lyons (Ed.), 1997, Elsevier Science B.V., page 375 et seq. Air may also
be used as the oxygen source. Preferably, however, the oxygen source comprises at least
35 90, more preferably 95, mol %, based on 100 mol % of the oxygen source, of oxygen.

The catalysts suitable for the heterogeneous oxydehydrogenation are not subject to amy
particular restrictions. All oxydehydrogenation catalysts which are known to a person
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x is a number which is determined by the valency and frequency of the
30 elements other than oxygen in (IV).

In principle, suitable active materials (IV) can be prepared in a simple manner by
producing, from suitable sources of their elemental constituents, a very intimate, preferably
finely divided, dry blend having a composition corresponding to their stoichiometry and
35 calcining this dry blend at from 450 to 1000°C. Suitable sources of the elemental
constituents of the multimetal oxide active materials (IV) are those compounds which are
oxides and/or those compounds which can be converted into oxides by heating, at least in
the presence of oxygen. These are in particular halides, nitrates, formates, oxalates,
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as fol | @8 is expediently from 0.5 to 20 seconds. The ratio of propane to oxygen varies with
desired conversion and the selectivity of the catalyst and is expediently from 0.5 : 1 to
40 : 1, in particular from 1 : 1 to 6 : 1, more preferably from 2 : 1 to 5 : 1. As a rule, the
25 propene selectivity decreases with increasing propane conversion. The propane-to-propene
reaction is therefore preferably carried out in such a way that relatively low propane
conversions are achieved in combination with high propene selectivity. The propane
conversion is particularly preferably from 5 to 40%, more preferably from 10 to 30%.
Here, the term propane conversion means the proportion of supplied propane which is
30 converted. The selectivity is particularly preferably from 50 to 98%, more preferably from
80 to 98%, the term selectivity referring to the number of moles of propene which are

produced per mole of converted propane, expressed as a percentage.

Preferably, the starting mixture used in the oxidative propane dehydrogenation contains
35 from 5 to 95% by weight, based on 100% by weight of starting mixture, of propane. In
addition to propane and oxygen, the starting mixture for the heterogeneously catalyzed
oxydehydrogenation may also comprise further, in particular inert, components, such as
water, carbon dioxide, carbon monoxide, nitrogen, noble gases and/or propene. The
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In general, the propane dehydrogenation for the preparation of gas mixture A can also be
25 carried out as a heterogeneously catalyzed propane dehydrogenation substantially in the

absence of oxygen, as described in DE-A 33 13 573, or as follows.

Since the deh)}drogenation reaction takes place with an increasing volume, the conversion
can be increased by reducing the partial pressure of the products. This can be achieved in a
30 simple manner, for example by dehydrogenation at reduced pressure and/or by admixing of
substantially inert diluent gases, for example steam, which is usually an inert gas for the
dehydrogenation reaction. Another advantage of dilution with steam is that it generally
results in reduced coking of the catalyst used since the steam reacts with resulting coke
according to the principle of gasification of coal. Moreover, steam may be present as
35 diluent gas in the downstream oxidation step (c). However, steam can also easily be
separated off partly or completely before step (a) (for example by condensation), which
makes it possible to increase the proportion of diluent gas N, when the gas mixture
obtainable thereby is further used in oxidation step (c). Further diluents suitable for the



30 35 In principle, all reactor types and process variants known ig QI'BEEC 2004
prior art are suitable for <carrying out the propane dehydrogenation
Descriptions of such process variants are contained, for exanple, in all
prior art publications nentioned inr tion to the dehydrogenation

catal ysts. A conparatively detailed descrl pt I on of dehydrogenation processes
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the Elements, lanthanum and/or tin, with the proviso that the sum of the percentages by
weight is 100% by weight.
25
In principle, all reactor types and process variants known in the prior art are suitable for
carrying out the propane dehydrogenation. Descriptions of such process variants are
contained, for example, in all prior art publications mentioned in relation to the
dehydrogenation catalysts.

30
A comparatively detailed description of dehydrogenation processes suitable according to

the invention is also contained in Catalytical Studies Division, Oxidative Dehydrogenation
and Alternative Dehydrogenation Processes, Study Number 4192 OD, 1993, 430 Ferguson
Drive, Mountain View, California, 94043-5272 U.S.A.

35
Typical of partial heterogeneously catalyzed dehydrogenation of propane is that it takes
place endothermically, i.e. the heat (energy) necessary for establishing the required
reaction temperature must be supplied either to the reaction gas beforehand and/or in the




in a reaction tube or in a bundle of reaction tubes. The reaction tUbiﬁﬁaéﬁ]
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process dwer thel dehedroperdtiontcamiyst. A nol ar ratio of steamto propane in the
range of from4 to 6 is typical. The operating pressure is frequently from
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A suitable reactor form for the propane dehydrogenation is the fixed-bed tubular reactor or
25  tube-bundle reactor. This means that the dehydrogenation catalyst is present as a fixed bed
in a reaction tube or in a bundle of reaction tubes. The reaction tubes are heated by
combustion of a gas, for example a hydrocarbon, such as methane, in the space
surrounding tile reaction tubes. It is advantageous to use this direct form of catalyst tube
heating only over the initial about 20 to 30% of the fixed bed and to heat up the remaining
30  bed length to the required reaction temperature by the radiant heat liberated in the course of
the combustion. In this way, an almost isothermal reaction is achievable. Suitable internal
diameters of the reaction tubes are from about 10 to 15 cm. A typical dehydrogenation
tube-bundle reactor comprises from 300 to 1000 reaction tubes. The temperature in the
interior of the reaction tube is from 300 to 700°C, preferably from 400 to 700°C.
35 Advantageously, the reaction gas is preheated to the reaction temperature before being fed
to the tubular reactor. Frequently, the product gas mixture leaves the reaction tube at a
temperature of from 50 to 100°C lower. In the abovementioned procedure, the use of
oxidic dehydrogenation catalysts based on chromium oxide and/or alumina is expedient.




This procedure is used, for exanple, in the UOP O efl ex dehydrogen?ti%ré
process. Since 25 the reactors in this process are operated 4 DEC 2004
guasi -adi abatically, it is expedient to operate a plurality of reactors
connected in series (typically up to four). This nakes it possible to avoid
excessively large differences in the tenperatures of the reaction gas
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which the ¢ ]Sl act with the 1 4 DEC 2004 - 33 5 10 reaction
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moves therein slowly from top to bottom while the reaction gas mixture flows radially.
This procedure is used, for example, in the UOP Oleflex dehydrogenation process. Since
25  the reactors in this process are operated quasi-adiabatically, it is expedient to operate a
plurality of reactors connected in series (typically up to four). This makes it possible to
avoid excessively large differences in the temperatures of the reaction gas mixture at the
reactor entraﬁce and at the reactor exit (in the case of the adiabatic mode of operation, the
reaction gas starting mixture acts as a heat-transfer medium on whose heat content the
30  reaction temperature is dependent) and nevertheless to achieve attractive total conversions.

When the catalyst bed has left the moving-bed reactor, it is regenerated and then reused.
For example, a spherical dehydrogenation catalyst which substantially comprises platinum
on spherical alumina supports can be used as a dehydrogenation catalyst for this process.
35 In the UOP variant, hydrogen is added to the propane to be dehydrogenated, in order to
avoid premature catalyst aging. The operating pressure is typically from 2 to 5 atm. The
molar hydrogen-to-propane ratio is expediently from 0.1 to 1. The reaction temperatures
are preferably from 550 to 650°C and the time for which the catalyst is in contact with the



Petrochem Review, Houston, Texas, 1992, P1l). The heterogeneously ¢at BEQz2804
propane dehydrogenation processes in the subst anti al absence of oxygen
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perm ts debpdiobeniatioh provesses et substaﬂ[tfal absence of oxygen which have been described
55  to date have in common the fact that they are operated at propane conversions of > 30 mol
% (as a rule <60 mol %) (based on a single reactor pass). It is advantageous that it is
sufficient to achieve a propane conversion of from > 5 to < 30 or < 25 mol %. This means
that the propaﬁe dehydrogenation can also be operated at propane conversions of from 10
to 20 mol % (the conversions are based on a single reactor pass). This is due, inter alia, to
30  the fact that the remaining amount of unconverted propane is diluted in the downstream
oxidation step (¢) with molecular nitrogen, which reduces the propionaldehdye and/or

propionic acid byproduct formation.

For realizing the abovementioned propane conversions, it is advantageous to carry out the
35  propane dehydrogenation at an operating pressure of from 0.3 to 3 atm. It is also
advantageous to dilute the propane to be dehydrogenated with steam. Thus, on the one
hand, the heat capacity of the water makes it possible to compensate some of the effect of
the endothermic nature of the dehydrogenation and, on the other hand, the dilution with
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condi tions. I's expedient In application technology to flush the catal yst
with i neatalyphbed pwd: exanpl e N2) before its regenerati on.

In principle, the propane dehydrogenation with comparatively low propane conversion,
whether adiabatically or isothermally operated, can be carried out both in a fixed-bed

25  reactor and in a moving-bed or fluidized-bed reactor.

It is noteworthy that a single shaft furnace reactor in the form of a fixed-bed reactor
through which the reaction gas mixture flows axially and/or radially is sufficient for
realizing said dehydrogenation, in particular in adiabatic operation.
30
In the simplest case, this is a single closed reaction volume, for example a container, whose
internal diameter is from 0.1 to 10 m, possibly also from 0.5 to 5 m, and in which the
catalyst bed is installed on a support apparatus (for example a grille). The reaction volume
which is loaded with catalyst and is heat-insulated in adiabatic operation is flowed through
35  axially by the hot, propane-containing reaction gas. The catalyst geometry may be
spherical, annular or strand-like. Since in this case the reaction volume is to be realized by
a very economical apparatus, all catalyst geometries which have a particularly low pressure
drop are preferable. These are in particular catalyst geometries which lead to a large cavity
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Thereafter, it is generally advisable to effect regeneration with pure molecular hydrogen or

with molecular hydrogen diluted with inert gas (the hydrogen content should be 2 1% by

volume) under an otherwise identical range of conditions.

25 The propane dehydrogenation with comparatively low propane conversion (< 30 mol %)
can be operated in all cases at the same catalyst loadings (relating both to the reaction gas
as a whole and the propane contained therein) as the variants with high propane conversion
(> 30 mol %).. This loading with reaction gas may be, for example, from 100 to 10 000 h,
frequently from 100 to 3 000 h, i.e. often from about 100 to 2 000 ht.

30
The propane dehydrogenation with comparatively low propane conversion can be realized

in a particularly elegant manner in a tray reactor.

This contains, spatially in succession, more than one catalyst bed catalyzing the

35 dehydrogenation, The number of catalyst beds may be from 1 to 20, expediently from 2 to
8, but also from 3 to 6. The catalyst beds are preferably arranged radially or axially one
behind the other. In terms of application technology, it is expedient to use the fixed catalyst
bed type in such a tray reactor.
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25 deposited on the catalyst surface or coke-like compounds and/or hydrogen formed in the
course of the propane dehydrogenation and/or added to the reaction gas mixture is thus
effected (it may also be expedient in terms of application technology to introduce into the
tray reactor éatalyst beds which are loaded with catalyst which specifically (selectively)
catalyzes the combustion of hydrogen (and/or of hydrocarbon) (suitable catalysts of this
30  type are, for example, those of US-A 4 788 371, US-A 4 886 928, US-A 5430 209, US-A
5530 171, US-A 5 527 979 and US-A 5 563 314; for example, such catalyst beds can be
housed in the tray reactor so as to alternate with the beds containing the dehydrogenation
catalyst)). The heat of reaction evolved thus permits virtually isothermal operation of the
heterogeneously catalyzed propane dehydrogenation in a quasiautothermal manner. As the
35 chosen residence time of the reaction gas in the catalyst bed increases, a propane
dehydrogenation with decreasing or substantially constant temperature is possible, which

permits particularly long times-on-stream between two regenerations.
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25  According to the invention, it is also possible for propane unconverted and optionally
propene after carrying out step (c) and separating off the desired product (acrolein and/or
acrylic acid) to be subjected to propane dehydrogenation, which can be carried out as
described above, and for the product gas mixture obtained after the propane
dehydrogenation to be subjected again to step (a).

30
Where a propane dehydrogenation is carried out, propane is a possible diluent gas in step

(©).

It is also possible to add, in particular when a propane dehydrogenation is carried out, to

35 gas B supplied to step (c) still pure propane and/or propene.

If step (c) is carried out as a conversion of propene to acrylic acid, then the exit gas from
the working-up also contains oxidizable secondary components, for example carbon
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stage 22, in which propane is oxidized to acrolein and/or acrylic acid, is
present instead of propene oxidation 2. 1 4 DEC 2004 -39 In fig. 4, a
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col um Kl and o%tajﬁﬁu%rﬁgb&{é S0 Hggglﬂfg prd%fahg is then fed to the oxidation stage 2, in
which propene is oxidized to acrolein and/or acrylic acid. After the oxidation 2, the product
obtained is fed to the working-up 3. There, the desired products acrolein and/or acrylic acid
25 are isolated. The remaining unconverted propene and propane and oxides of carbon and
any residues of nitrogen and oxygen are once again fed to the absorption and desorption

stage 1.

In the further figures, identical reference numerals denote the same as in fig. 1.

30
In contrast to fig. 1, in fig. 2 2 propane dehydrogenation 4 is installed upstream and can be

carried out with or without a supply of oxygen. The gas mixture obtained in the propane
dehydrogenation and containing hydrogen, oxides of carbon and possibly residues of
nitrogen and hydrocarbons in addition to the propane and the propene is fed to the

35  absorption and desorption stage 1.

In contrast to fig. 1, in fig. 3 a propane oxidation stage 22, in which propane is oxidized to

acrolein and/or acrylic acid, is present instead of propene oxidation 2.



the desorption in K2, the absorbent is recycled to absorption col Uk DEC 2004
Unabsor bed gases 20 are renoved fromthe process as waste gas (33), if
necessary via an incineration plant E. The stream containing separated off
propane and/or propene is fed to the %I dation stage 2, which is shown here
with four oxidation reactors. However,” the nunber of oxidation reactors is
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then worked up in stage 3 and is taken off via line (31). Unconverted propane and/or
25 propene is recycled as recycle gas via line (32), together with the other gaseous
components not separated off here in the absorption, to the propane dehydrogenation 4.

In fig. 7, recyé]e gas (1) from the working-up stage 3, which gas is obtained at from 10 to
90°C and from 0.8 to 5 bar and can be further compressed to pressures of from 2 to 10 bar,
30 for example with the aid of a compressor VO, is heated, in a heat exchanger W1
countercurrently to the reaction gas (2) from the propane dehydrogenation (PDH) 4, to
temperatures of from 100 to 650°C. In the case of fig. 7, the stated pressure in bar relates

here and below to absolute pressure.

35 Suitable compressors are all suitable embodiments which are known to a person skilled in

the art and are mentioned in more detail below.

The recycle gas stream (1) contains from about 40 to 80% by volume of N, from about 1




The PDH is operated at fromO0.3 to 10, preferably from1 to 5, bar lagmé[,r:%ﬂm
350 to 700C, 20 preferably from400 to 600C. Possible reactors for
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m xers, th@yDbke used. A plurality of cat al yst layers havr ng different
functi ons may be arranged in the PDH 10 reactors. If a plurality of

catalyst layers are used, it is advantageous to arrange, bef re t
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of 55 atal gﬁﬁ is not limited to 3. Preferably, a plurality of individual apparatuses is used since the
intermediate feeding of further gases is possible in a simple manner thereby and moreover
individual catalyst beds can be treated in a particular manner, for example regenerated,
separately from the others during operation. For this purpose, for example, the reactor
containing the catalyst bed to be regenerated is isolated from the main gas stream by
30 suitable shut-off elements, for example slide valves, valves or flaps which are present in
the connecting lines between the reactors, and the gases required for regeneration, for

example Na, Hj, lean air or air or O»-rich gases, are then passed over the catalyst bed and

deposits are removed from the catalyst. The remaining reactors, a total number of which

may be from 1 to 20, preferably from 2 to 5, are still fed with the main gas stream and
35  produce mainly the desired product propene.

In the PHD reactors, the catalyst layers may rest on grilles, beds of inert material or similar
support apparatuses known to a person skilled in the art. The form of the catalyst is not



per hour. The gas space velocity for catalysts which oxidize, for dxarffiCe.2004
predom nantly 20 CO or H2 and to a | esser extent propane or propene is
usually fromb5 000 to 30 000 I(S.T.P.) of gas per liter of catalyst bed per
hour. The propane conversion in the P is from10 to 60% preferably from
20 to 50% at propane selectivities of*Trom80 to 99.5% frequently from 88

to 96% The conversion of 25 the feed gases CO H2 or, other conpustion gases
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propane selectivities of from 80 1o 99.5%, frequently from 88 to 96%. The conversion of
25  the feed gases CO, H, or other combustion gases is advantageously complete. The
conversion of H, formed during the PDH is from 1 to 99%, often from 10 to 80%,

frequently from 30 to 70%, depending on the propane conversion.

The reaction gas (2) from the PDH contains from about 20 to 60% by volume of N, from

30 about 1 to 5% by volume of COz, from 0.5 to 45% by volume of H,0, from about 5 to 40%
by volume of propane, from about 1 to 20% by volume of propene, from about 1 to 20%
by volume of H, and further byproducts, for example ethane, ethene, methane and Cy".

The reaction gas (2) from the PDH is obtained at from 400 to 650°C, more advantageously
35 from 450 to 600°C, and from 0.3 to 10, more advantageously from 1 to 5, bar. It is cooled,
countercurrently to the recycle gas (1), to temperatures which are at least 5°C, better at
least 50°C, and preferably at least 100°C, above the inlet temperature of the recycle gas
(1). The gas stream (3) is then further cooled in one or more stages to about 10 to 60°C,
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I ntermedi ate 20 cooling and can be separated fromthe gas stream during or
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substances to be separated from the gas streams (7) to (9).

25
The compressor V1 may be operated both by means of electric motors and by means of

steam or gas turbines. The choice depends on the infrastructure conditions. Frequently,

driving by meéans of steam turbine proves most economical.

30  The sum of the condensed streams, for example (11) — after a pressure increase — and (12),
is recirculated to the PDH, to the extent that is required for covering the H,O-to-propane
ratio before entry into the PDH, and the remainder is discharged and if necessary
incinerated. The condensate stream (13) can be vaporized before recirculation or discharge
or can be subjected to a further treatment, for example a purification, before recirculation.

35
The gas stream (10) is then fed to the absorption column K1, in which propane and/or
propene are separated from the gas stream. Here, the gas stream (10) is brought into
contact with an absorbent, which takes up the C; fraction and may take up further



density, for exanple unstructured beds or structured packings, are | & DEC 2004
preferable. The possible irrigation density should be greater than 50,
preferably greater than 80, nB of liquid per n2 of free cross-sectional

area per hour. The internals may be eijher netallic, ceramc or of 20

pl astic or may consist of a corrpositi on corrpri sing a plurality of materials.
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The ratio of the streams between the absorptive (24) fed to the absorption and gas stream
25  (10) follows the thermodynamic requirements and depends on the number of theoretical
plates, the temperature, the pressure, the absorption properties of the absorbent and the
required degree of separation. Ratios of from 1 : 1t0 50 : 1, in particular from 1 : 1 to 30 :
1, preferably from 1:1 to 20 : 1, in kg/kg, with from 1 to 40, in particular from 2 to 30,
preferably from 5 to 20, theoretical plates, are usual. The definition of a theoretical plate
30 appears in the technical literature, for example "Thermische Trennverfahren", Klaus Sattel,

VCH, 1988, (ISBN 3-527-28636-3).

The gas stream (14) in which the concentration of propane and/or propene has been
reduced can be fed to a quench stage in order, if required, to reduce absorbent losses. The
35 mode of operation of a quench is explained in more detail below in the description of the

desorption stage.

After leaving any quench stage, the gas stream (14) can be let down. Letting down can be



C, C2°, A+, HO, is let down if necessary and then fed to theh‘%ggcpgp%n

colum K2. The |let-down can be effected both without recovery of the
mechani cal energy in one or nore stages and with recovery of nechani cal
energy (for exanple in a turbine or afQ centrifugal punp operating in
reverse). Moreover, it may be useful to heat up the stream (16) prior to
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the nultistage stripping of the volatile

25  The desorption in K2 of propane and/or propene can be carried out by distillation, by

simple flash or by stripping. The desorption is supported by reducing the pressure to 0.1 to
10, in particular to 1 to 5, preferably to 1.5 to 3, bar.

If the desorption is effected by distillation, the separation step can be carried out on the
30 basis of all knowledge known to a person skilled in the art. A particularly stmple
embodiment of the desorption is the one-stage flash or flash evaporation of the laden
solvent in an apparatus suitable for this purpose. It may be expedient to heat the stream
(16) to 20 to 300°C, in particular to 40 to 200°C, preferably to 50 to 150°C, prior to
flashing. The apparatus should be designed so that both the thermodynamic separation
35 between propane or propene and the solvent and the fluid dynamic separation between gas
and liquid take place readily. The apparatus may have, for example, a cylindrical or
spherical shape, as well as other designs known to a person skilled in the art. If the
apparatas is of a cylindrical shape, the cylinder may be either upright or horizontal.
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conponents fromthe stream (10) and any substances formed are al so stripped
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stre%m (25) is €tled countercurrently or crosswise to the liquid absorbent during the

25 desorption. In the case of countercurrent flow, the desorption apparatus or desorber may be
designed in the same way as the absorption column described in the text above.

The cross-flow may be expedient if the explosion range is passed through during the
desorption. This is the case when the starting gas stream (25) is a lean gas mixture with
30 respect to the combustion tendency and the gas stream (18) laden with propane and/or
propene is a rich gas mixture with respect to the combustion inclination after the
desorption. The gas mixture is defined as being lean in this context when the content of
combustible substances is too low to be ignitable and a gas mixture is defined as rich in
this context when the content of combustible substances is too high to be ignitable.
35
In the case of cross-flow, the total starting gas stream is not introduced into the bottom but
is divided into part-streams and introduced at a plurality of suitable points along the
desorption column, this being done in such a way that an ignitable gas mixture is not
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the aid of a punmp (Pl), the absorbent stream (17) depleted in propane
and/ or propene can be further cooled in one or nore stages (for exanple in
W) and fed via line (24) back to the Afé)sorber K1. 20 In general, the
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70C, are desirable. 25 The ratio of absorbent stream (17) to starting gas
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a

designed ds a separate apparatus. After the water has washed the absorbent
out of the starting gas streaml|aden with propane 10 and/or propene, the
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from 2 to 3, bar and temperatures of from 20 to 200°C, in particular from 30 to 100°C,
particularly preferably from 35 to 70°C, are desirable.
25
The ratio of absorbent stream (17) to starting gas stream (25) follows the thermodynamic
requirements and depends on the number of theoretical plates, the temperature, the
pressure and ‘the desorption properties of the absorbent and the required degree of
separation. Ratios of from 1 : 1 to 50 : 1, in particular from 5 : 1 to 40 : 1, preferably from
30 10: 1 to 30 : 1, in kg/kg with from 1 to 20, in particular from 2 to 15, preferably from 3 to

10, theoretical plates are usual.

In general, the starting gas stream laden with propane and/or propene can be fed without
further treatment to the oxidation stages 2. However, it may be expedient to feed the
a5 starting gas stream, prior to the oxidation, to a further process stage in order, for example,
to reduce the losses of concomitantly stripped absorbent. The separation of the absorbent
from the laden starting gas stream for the oxidation can be carried out by all process steps
known to a person skilled in the art. One possible embodiment is the quenching of the




15 the art, as also used, for example, in liquid/liquid extraction! 4 BEEh2)04
sinpl est case, these are horizontal or vertical elongated apparatuses with
or without internals, in which the organic absorbent phase separates from
the quench water. The di aneter -t o- Ien_g&-p ratio here may be from1l1l : 1 to |
100 in partlcular froml : 1to 1 10, preferably froml : 1 to | : 3.
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deflector plates, may be installed. Of course, rotating phase separators, for example
centrifuges, may also be used.
25
After the phase separation, the absorptive (20) separated off can be recycled to the
desorption. The quench water can, if required, be cooled or heated in a heat exchanger
(W9) before reentering the quench apparatus. Advantageously, large amounts of water are
circulated with the aid of a pump (P2). Suitable irrigation densities in the quench apparatus
30 are greater than 30, in particular greater than 50, preferably greater than 80, but less than
1 000, in particular 500, preferably less than 300, m3 of water per m* of free cross-sectional
area of the quench apparatus per hour.

The water losses during quenching can be covered by condensate (21) as well as by dilute
35 acid solution (22) from the acrylic acid preparation process. In order to avoid increasing
concentrations, a part of the circulation quench water can be removed as a purge stream
(23) and fed to the incineration plant or to another treatment for disposal (for example in a

wastewater treatment plant).
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can be carried out as described above using, for example, a high-boiling solvent, such as a
mixture of diphyl and dimethyl phthalate, or by absorption in water and by fractional

condensation.

25  The purification of the acrylic acid can be effected by stripping and distillation or by
azeotropic distillation or by crystallization.

The process described in fig. 7 is suitable both for retrofitting of all existing plants for the
production of acrolein and/or acrylic acid and in combination with new acrylic acid plants.
30
Surprisingly, it was found that, in spite of the usually expected residues of absorbent in the
gas B, no problems occurred with the oxidation or with the oxidation catalyst. Moreover,
no problems were observed with any oxidation products which may form from the
absorbent during the oxidation. Where problems occur with residues of absorbent, which
35  as a rule is not the case when hydrocarbons having a high boiling point, in particular
paraffins, are used as absorbent, said absorbent can be removed, for example by a water

quench or by adsorption.
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relates here and below in this example to the absolute pressure.

The recycle gas stream (1) contains 60.3% by volume of N3, 1.2% by volume of CO,,
25 0.5% by volume of CO, 3.4% by volume of O, 1.9% by volume of H;0, 32.2% by volume

of propane and 0.4% by volume of propene and further oxidation byproducts. Before the

heating-up, 170 1(S.T.P.)/h of fresh propane (3) and steam (4) are mixed with the recycle

gas stream before it is passed into the PDH. The fresh propane used is industrial propane

(> 98% propane content with 100 ppm by weight of C," fraction). The molar ratio of steam
30 to propane in the gas stream is 0.5.

The gas mixture is fed to the 1st reactor of 4 reactors. The internal diameter of the reactors
is 50 mm. The reactors are designed in such a way that they can be operated autothermally.
Each reactor contains a 110 mm high catalyst bed comprising extrudates (d = 3 mm, 1 =

35 5 mm).

In the 4 reactors, propane undergoes 20% conversion at a propene selectivity of 92%.
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35 kg/h of low-C; tetradecane (24) from the desorption column are passed at 30°C to the
25  top of the absorption column K1.

The waste gas stream (14) still contains 1 150 ppm by volume of propane and 750 ppm by
volume of propene. The waste gas stream (14) from the absorption column is let down to
ambient temperature and ambient pressure, respectively, via a pressure control valve and

30 then incinerated.

The laden absorbent stream (16) is removed from the bottom of the column K1, let down
to 2.4 bar via a pressure control valve and fed to the top of the desorption column K2.

35  The desorption column K2 has the same dimensions as the absorption column K1 and is

loaded in the same manner with packings.

1310 I(S.T.P.) of compressed air at 2.45 bar and 30°C are passed into the bottom of the



stage oxidation. 25 The oxidation takes place in nodel tubes having I UEC 2004
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second nodel tube is filled with 3 mafy a catalyst as described in EP-A- O

017 000. 315 I(S T.P.) of fresh air are additionally passed per hour between

the fir é %%’n ga%%%%@?ﬁlhgﬂl(g@ %q?.m‘%té splgéhon of the acrylic acid

fromth on an the “purification of said
acrylic acr d are effect ed as described in EP-A-0 982 289. 35 According to

this Pr O6E32in oOF FONPHALR. ﬁ%@oﬂ oBf ugd@oargwp C}?hzﬁeaﬂa]h@m MHWbmwoe 99. 5%

of acrylic AciB are per

pr ocess pfapand, W&%r@pmlamw popens; d?é‘l"/n by iplane o€ Qp fe- 46(\/&3 Ve ‘Eﬁ’ﬁ Bt'lgléane

andgor Rl 596D Solut W RE MRS 8RS 1 994 BY Sl éﬁt@o{ d QAN sRILEPSE tefradecagpaidat | on
of propane a

prop ene 1rom a Propane- ene cont i ni gas
m xt ure IS/CIJHB%ﬁdab@(ﬁr (W!qnéh apparaisapligh E)%lﬁ’?ate‘é ) tg‘é é%?ﬁ{‘? ﬁﬁsoalrﬂ%‘é) E@n
and/ or propene fromthe absorbent to give a propane- and/or
propene: cont ai ni ng,  gas

an oxi dah¢ batten dacaﬁraq@f%ar%(ﬁr&rﬂ%ic%éﬁfan?@eia as B ;ﬁ% g %@gggb) fOF

heterOgﬁé‘&%&aﬁgéﬂ“@mm&to@mﬂgeﬂﬁiomwﬂh@ﬁnKﬂOpane V\HhOUt a supply Of
{gen bei ng carried out between steps (b) and (c). 2. A process as cl ai ned

laim1l, wherein a gas mxture A which, in addition to propane and/or
pr openeThe quéxmhn@patathea;sa neted crohnnmaakemﬁﬂmnmgtan Bwdraalt dgmeteo oif $Pdnwgen,

ni trogen and oxid I med
in clai Af9” eﬂ“ﬁ’l’eﬁﬁé‘ﬁb’r‘ﬁ&ﬁ@gﬁéﬁﬁ oncejtyt%a%%)ge frﬁ‘éhe a%sorﬁn@ﬁ e&ﬁﬁﬁlall’éﬁ Fﬁ{eear S
used aswatee qahmhr iseperated st H}5C( &) theqquenclp appasstys, a@oét a2%6f Wates BT BPUL| ai s
11to 3, Bk epl&fgf" eha o r\%' ésetllftﬁnd RAiRRAN S RAMVE! fidne BRSotion®BY thee

absorbe IS car r| out "by stri | n fl ashi nﬁband/ .or

di 6i | | gu¢nsh.apparapspndde §assad uaipéﬂ Rhege PIPaEAtgr- aseseREatnr iy 2 degpetal
wher ei Neofifinst 1%16 ) d1an{Hté}Rﬁ'%0 Ixﬁncmu@l [¢@gth 106 566 ith and) cantdine n fnerkpiitiedd aci d.

o S bl AL SELTHPE s STLE ' e BBl
flow. The aqueous phase removed from the phase separator D1 is pumped back to the top
of the quench apparatus. On average, about 1 g of tetradecane per hour is removed from

20  the phase separator and passed into the tetradecane storage vessel. The water losses during
quenching are compensated by condensation water (21).

The exit gas stream from the water quench is heated to 200°C before it is fed to the two-
stage oxidation.

25 .
The oxidation takes place in model tubes having an internal diameter of 26 mm and a

length of 4 m. The first model tube is filled with 2.7 m of a catalyst as described in EP-A-0
575 879 and the second model tube is filled with 3 m of a catalyst as described in EP-A-
0017 000. 315 1(S.T.P.) of fresh air are additionally passed per hour between the first and

30 second oxidation stage.

The isolation of the acrylic acid from the reaction gas (26) of the oxidation and the
purification of said acrylic acid are effected as described in EP-A-0 982 289.

35 According to this process, on average 440 g of crude acrylic acid (27) comprising > 99.5%
of acrylic acid are obtained per hour.



7. A process as clained in claim®6, wherein a multinetal oxide rratefr']gawic) 04
the formula (1) MOVvbMLCMRAON (1) 1 4 DEC 2004 -53 where M is Te and/ Sth
M2 is at | east one of the elenents fromthe group consisting of Nb, Ta,

Ti, Al, Zr, C, M, G, Fe, Ru, Co, Rh, Ni, Pd, Pt, La, Bi, B, Ce, SnZn
S and In, bis from0.01to 1, cis from>0tol, dis from>0 to 1, and n
is a nunber which is determ ned by t he 3l ency and frequency of the

el enents ot her than oxygen in (1), is used as the catalyst for the propane
oxi dation i Westlalgr:{c). 8. A process as clained in any of the preceding
claims, wherein, after step (c) has been carried out, unconverted propane

and/ or propene is separat ed off according to steps (a b) and is
recycl ed tolstepA(Rrpeesy fonths rRIéE‘gétl%O’g?‘%{Plﬁéhm? Ora‘FﬁW'é‘% a@ﬁ&‘%’l‘@&‘ﬁ’&}’ fig

clai ms, wherein thfodepent, HelirBeds o@dritiAg HeeflibRind@epst he conposition of a
gas m xture which is Bt ai nabl e by honogeneous and/or heterogeneously

catal yzed dehydrogenatl on of propane to propene. 10. A process as cl ained

inclaim9, whergi b%apdtma@e stepatdr ag@faﬁtpr@;ﬁenes frogfira ippspaaet andloh a
supply of oxygen

rocess. as cl ai of. t he ng cl ains,
wherein, after step (E5°peﬂ%§°%’é]ﬁ“g:%5 nﬁ“ﬁ@tnby %85?%?&1?38 §1°‘°6 Aire and
optionally propene is subjected to a propane dehydrogenation and the
product m xture tained is ected to ste i ess as
clained in any o&’the ?ﬂﬂﬁﬂé@&“ﬁgg@fé’ﬂ’ﬁ%@ %‘grpél éngfé%g?h§ab5%goeggrr 12(% out
directly after step (bprophie- shdforqrepmeasntiiinggss Bandny of clains 1 to 11,
wherein after step (b) and before step (c) a water quench is carried out

for separating absorbent.
(<) use of the gas B obtained in stage (b) for an oxidation of propane

and/or propene to acrolein and/or acrylic acid,

no heterogeneously catalyzed dehydrogenation of propane without a supply
of oxygen being carried out between steps (b) and (c).

2. A process as claimed in claim 1, wherein a gas mixture A which, in
addition to propane and/or propene, contains at least one further component
selected from hydrogen, nitrogen and oxides of carbon is used in step (a).

3. A process as claimed in claim 1 or 2, wherein at least one Cs-Cao-alkane or

Cs-Cyo-alkene is used as the absorbent in step (a).

4. A process as claimed in any of claims 1 to 3, wherein the separation of the
propane and/or propene from the absorbent in step (b) is carried out by
stripping, flashing and/or distillation.

5. A process as claimed in any of the preceding claims, wherein, in step (c),
propene is oxidized to acrolein and/or acrylic acid.

6. A process as claimed in any of claims 1 to 4, wherein, in step (c), propane

is oxidized to acrolein and/or acrylic acid.

7. A process as claimed in claim 6, wherein a multimetal oxide material of the

formula (I)

MoV M'.M3,0, (I)



10.

11.

12.

13.
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M! is Te and/or Sb,

M?  is at least one of the elements from the group consisting of Nb, Ta,
W, Ti, Al, Zr, Cr, Mn, Ga, Fe, Ru, Co, Rh, Ni, Pd, Pt, La, Bi, B, Ce,
Sn, Zn, Si and In,

is from 0.01 to 1,

is from > 0 to 1,

is from > 0 to 1, and

is a number which is determined by the valency and frequency of

the elements other than oxygen in (I),

=2 o o o

is used as the catalyst for the propane oxidation in step (¢).

A process as claimed in any of the preceding claims, wherein, after step (c)
has been carried out, unconverted propane and/or propene is separated off
according to steps (a) and (b) and is recycled to step (c).

A process as claimed in any of the preceding claims, wherein the gas
mixture A used in step (a) has the composition of a gas mixture which is
obtainable by homogeneous and/or heterogeneously catalyzed
dehydrogenation of propane to propene.

A process as claimed in claim 9, wherein the propane dehydrogenation is

carried out with a supply of oxygen.

A process as claimed in any of the preceding claims, wherein, after step (¢)
has been carried out, unconverted propane and optionally propene is
subjected to a propane dehydrogenation and the product mixiure obtained is

subjected to step (a) again.

A process as claimed in any of the preceding claims, wherein step (¢) is

carried out directly after step (b).

A process as claimed in any of claims 1 to 11, wherein after step (b) and

before step (c) a water quench is carried out for separating absorbent.



