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5 The present invention relates to a process for preparln

acrylic acid or a mxture thereof from propane, in which Tﬁd Nﬁst
stage A, the propane is subjected to a parti al heterogeneously
cat al yzed dehydrogenation in the gas phase to 10 gi ve propyl ene, B)

the product mapaita¥isH cof lR@Folbaff drAitabsiddPlomikeace abreof from
unr eact ed p&ﬁﬁ?@ﬁels used in a second stage B as feed to an
oxi dation réactor and in the oxidation reactor the propylene 15 S

subj ected to_a sel ecti ve heterogeneously catal yzed

parilal 03 d28 BHeﬁF??l*ﬂ¥QE§gPE? ¥P Eé; %or prepar%qgfﬁcrgcryllc

acid or a mideisneaemslimpfacid Pargéﬂl’f‘}r"é@uéher%f from\pracaRR e idx YHéAhbei ng

used as oxygen source, and 20 C) in a third stage C, the target product

i's separatedy)fram theirst stage A, the propane is subjected to a partial
heterogeneously catalyzed dehydrogenation in the gas phase to

10 give propylene,

B) the product gas mixture from stage A containing propylene and
unreacted propane is used in a second stage B as feed to an
oxidation reactor and in the oxidation reactor the propyfene

15 is subjected to a selective heterogeneously catalyzed gas-
phase partial oxidation with molecular oxygen to give acro-
lein, acrylic acid or a mixture thereof as target product,
with pure oxygen being used as oxygen source, and

20 C) in a third stage C, the target product is separated from the
product gas stream obtained from the partial oxidation of the
propylene in stage B and at least the unreacted propane pres-
ent in the product gas stream from stage B is recirculated to
the dehydrogenation stage A.

25

Acrylic acid is an important chemical feedstock which is used,
inter alia, as monomer for the preparation of polymers which, for
example, are used in aqueous dispersion as binders. Acrolein is
an important intermediate, for example in the preparation of glu-

30 taric dialdehyde, methionine, folic acid and acrylic acid.

It is generally known that acrylic acid can be prepared by
heterogeneously catalyzed gas-phase oxidation of propylene using
molecular oxygen over catalysts which are present in a solid

35 aggregate state (cf., for example, DE-A 19 62 431,
DE-A 29 43 707, DE-C 1 205 502, EP-A 257 565, EP-A 253 409,
DE-B 22 51 364, EP-A 117 146, GB-B 1 450 986 and EP-A 293 224).

The catalysts used are normally oxide compositions. The catalyti-
40 cally active oxide composition can contain, apart from oxygen,
only one other element or more than one other element (multi-
element oxide compositions). The catalytically active oxide
compositions used are particularly frequently those comprising
more than one metallic, in particular transition metal, element.
45 These are referred to as multimetal oxide compositions. The
multielement oxide compositions are usually not simple physical
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usual Iy n@f 3tRh 8 PEYe G2ko 10 bar. The target reaction occurs during the
residence time of the reaction gas mixture in the catalyst charge
through which it is passed.

As is generally known to those skilled in the art, the hetero-

20 genecusly catalyzed gas-phase partial oxidation of propylene to
acrylic acid proceeds essentially in two steps in succession
along the reaction coordinate, of which the first leads to
acrolein and the second from acrolein to acrylic acid. As a
result, if the process of the invention is suitable for the

25 preparation of acrylic acid from propylene by gas-phase catalytic
oxidation, it is automatically also suitable for the preparation
of acrolein from propylene by gas-phase catalytic oxidation,
since the preparation of acryllc acid can at any time be stopped
at the acrolein stage.

30
As a result of the pronounced exothermic character of the partial
oxidation of propylene, the oxidation reactors are customarily
fed with a gas mixture which contains the reactants molecular ox-
ygen and propylene diluted with a gas which is essentially inert

35 under the conditions of the gas-phase catalytic partial oxida-
tion. Here, diluent gases are those whose constituents, consid-
ered individually, remain unaltered to an extent of more than
95 mol %, preferably more than 98 mol %, under the conditions of
the heterogeneously catalyzed gas-phase partial oxidation. Usual-

40 ly, the inert diluent gas comprises the major proportion by vol-
ume of the three constituents of the feed gas mixture.

The classical methods of heterogeneously catalyzed gas-phase
oxidation of propylene to acrolein and/or acrylic acid recommend

45 steam and/or nitrogen as inert diluent gas (cf., for example,
US-A 4 147 885, column 1, lines 20 to 35, DE-A 20 56 614, page 2,
last two llnes, DE B 20 09 172, column 4, lines 40 to 45,
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m xture in the catal yst charge t hrough which it is passed. As is
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10 catalyzed gas-phase oxidation of propylene to acrolein and/or
acrylic acid is that, on the one hand, they require essentially
pure propylene as propylene source, but propylene is a material
which essentially does not occur naturally. Propylene is predomi-
nantly obtained as cracking gas in the cracking of petroleum hy-

15 drocarbons. In addition, the oxygen limit concentration of the
feed gas comprising molecular oxygen, propylene and inert diluent
gas in the classical processes is also unsatisfactory.

The oxygen limit concentration is that percentage by volume of

20 molecular oxygen in the feed gas mixture below which, regardless
of the proportions by volume of the other comnstituents of the
feed gas mixture (in continuous operation, these proportions by
volume can fluctuate unexpectedly as a result of faults), namely
the organic compound to be partially oxidized (propylene) and the

25 inert diluent gas, combustion of the organic substance initiated
by a local ignition source, for example, local overheating or
spark formation in the reactor, is no longer able to spread from
the ignition source through the feed gas mixture at the given
pressure and temperature, so as to exclude the danger of an

30 explosion. This means that, for safety reasons, the proportion by
volume of the molecular oxygen used as oxidant in the feed gas
mixture has to lie below the oxygen limit concentration. Since on
the other hand, with regard to the stoichiometry of the partial
oxidation to the desired target compound, it is generally neces-

35 sary to use the molecular oxygen employed as oxidant in at least
stoichiometric or in superstoichiometric amounts (eg. to reoxi-
dize the oxidic composition used as catalyst and to reduce carbon
deposits), the oxygen limit concentration of the feed gas mixture
influences the maximum proportion by volume of the organic com-

40 pound to be partially oxidized (propylene) in the feed gas mix-
ture and thus the achievable space-time yield of target product
(cf. also EP-A 257 565, page 5, lines 36/37).

Since those skilled in the art generally look for a space-time

45 yield of the desired target compound which is as high as pos-
sible, there is interest in making the proportion by volume of
the reactants in the feed gas mixture as high as possible, ie. to
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page 'acid, steam as inert diluent gas, to which nitrogen or saturated
hydrocarbons such as methane, propane or butane can be added.
DE-A 14 68 429 recommends carbon dioxide, nitrogen, saturated hy-
20 drocarbons or steam as inert diluent gases in a process for the
heterogeneously catalyzed gas-phase oxidation of propylene to
acrylic acid, with preference being given to steam.

However, all the examples of DE-A 19 62 431, DE-B 22 51 364 and

25 DE-A 14 68 429 do not include any example in which a saturated
hydrocarbon would even have been used as part of the inert
diluent gas.

DE-A 30 06 894 likewise concerns, in a heterogeneously catalyzed
30 gas-phase partial oxidation process for propylene, the problems
of, on the one hand, preventing a runaway reaction and, on the
other hand, achieving a productivity which is as high as possible
(p. 2, lines 11 to 19). The solution recommended is to feed in
the feed gas mixture at low catalyst activity and subsequently to
35 successively increase the catalyst activity along the reaction
coordinate. Possible inert diluent gases mentioned in
DE-A 30 06 894 are nitrogen, carbon dioxide and/or steamn.

German Auslegeschrift 17 93 302 relates to a process of heteroge-
40 neously catalyzed gas-phase partial oxidation in which the inert
diluent gas used is, after separating off the target product, the
reaction off-gas containing the carbon oxides and water vapor
produced in the reaction. DE-A 20 56 614 likewise speaks of the
problems of preventing explosion-like combustion processes in the
45 heterogeneously catalyzed gas-phase partial oxidation of propy-
lene (eg. p. 3, paragraph 2, last two lines). To avoid dlsadvan-
tageous effects of the preferred diluent gas steam, o
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-3 DE-A 22 02 734, p. 4, lines 18 to 22, DE-A 30 06 894, page 6, l'ine
21 and DE-A 24 36 818, page 2, paragraph 3, with DE-A 20 56 614
attributing the particul ar SUItabI|It 8f steam as inert diluent gas to
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t gases used, essentially to that of DE-A 20 56 614. The same
applies to US-A 4 147 885. DE-A 27 29 841 relates to a process
for the heterogeneously catalyzed gas—-phase oxidation of propy-
lene to acrylic acid, which, owing to the use of a specific ox-
15 idation catalyst, makes it possible to use, in place of steam as
inert diluent, a mixture of CO, COz, nitrogen and argon which is
separated from the product gas mixture of the heterogeneously
catalyzed partial oxidation and is recirculated to the feed gas
mixture.
20
EP-B 253 409 (cf., in particular, p. 5, first three lines) and
EP-A 257 565 teach, for avoiding an explosion risk in the hetero-
geneously catalyzed gas-phase partial oxidation of propylene, the
use of those inert diluent gases which have an increased molar
25 heat capacity Cp. Preference is here given, for example on page 4,
lines 47 ff of EP-B 253 409 and on p. 5, lines 26 £f of
EP-A 257 565, to mixtures of nitrogen, COz, methane, ethane,
propane and steam. However, apart from the gases specified, it is
also possible for helium, argon, other saturated hydrocarbon
30 gases, NyO and carbon monoxide to be additionally present. Only
its mean molar heat capacity is considered important for the
action of the inert diluent gas. Thus, the inert diluent gas of
the feed gas mixture in all examples comprises more than 55 % by
volume of N;. EP-B 253 409 (page 5, line 41) and EP-A 257 565
35 (page 6, line 26) recommend as particularly preferable those in-
ert diluent gas mixtures whose specific molar heat Cp is from 10
to 17 cal/mol-K under the operating conditions. Essentially pure
propane, having a corresponding Cp of 29.75 cal/mol-K, lies far
outside this recommendation.
40
EP-A 293 224 concerns a process for the heterogeneously catalyzed
gas-phase oxidation of propylene to acrylic acid, in which the
use of a gas mixture containing carbon dioxide, steam and satu-
rated hydrocarbons having from 1 to 5 carbon atoms is recommended
45 as inert gas to ensure that the process can be carried out safely
{(p. 3, lines 9 and 20 of EP-A 293 224). EP-A 293 224 considers
the presence of carbon oxides in relatively high concentrations
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applies he met of EP-A 117 146. EP-A 117 146 concerns a
process for reactlng propane which occurs in natural gas to give
acrylic acid. In this method, the propane is subjected in a first
20 process stage to a heterogeneously catalyzed partial dehydrogena-
tion in the gas phase to give propylene. The propylene thus
formed is subsequently subjected to the heterogeneously catalyzed
gas-phase partial oxidation to give acrylic acid. Since the het-
erogeneously catalyzed dehydrogenation of propane to propylene
25 is, for reasons of selectivity, customarily carried out at pro-
pane conversions lying significantly below 100 %, little impor-
tance is normally attached to this variant for preparing propy-
lene because the very similar boiling behavior of propylene
formed and unreacted propane makes separation of these components
30 complicated. In addition, removal of byproducts, eg. hydrogen, is
necessary. The inventive feature of EP-A 117 146 is therefore the
discovery that the main constituents apart from propylene in the
product gas mixture of the propane dehydrogenation are essen-
tially inert in respect of the subsequent heterogeneously cata-
35 lyzed gas-phase partial oxidation of the propylene, so that the
product gas mixture from the propane dehydrogenation can be
transferred completely without significant disadvantages to the
subsequent propylene oxidation stage and the inert constituents
can subsequently be recirculated to the propane dehydrogenation
40 stage. EP-B 253 409 and EP-A 257 565 gave those skilled in the
art no cause for deviating from this method of EP-A 117 146, even
though the mean molar specific heat of an inert gas mixture con-
sisting of propane and hydrogen lies just within the range recom-
mended as preferred by EP-A 117 146 and EP-B 253 409. The above-
45 mentioned documents suggest at most that water vapor used and/or
formed in the propane dehydrogenation be frozen out before the
dehydrogenation product gas mixture is passed on. However, as al-
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not have the disadvantages of the processes of the prior art.

10 We have found that this object is achieved by a process for pre-
paring acrolein, acrylic acid or a mixture thereof from propane,
in which

A) in a first stage A, the propane is subjected to a partial
15 heterogeneously catalyzed dehydrogenation in the gas phase to
give propylene,

B) the product gas mixture from stage A containing propylene and
unreacted propane is used in a second stage B as feed to an
20 oxidation reactor and in the oxidation reactor the propylene
is subjected to a selective heterogeneously catalyzed gas-
phase partial oxidation with molecular oxygen to give acro-
lein, acrylic acid or a mixture thereof as target product,
with pure oxygen being used as oxygen source, and

25
C) in a third stage C, the target product is separated from the
product gas stream obtained from the partial oxidation of the
propvlene in stage B and at least the unreacted propane pres-
ent in the product gas stream from stage B is recirculated to
30 the dehydrogenation stage A,

wherein, from among the constituents other than propane and
propylene present in the product gas mixture from stage A, at
least the hydrogen and the water vapor are separated from the

35 product gas mixture before it is used as feed to the oxidation
reactor of the second stage B.

This means that, after addition of molecular oxygen, the oxida-
tion stage B is fed with a feed gas mixture consisting essen-

40 tially of only propylene, molecular oxygen and propane. The lat-
ter constituent is essentially the inert diluent gas, while the
first two constituents are the reactants. There are two reasons
for this feed gas mixture being advantageous. Firstly, it can be
obtained in a simple manner starting from the naturally occurring

45 raw material propane (hydrogen and water vapor can be removed in
a simple manner known per se, while the complicated propane/pro-
pylene separatlon can be omitted), and on the other hand the mix-
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The feature “combustible” here indicates compounds whose mixtures

with air at an initial pressure of 1 bar and an initial tempera-

ture of 50 to 150°C have an upper and a lower explosive limit

(ignition limit), with the determination of the explosive limits

20 being based on measurement in the standard apparatus as described
by W. Berthold et al. in Chem.-Ing. Tech. 56 (1984) No. 2,
pp. 126-127. .

In this context, explosive limits are the following limit values
25 in accordance with DIN 51649:

In a mixture of air and a combustible gas, the velocity at which,
under prescribed initial conditions, combustion (ignition, explo-
sion) initiated by a local ignition source (eg. glowing platinum

30 wire) spreads is dependent on the combustible gas content. It is
greatest at a particular content. Either decreasing or increasing
the combustible gas content reduces the combustion velocity until
finally, at a lower and an upper limit value for the combustible
gas content, the combustion reaction just no longer spreads out

35 from the ignition source. These two limit values are the lower
explosive limit and the upper explosive limit, the range of com-
bustible gas content lying between them is the explosive region
(ignition region).

40 The higher the proportion of propane in the inert diluent gas of
the feed gas mixture for the heterogeneously catalyzed gas-phase
oxidation of propylene, the more safely this reaction can be car-
ried out even with increased proportions by volume of the reac-
tants.

45
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reaction off gas contalning the carbon ox5| does and water vapor / produced

in the reaction. DE-A 20 56 614 |i kew se speaks of the pr obl ens of
preventi ng expl osi on-1ike conbustion pr cesses in the 45 het erogeneously

catal yzed gas-phase partial_ oxidation of, prop | ene_ ( .3,

par agr aph 2,Tq achigys psefasl) copyergipns dPsSB?éPF°PaHQ. B¥G§°Q§a4§ﬁ9§'th?he

preferred dlteﬁaunogahasttnuhe carried out atDeelabively bHighrtenpenatyses

recircul ati ngypiealeactiam 30l tgases c) . siheé ate dehydfogehtifonc (olleasads e

giisgzi i \cl)mnt he&@{d-@@' hes &cmerrtmoa?h&afc rﬁ%bg@&ﬁﬁ e Wo eewamn ‘é@.ﬁ@:kag&o t he
In

the feed g% @@e Vasa %f ér@ gwg'%a%[ﬁrq'%? §c€| w% ste se en %’EE 0

i ncr easi ng éﬁﬁ?%? %ﬁ??ﬁv?? §§5?§ Prgpylene

coor di nat e. mol&eiuﬂeef@ﬁ@ed)-xw@aﬁt remte&fl she oS 1v,escg§@|1ys1:sasmgthane
constituent and ethane, atéufcahbdcasvfunuhertbﬂprmduutsgaaeentm suborddhhve of
DE-A 20 56 %@E@ e85 ithd Vehy&Faianatant £eddoiondipestdeds Withlanmehhod
of DE-A 24y % Eﬂr(rcﬁf\ﬂﬁ‘d%he' Botfd B off caﬂ%é "lcredsbd by 1cMekifgSeRe
used, essent] at:uyaltgréssure o A rzeoac gn@% T § csaql”%e achieved in a sim-
ple manner, eg. by mixing in steam which constitutes an inert gas
for the actual dehydrogenation reaction. Dilution with steam
gives the further advantage of reduced carbonization of the cata-
15 lyst used, since the steam reacts with the carbon by the water '
gas reaction. In addition, steam can be easily separated from the
product gas mixture of the dehydrogenation, eg. by condensation.
A further way of increasing the conversion in the dehydrogenation
is by taking hydrogen out of the equilibrium by chemical means.
20 The simplest method is the addition of oxygen to the reaction
mixture. This is then referred to as oxidative dehydrogenation in
which water vapor is formed as byproduct as a result of the reac-
tion of the oxygen with hydrogen. The detailed relationships are
known to those skilled in the art and are described, including
‘25 the dehydrogenation catalysts to be used, in, for example:
EP-A 117 146, US-A 3,784,483, US-A 4,083,883, Us-A 3,692,701,
Us-A 4,005,985, US-A 4,041,099, US-A 4,144,277 and
US-A 4,176,410. The product gas mixtures obtained can therefore
be ones whose main constituents are unreacted propane, possibly
30 unreacted oxygen, propylene formed as target product, hydrogen
formed as byproduct and possibly water vapor. Methane, ethane, CO
and CO; are present in subordinate amounts at most.

This means that removal of hydrogen and water vapor present in

35 the dehydrogenation product gas mixture (eg. by fractional con-
densation) gives a gas mixture which consists essentially of only
propylene, propane and possibly small amcounts of 0; and can be
used for the purposes of the process of the invention as feed to
the oxidation reactor of stage B. The amount of the molecular Oz

40 acting as oxidant which is to be mixed into the feed gas mixture
is matched to the propvlene amount present therein. The propy-
lene/propane ratio is assessed in a manner known to those skilled
in the art via the conversion in the dehydrogenation. As a result
of the above-described procedure, the feed gas mixture for the

45 oxidation reactor of stage B in the process of the invention
should contain, based on propane present therein, not more than
5 % by volume of constituents other than propane, propylene,
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applles to US-A 4 147 885. DE-A 27 29 841 rel ates to a process for the

het er ogeneousl y catal yzed gas-phase oxidation of propy- |l ene to acrylic
acid, which, owing to the use of a speq ic ox- 15 idation catal yst makes

it pOSSIb|e tQ use |n ac |nert d|Iu f CO
cqerr], nit§ raf 9%@% Iﬁhﬁ@ﬁe?g 3t Q¥¥H§Pat %2ﬁ£e§ge
m xture of t9f %EF@@%’F@&%I‘:@G inyeREiGRed &a??ﬁl%ﬂlmétP B fdans pro-
recircul at ecpdre,t proppbengand, ifi desired,200lecERniB @Xygen0dre cfemovied
particul ar, fromb.thlel pEbAUY Qs MIREUr&IBE stabl-A & EHbprbeessd of ehe in-
S\z;.?![ Idglngoilgd\gésgl%ﬂ E‘i‘hé' 5 SdodracliBe RELKSD to pECHSAY Hor eata! @ﬁias@asSaease
dases
whi ch have a élérzljcgrcgagg%f éqnedé%?gE Sn o% %%%og%ti%aq:g ré%ﬁr e?ereng’ér | s _here
given, for GeSfR% 8RS cUiieh ¥, 890,500 £E B fUTT
lines 26 ff ther exeﬂmatzzama@@r %arr@m-uﬂ@s ean he xememed dy éqz}lbbheshm
et hane, rapaixtand witdamn bqueves, kasdict sbluridrhe Sjasesmelamilairedxytt
I's al sgo m&s idtlc@rk oin heir wamyamoabsmbe&oﬁawmed byé mslacear 30xy -
gases, hg;g i &'I%tala%eag%gg%gahg be wg%aaaeiéﬂ St RECB! of Phe/ mﬁbbg mean
e r
di |l uent gas. afl)'ﬁt&s XPH%“T‘%%I} tlsdEF; b%n‘?:gés o%cggﬁ?#(;bef ee&ﬂgasmn%x%l?%é F%&gll
exanpl es ccwﬂﬂ|§§§§nﬁbﬁé ¥ RATSSS*XWFRY SCUNFSl-une of N2. EP—B 253 409 (page 5,
line 41) and EP-A 257 565 35 (page 6, line 26) recomrend as particularly

pref erabl g5tApwArieady mersyiondid, uehe hEtervgeneceslyjuatalypedidas-phasar heat

Clerr] is froyeehQl oxiQatiforf ¥f PRbpHienieo hbgyDieratiiangicRMbldcular

Essentially Qiidn prBEORANGn BRYhPEoTe SO kROPEAAMKIR Steps didrkPkhED! - K
reaction coordinate, of which the first leads to acrolein and the
second leads from acrolein to acrylic acid. The reaction proceed-

20 ing in two temporally successive steps makes it possible, in a
manner known per se, to configure the stage B of the process of
the invention as two oxidation stages arranged in succession,
with the oxidic catalyst used in each of the oxidation stages be-
ing able to be optimized for the respective oxidation stage.

25 Thus, for the first oxidation stage (propylene — acrolein), pref-
erence is generally given to a catalyst based on multimetal ox-
ides containing the element combination Mo-Bi-Fe, while for the
second oxidation stage (acrolein —+ acrylic acid) preference is
normally given to catalysts based on multimetal oxides containing

30 the element combination Mo-V. Appropriate multimetal oxide cata-
lysts for the two oxidation stages have been described many times
and are well known to those skilled in the art. For example, page
5 of EP-A 253 409 refers to appropriate US patents. Useful cata-
lysts for the two oxidation stages are also disclosed in

35 DE-A 44 31 957 and DE-A 44 31 949: this applies in particular to
those of the general formula I in the two documents. The product
mixture of the first oxidation stage is generally transferred
without intermediate treatment to the second oxidation stage. The
simplest embodiment of the two oxidation stages is therefore

40 formed by a tube-bundle reactor within which the catalyst charge
alters appropriately along the individual contact tubes with
completion of the first reaction step. However, the two oxidation
stages are preferably carried out in an oxidation reactor com-
prising two oxidation reactors in series. In this case, the other

45 reaction conditions, eg. the reaction temperature, can also be
optimized in a simple manner for the respective oxidation stage.
The molecular oxygen required for the second oxidation stage is
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out side this reconmendation. 40 EP- A 293 224 concerns a process for the

het er ogeneously catal yzed gas- phase oxi dation of propylene to acrylic
acid, in which the use of a gas m>d#{e cont ai ni ng carbon di oxi de, steam
r

and sat u- rate rocar av 5.carb tons
N commended ME8 *é??gz%‘gsqef pie e fhii "%ﬁs g fde Rl e £bg oot
safely - pse°§n Pﬁé datgion, Feaster - Bxeferghlyp hor 933dabion, $taggsr s
the pr esencetl'tﬁ vedupenrasdales prgerricatdorpPynd th ke peshiably cwidized

6 (page 3(propgdehd)ormrabrdledhit i wedlechilgk oxygen HmatheapPesd tgasomix- t he
inert gas Snt?iiz‘ér 2s( Badéctded ldghe 271 d@ Nepesserdv) 11 Q@ 1he ro 2fkagki veness

of the inert gkﬁgé%gcmggd@%@n enEE{L%%}oaaé ) ERgd %% 4

consi ders a%urtﬁ an-

| CU ced reCommends
fo be the TdARtiReds e, Gxpess of Grvotn, I Both r?@*ﬁd%%??ng%%qﬁsxwe Bo be
used can be W&Fﬁ@ﬁws f%ﬁﬂcﬁhenpnﬁ%d@tnegagsn?&tﬁheegaﬁ-m%%@mﬁa#mn
oxi dati on. |Theathermodynamiiy condihionsare ges significantlyl influeackded gas
m Xt ure cpnthereby, since the heterogeneously catalyzed gas-phase partial
oxidation of the propylene to acrylic acid is subject to kinetic
control. In principle, the heterogeneously catalyzed gas-phase
partial oxidation of propylene to acxrylic acid can also, however,
be carried out in a single stage. In this case, both reaction
15 steps occur in one oxidation reactor which is charged with a cat-
alyst which catalyzes both reaction steps. Of course, the cata-
lyst charge can also change continuously or abruptly along the
reaction coordinate within one oxidation stage. Naturally, in an
embodiment of the stage B of the invention in the form of two ox~
20 idation reactors connected in series, carbon oxide and water va-
por formed as byproducts in the first oxidation reactor can be
separated if necessary from the product gas stream leaving the
first oxidation reactor before it is passed on to the second ox-
idation reactor.
25
Otherwise, the reaction temperatures and pressures to be cited in
the stage B are known to those skilled in the art from the liter-
ature.

30 The product gas mixture leaving the stage B is composed essen-
tially of the target product acrolein, acrylic acid or a mixture
thereof, unreacted propylene, unreacted acrolein, unreacted mo-
lecular oxygen, water vapor formed as byproduct, carbon oxides
formed as byproduct, the inert diluent gas propane and small

35 amounts of other lower aldehydes and hydrocarbons.

The target product is separated from the product gas mixture in a
mammer known per se (eg. absorption of acrylic acid in water or
in a high-boiling hydrophobic organic solvent or absorption of
40 acrolein in water or in aqueous solutions of lower carboxylic
acids and subsequent work-up of the absorbate; cf., for example,
EP-A 117 146 and DE-A 43 08 087 or DE-A 43 35 172 and also DE-A
44 36 243). Unreacted propylene and/or acrolein are, if desired,
likewise separated off and recirculated to the stage B. Other-
45 wise, the significant constituents other than acrylic acid and
acrolein can, as necessary and depending on the dehydrogenation
catalyst used, each be separated off separately or recirculated
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prises steamand CJerr] 1n a total amount of at |east 15 % by vol une, 10

based on the inert gas m xture. D sadvant ages of the abovenenti oned
processes of the prior art for the ki%erogeneously catal yzed gas- phase
oxi dation of propy- | ene to acrylic id are that the associ ated oxygen

linmt con- 1%PY|NkETaFEERStRE ProPANE P Fhe Oshydnagenatdan, SERIQ Ay I AS from

es- sent i &®4 ypspdescpibrd) dms lusncecths delwdnegeration cppeersien. Qfso

applies to tdmumset,hptopné&Fem ith7 olmbcarER 1401 be fekdimulatedsta the mtagess

for reactingaprigPdne phbEdsP T Ehel Invertilon! igagakPidl VAt coMeinidusigsi d.

In this meg hﬂferé *Eﬁuﬁr.@&éﬁ‘f‘té 2 %dﬂ%ﬁﬁ&ﬁ& 'd&n@eiéi&l.@@pﬁ}eﬁ&ﬁé%ét 158 a
usl. ehydro

het er ogeneo catg zed partia / gena- tion"in the gas phase to
gi ve propyl ietd fRe B¥o%‘§/‘f B hus Jformed i s subsequently subjected to
t he heterogeneously catal yzed gas- phase partial oxidation to give
acrylic_aci din Sumperyhetheetdifferencgeriatnelep the @uycasssdefiythe gayventdonof
propane to pamp\thenpraddesses fofr theappitr afrtsarecéssartialtystium, ifiysedyli ed
out at prPp progReecaRMYE N sl ¥tatk S hatbedai landiehitn 19804 dehekle
| mpor - t 19005 AR !J%Iea%tt%%ﬁhggné %i}t?%'é ffﬁé'l‘?é'{:terfog%n&&@?.ﬁ} 'é&aﬂgQBX'
| ene because the very si ar _|I|n %e ayi or _of .rop)é eng. flgrre and
unr eact ed pr%ﬁé’aﬁﬁkg?'@%rp’é’rnaf’%oﬁr &S °c8ﬁ5%3r%ﬁ{'s SO LRI EaEd 1 n
addi tion, rdMotEareotheyerhd Rarsicularly @todagreased prRpeEkiens byTyolume
i nventive fesff meactbnEP-in the féedi gad heimthweecof Hthe gadi pbaseroxidagtionhe
mai N consistanibe eReried rdid MieRYifMcdsed Bafety [BwWitdC toJtite Nutictienobft he
propane dehygdrogenakl fRogdrie @3Se8zentid11d thel 8614 inkrtedPisdntOigashqeven
subsequent NaleeadaNEP R vedidlad oxpged <o ¢R3cAANS RAEbAAL il Be9d-O"
t he propyl ene,” sO {ha e . \ .
tion owing to unexpected faults) which forms the basis for in-
creased space-time yields of target product. This is demonstrated
20 below by some examples. It may be affirmed that, according to the
process method of the invention, it is possible to handle more
safely feed gas mixtures of the stage B whose propylene feed is
from >30 % by volume up to 40 to 45 % by volume, based on the
feed gas mixture.
25
Useful feed gas mixtures of the stage B comprise
from 15 to 30 % by volume of propylene
from 20 to 40 & by volume of oxygen and
from 30 to 65 % by volume of propane.

30
They can be obtained in a simple manner by selecting the conver-
sion in the stage A as from 25 to 35 mol% and, after separating
off hydrogen, water vapor and, if appropriate, other byproducts,
adding the appropriate amount of molecular oxygen.

35 '
The process of the invention can be used particularly advanta-
geously if the raw material used for the preparation by gas-phase
catalytic oxidation of acrolein and/or acrylic acid is refinery
polypropylene. This comprises about 70 % by volume of propylene

40 and about 30 % by volume of propane. :

The refinery propylene is advantageously first used as feed to an
oxidation reactor and in the oxidation reactor the propylene is,
in accordance with stage B of the process of the invention, sub-
45 jected to a selective heterogeneously catalyzed gas-phase partial
oxidation to give acrolein, acrylic acid or a mixture thereof as
target product and, in a stage C) of the invention, the target
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product gas nrx?uret* ﬂf?ﬁ%lgropgﬁe dehy rogenatron can 6%050/%?%%%ferred

conpletely wi thout significant di sadvantages to the subsequent propyl ene
oxi dation stage and the inert constitue £$ can subsequently be
recirculated to the propane dehydrogenatrton 40 stage. EP-B 253 409 and EP-A

257 565 gavepréiuss disi eparated ifeom the iprpsiuciustream aprbaiinednfrom &he his
nmet hod of EPpaOrt’b.’th bifdaeiiem of theopgbpylenendanthel stragep®8cahdcathekeastf an

inert gas m phelnfredbted piodddprabeit Oﬁﬁ&%eaﬁﬂo&\@ﬂ’ Q@N skiresmjdmttna t hin
the range re,g:? ntloneg gﬂr&ﬁa&rﬁf U&ddéﬂ&cﬁ%gén &%@a@@dﬁé’f E’tr?e531n409

Th b -
angl gr ove Fo Yred 9 £Re? f)?‘ic)%% %ﬁ%ﬂ?ﬁét 2 gﬁs %‘S rozen ou 5% ?gh

dehydr ogenat ¥ i5veBkdPRgas nixture is passed on. However, as m
7 ready nentioned, the disadvantage of the procedure reconmended by
EP- A 117 146E:tam;nJmt (Lheéleaygenf ithet camnstibiattyodithiehénésedilugat

m xture of t RicoiR¥k Blen€X | SR itneNoky &Ie 1imiRObosddrtslatdbAjY even in the
cont ext o 'S procedure It is an object of the present invention to

rovi de a rocess fo
P p termlnatlon of the oxygen limit concentration of feed gas mix-

tures at an initial temperature of 250°C and an initial pressure
of 1 bar and comprising propylene (organic compound to be
partially oxidized), molecular oxygen (oxidant) and an inert

15 diluent gas which is inert in respect of a heterogeneously
catalyzed gas-phase partial oxidation of the propylene to acrylic
acid.

General experimental procedure:

20
The experiments were carried out in a closed, spherical 5 1 high-
pressure vessel of stainless steel. The formation of the gas mix-
ture in the initially evacuated high-pressure vessel was carried
out by the partial pressure method. After mixing for 10 minutes

25 by means of a magnetic stirrer, an attempt was made to igmnite the
gas mixture by means of a melting platinum wire. Any independent
spreading of a reaction front (explosion) triggered thereby was
detected by the rise with time of the internal pressure of the
vessel (measured using a piezoelectric transducer) and by the

30 increase in temperature in the vessel.

Results (the specific molar heats Cp used are based on the data
from “Ihsan Barin, Thermochemical Data of Pure Substances, Part I
and Part II, VCH Verlgasgesellschaft, Weinheim, Second Edition,

35 1993~, with ideal gas behavior being assumed for the gas
mixtures) :

a) Exclusive use of methane as inert combustible diluent gas,
ie. the inert diluent gas consisted entirely of combustible
40 constituents. The specific molar heat Cp of methane is
47.5 J/mol-K under the specified conditions. The oxygen limit
concentration determined is 32 % by volume.

This means that, in a mixture of propylene, molecular 0Oz and
45 methane as inert gas, which is at 250°C and 1 bar, a local

ignition (explosion) can, regardless of the specific composi-
tion of the mixture, no longer spread independently when the
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prepar| ng acrolein, ac?;?l I C aC|c or a mg?upgot hereofo\Mzwl cgoagégsviﬁot have

t he di sadvant ages of the processes of the prior art. 10 W have found that
this object is achieved by a process fof pre- paring acrolein, acrylic
acid or a mxture thereof from propane, 4" i n which A in a first stage
A, the propane iBreR@ytdeneiyt vo afi Q¢ 15 the tpsadrmiphunsudisy<c3? a¥ yaed
dehydr ogenati on volunes d&s phasenixture of 31iwdypvopumensf Oz, 2B)%$ Myhe
product gas m XxtvEune @P Prafieldnd Qmidaiubi 80w vilyimenof aféthane at Wnh&Act ed
propane i s used b 25Peond SeHI° 18ndk 68 hd BoPlonfer spiEaighbages cact or

and in thegoxida eactor the propyl ene I'S subjected to a
sel ective ﬁeterogene usly catal yzed gas- ‘phase partial oxidation
wi t h nol ecul ar oxygen to give acro- lein, acrylic acid or a mxture

thereof as thB}gePS@rafi@ci.2 (propang)th B6r% (SO2deRivenre) (@asdoast dshgen
source, and 25 prdportions bhi valwstedgefPpropend andetapvaon tiloxitsesap airmrd

fromthe SinBH gass $é! aHv qhkat neériddnenghBechrdidrddd Pikgaainp of
the 10" OPVLRIr a1y BofnRediitheRinl §08 1UeHE UHEC RS L8 BRI Lol G
ent |nthe produc1P %trea romstaec_ril?]f C|rculate
dehydr ogenat i on & g‘é‘eﬁ T r ORTE e %rbr%t"fa?ué § brt her
than propane andlikewissoppgna ‘Epr@§eﬁ? P AmRd - Fr ORARA thes spegited oprtist age
A at tions. The oxygen limit concentration determined is only 15 %
by volume.
15 This means that in a mixture of 31 % by volume of Oz, 20 % by

volume of propylene and 49 % by volume of the inert diluent
gas under conditions corresponding to a), a local ignition
spreads independently.

20 c) Use of a 48.3 (propane) : 51.7 (methane) mixture (ratio of
the proportions by volume) of propane and methane as inert
diluent gas, ie. the inert diluent gas consisted entirely of
combustible constituents. The specific molar heat Cp of this
mixture is 80.8 J/mol-K under the specified conditions. The

25 oxygen limit concentration determined is 37 % by volume.

d) Use of a 50 (propane) : 50 (COz) mixture (ratio of the
proportions by volume) of propane and carbon dioxide as inert
diluent gas, ie. the inert diluent gas also contained non-

30 combustible constituents. The composition of the inert gas
mixture was selected in such a way that it likewise has a Cp
of 80.8 J/mol-K under the specified conditions.

The oxygen limit concentration determined is only 34 % by

35 volume, ie. despite a significantly higher Cp value for the
inert diluent gas in comparison with a), the oxygen limit
concentration is only a proportion by volume comparable with
a).

40

45

This Sheet HasB

/mm;/:mum"tfiﬁ“’



. . BASF Aktiengesellschaft 951090 0.2. 0050/45712
| east the hydrogen and the water vapor are separated fromthe 35 product

gas m xture before it is used as feed to the oxidation reactor of the

second stage B. = This néinghe Bee edaddi ti on of mol ecul ar oxygen
t he oxi da- tion stage B i 1“3 eed gas m xture consi sting essen-
40 tially of onlé_propylene, 1 § gen and propane. The | at- ter

constituent We tially the inert diluent gas, while the first two
constituents are the reactants. There are two reasons for this feed gas
m xture bei ng, ady U TorFbFr&dding heedlelt, acrohiai A€l ior a Airbhre
manner stagting {RQRJING AR PEGbdde 0GaULhiAY 45 raw material propane

(hydrogen and water vapor can be renoved in a sinple manner known per
se, while the conplicated propane/pro- B¥Iene &%Paration an be .
omtted), and onPtheiB®thiinsingtage Ay the bropane is subjected to a partial

8 ture oxygen/ pr ohgterngemespsie ¢tatalyzeindelvdrquenagdeon in hhe ges-
centration. The | attphasadio igivehpromslene,of conprehensive and
systenmati ggresearch work. It is based on the recognition that the
B) the product gas mixture from stage A containing propylene
and unreacted propane is used in a second stage B as feed
to an oxidation reactor and in the oxidation reactor the
propylene is subjected to a selective heterogeneously ca-
15 talyzed gas-phase partial oxidation with molecular oxygen
to give acrolein, acrylic acid or a mixture thereof as
target product, with pure oxygen being used as oxygen
source, and '

20 C) in a third stage C, the target product is separated from
the product gas stream obtained from the partial oxida-
tion of the propylene in stage B and at least the unre-
acted propane present in the product gas stream from
stage B is recirculated to the dehydrogenation stage A,

25
wherein, from among the constituents other than propane and
propylene present in the product gas mixture from stage A, at
least the hydrogen and the water vapor are separated from the
product gas mixture before it is used as feed to the oxida-
30 tion reactor of the second stage B.

2. A process as claimed in claim 1, wherein the total amount of
constituents other than propane and propylene present in the
product gas mixture of stage A are removed therefrom before

35 it is used as feed to the oxidation reactor of the second
stage B.

3. A process as claimed in claim 1, wherein the stage B is im-
plemented in the form of two oxidation reactors comnected in
40 series, of which the first is charged with a multimetal oxide
catalyst containing the element combination Mo-Bi-Fe and the
second is charged with a multimetal oxide catalyst containing
the element combination Mo-V.

45 4. A process as claimed in claim 3, wherein the product gas mix-
ture of the first oxidation reactor is transferred without
intermediate treatment to the second oxidation reactor, with

e
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oxygen limt concentratlon 0 gas m xture conprising no- 5 |ecular

oxygen, inert diluent gas and propyl ene (the proportion of nol ecul ar
oxygen decreases along the reaction coohdinate) is i nfluenced | ess by
the nolar heat capacity Clerr] of_ the

ert diluent as th nb %;
inert diluent gathe vedumepsatip A OFEBALTE A9Mpound bR Mantd F'SV\%’F 2ethi ¢
conpound, with timragivieneaceacsrdl@inggueteqiar oryoeRbeing Sﬁécéﬁsh’at'-‘t%g
the restriction 3an eher feed Seds mAkedray dsd kmthongiddtniom reaetbast er,

propane i s advant ageous insofar as if it is not conpletely inert in t he
oxi dation gtage, it is itself essentially converted to propyl ene,

acrol ein and/ or acrylic acid. 15 The feature "conbustible" here

i ndi cat es conpounds whose m xtures with air at an initial pressure of 1
bar and an initial tenpera- ture of 50 to 150[err] C have an upper and a
| ower explosive limt (ignition limt), with the determ nation of the

explosive limts 20 being based on neasurenent in the standard apparatus as
descrlbed59 by W Berthold et al. in Chem-Ing. Tech. 56 (1984) No. 2,

pp. 126-1 In this context, explosive limts are the following limt
val ues 25 in accordance with DIN 51649: In a mxture of air and a
conbusti bl e gas, the velocity at which, under prescribed initial
condi tions, conbustion (ignition, explo- sion) initiated by a | ocal

ignition source (eg. glowng platinum 30 wire) spreads is dependent on the
conmbusti bj® gas content. It is

20
25
30

35
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greatest at a particular content. Either decreasing or increasing t he

conbusti bl e gas content reduces the conbustion velocity until finally,

at a lower and an upper limt value for the conmbustible gas content, the
conbustion reaction just no |longer spreads out 35 fromthe ignition source.
These two |imt values are the | ower explosive limt and the upper

expl osi ve |i Rrepaxatdamapfeasrotein. acTylieiafid gasachhrieme LERRgobetT®RN
themis the pxppase@ve region - (ignition region). 40 The higher the

proportion of propane in the inert diluent gas of the feed gas m xture
for the hegeppgepgausly catal yzed gas-phase oxi dation of propylene, the
nore safely this reaction can be car- ried out even with increased

proportions b5 vol une of _the reac-

a
9  To achi? L%réﬁﬂsscSHVeP%‘?RﬂFsmﬂnaFﬁ%i?}r‘bpéfféY&éﬂﬁﬁ’r?gé’ﬁa?u BxtyaR,
reacti on hasthererf £xom pyopRe aPLOPRALi 12 |BARYigA ly cdglurdnogenated to
(typical ly fpoopyBldhe dn/780first Gtagsi, nthe thrmodbeity gas geindturen résh badmye
10 therefrom is, after separating off hydrogen and water vapor, used
as feed to an oxidation reactor, the propylene formed in the
dehydrogenation is partially oxidized in the oxidation reactor
using molecular oxygen in the presence of non-dehydrogenated pro-
pane as inert diluent gas to give acrolein, acrylic acid or a
15 mixture thereof and the propane present in the product gas mix-
ture of the partial oxidation is subsequently recirculated to the
dehydrogenation stage A.

20
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of GC+H) has a thernodynam c di sadvant age conpared
-(cteavage of CGC), it is carried out over sel ecti veX,
. hydrogen nol ecul e i s produced as byproduct for eac
formed. As a result of the selective catal ysts, mef Jddstractand p@gﬁhéaitfarpaged .....
formed as further byproducts in only subordinate anounts. Since NOV 1995
dehydrogenation reaction proceeds with an in- 10 cf eRAPEI OFVRECEERT Lhe

conver si on Ccaieparafioasachbylenerddigriibeacid

reactants. ThygneaR be achieved in a sim pl e. mnner, eg. by mxing in
steam whi ch ConStitutes an |nert gas for the actual dehydrogenation
reaction. Dilution with es thefurther vant age of reduced
car boni zat i pFﬁée%rat‘d“’efS"P g'fq eIARRP O ARFIGRFSs ?85@?%&?%&% he

carbon by thdam.eacrylga§q1éaerl%rmmwr&dahﬂ@# EroRaRT RN De IMaWpigh
separated fromthe product gas m xture of the dehydrogenatlon eg. by

condensationp)  # BUELBSE y&sgeoh | fB& gRdpatet IS SEWiEtedotoi 8 pdrtial
 dehydr ogenat i on_ t'e§05¥né claxﬁwg %&B?wgcfd]ylllnl BhiUFadpraizentsal

means. 20# |t|on of oxygen to the reaction
ni xt ur e s |s 1ﬁ'§n Fg?}é ?ré% to as oxidative dehydrogenation in whi ch
water vapor is formed as byproduct as a result of the reac- tion of the
oxygen with HBidr ddenproflecticzes mégtuse aftamsihage AreontaipipanP¥Pylange and
skilled in the aninrsadtedeprimme Hedusedcinudi sgc@bd tdtagee By ds ofeeditticoan

f’gt 2' ZSBZ t Osge UsAdatiBn f&ictdrABRRCIn thdBxAdddiord 4eactdrithe Mwaﬁe
4, 14 4, 27731(,-:1% d ﬁgéx%aggg%g 3:30 .?Eyécfiv %@e?géené&siﬁ cQﬂ&l@@&l dde-

& RBEELA i g SoR vt molagulty veBa” BbUIVE 4R

therefore ane

possi bl y-30 unrealﬁlé'd agyykic aﬁrlépylfeﬁem#’a?"ﬁ@dtagr?%ﬁg"ét tﬁFgﬁﬁc?mqﬂF&rogen

with pure oxygen being used as oxygen source, and

20 C) in a third stage C, the target product is separated from the
product gas stream obtained from the partial oxidation of the
propylene in stage B and at least the unreacted propane pres-
ent in the product gas stream from stage B, is recirculated to
the dehydrogenation stage A. '

25 ' -

Acrylic acid is an important chemical feedstock which is used,
inter alia, as monomer for the prepaiation of polymers which, for
example, are used in aqueous dispersion as binders. Acrolein is
an important intermediate, for example in the preparation of glu-

30 taric dialdehyde, methionine, folic acid and acrylic acid.

o It is generally known that acrylic acid can be prepared by
. ‘ heterogeneously catalyzed gas-phase oxidation of propylene using -
molecular oxygen over catalysts which are present in a solid
35 aggregate state (cf., for example, DE-A 19 62 431,
DE-A 29 43 707, DE-C 1 205 502, EP-A 257 565, EP-A 253 409,
DE-B 22 51 364, EP-A 117 146, GB-B 1 450 986 and EP-A 293 224).

The catalysts used are normally oxide compositions. The catalyti-
40 cally active oxide composition can contain, apart from oxygen,
only one other element or more than one other element (multi-
element oxide compositions). The catalytically active oxide
compositions used are particularly frequently those comprising
more than one metallic, in particula:; tr,gns:.t:,gn n}gt@l, element._
45 These are referred to as mu:l;:imetal éx:.de cqmpobltlon The '
multielement oxide compositions afe usuall;?"not simple phys1ca1
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formed as byproduct and possibly water vapor. Methane, ethane, CO and

Cerr] are present in subordinate anobunts at nost. Thi s neans t hat
renoval of hydrogen and water vapor present in 35 the dehydrogenation
product gas m xture (eg. by fractional ?é) - densation) gives a gas
-m xture which consists essentially of onfy propyl ene, propane and

"possi bl y smamixsupestef oxidpsref thivl edgmeneal cqm@@dtuemta.héoqyuhsbse@- of the
process of tkeneousmixtures 6farbrplex pble-conptamdsnof echss eahmsnage B.
The amount of the nolecular Qerr] 40 acting as oxidant which is to be

mxed into the § grgf\s t'ﬂexﬁlé{@uf e_%pro Césé*aw hhsag-rﬁ%ee &iR0PYEL of

h
knoun 1o 1 FoeSeyi Bie S g Sol Sy baHEE syfrt, fe R Rl B

dehydr ogenat i (GRF™aL1y & L& tonet%b%@]é'e&”ﬂ“b%‘zp Fd88uFk: the feed
gas mxture for the 45 OX|dat|on reactor of stage B in the process of the
i nventi on sihek! the diitRirogehecGeslyo RaBaIP2EE JgHsSphabe ldeiRItionn6E nore
t han % By Egiaﬂs & a eqtmtaar& 3 s06PBEnd NARKBERRARE:, RIORY! 88Ganta-
10 et ha% &% dBPLEE U ATa P98 zed bk RESEE ho STRATETROA pea
reactors where a heat exchange medium is passed through the space
surrounding the contact tubes. The latter procedure is the
preferred one (cf., for example, DE-A 44 31 957 and
DE-2A 44 31 949). The working pressure (absolute pressure) is
15 normally from 1 to 10 bar. The target reaction occurs during the
residence time of the reaction gas mixture in the catalyst charge
through which it is passed.

As is generally known to those skilled in the art, the hetero-

20 geneously catalyzed gas-phase partial oxidation of propvlene to
acrylic acid proceeds essentially in two steps in succession
along the reaction coordinate, of which the first leads to
acrolein and the second from acrolein to acrylic acid. as a
result, if the process of the invention is suitable for the

25 preparation of acrylic acid from propylene by gas-phase catalytic
oxidation, it is automatically also suitable for the preparation
of acrolein from propylene by gas-phase catalytic oxidation,
since the preparation of acrylic acid can at any time be stopped
at the acrolein stage.

30 '
As a result of the pronounced exothermic character of the partial
oxidation of propylene, the oxidation reactors are customarily

- fed with a gas mixture which contains the reactants molecular ox- -

ygen and propylene diluted with a gas which is essentially inert

35 under the conditions of the gas-phase catalytic partial oxida-
tion. Here, diluent gases are those whose constituents, consid-
ered individually, remain unaltered to an extent of more than
95 mol %, preferably more than 98 mol %, under the conditions of
the heterogeneously catalyzed gas-phase partial oxidation. Usual-

40 ly, the inert diluent gas comprises the major proportion by vol-
ume of the three constituents of the feed gas mixture.

The classical methods of heterogeneously catalyzed gas-phase
oxidation of propylene to acrolein and/or acrylic acid recommend

45 steam and/or nitrogen as inert diluent gas (cf., for. example,
US-A 4 147 885, column 1, lines 20 to 35, DE-X 20-56"614, page 2,
last two lines, DE-B 20 09 172, column 4, lines 40 to 45,
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of thé process of the invention,- all constituents other than pro- pane,
propyl ene and, if desired, nolecul ar oxygen are renoved fromthe product
gas m xture of stage A of the process of the in- 5 vention. The separation
met hods to be used for this purpose, su as fractional condensation or
absorption and extragtiLon pro- .cesses, are known to those skilled in the
art and reunF‘eA:%? %594' Rhé: Hprand8itth 22roPEck aithi%e 'eP??ecgrn be
renoved by stim®RAIh@nEhBE-A 3fh36nBiBurpage th PAragrausd, wWashc sol ution.
~Si nce nol ecubB+A @0y -56161¢eat tncibmtingnthe rpaxdiyuil ar assivakdlioy of t $cddd aishe
mol ecul ar OX¥nert diQRieh€Oyas &b 3t sO¥blaivdly hAgnoNb T iHRAtStapciwf the
process  50lpddie 4 NyarhbPipN 9 G108 &K SherARSOPEIF%E G1t BRal RUSELAY,
from an e enth:l guEe €X en saur ce, j{: Ai al ready (gentlone tehe
het er ogeneouSty Tt aﬁé 6= oAs - Prrases g%_r’tl}eﬁ SEESRT FESor 8pF 0BT TS
acrylic aci do%i the RRieank hrin ek PF otleedTeaHepE ivRE)pl e in two
successi ve steps along the reaction coordinate, of which the first |eads
to acrol ei n angigddvantageoot] dlmaddabsboahpracesses of@rc mhe heterodgendomisly
reaction pHoggesiry=ll GBS-bhade\OxiQEROEA! bf pYépIEERse B SiceRIeiBKASA1dr
possible, | “a?u%l{@%%. EE%&e%nSEhatgn&% aJYE fley @%@k@%%?s&ﬁtfﬁq_ :
process of | nvention as t'wo.oxXidalion sta arranged _I'n succesail on,

€S

with the oxiBPES RERVYERS RLPIFYLSER BT gdﬁf?‘%}’r} ag8saphatery

abl e to be opRich Afsen§ialle deaspaeti ecwxinddtrahly Rporyisnenhis predomine
first oxidatnanmtky apsaipedpys arrackingcgas eimithepcedcking efepetrobewyen-al | y
given to ascatétsrordasefl afdividn,mehel oygen limflescamitntiratiignt&f wecnent
conbi nati on bRadi gde cofiki £idP md18Bular SEERIUL, OB EF)1 &L $hadenbRE ' 1RieRL " >
acrylic ac'd%agrfﬁegﬂ%ngfaégical processes is also unsatisfactory.

The oxygen limit concentration is that percentage by volume of

20 molecular oxygen in the feed gas mixture below which, regardless
of the proportions by volume of the other constituents” of the
feed gas mixture (in continuous operation, these proportions by
volume can fluctuate unexpectedly as a result of faults), namely
the organic compound to be partially oxidized (propvlene) and the .

25 inert diluent gas, combustion of the organic substance initiated
by a local ignition source, for example, local overheating or
spark formation in the reactor, is no longer able to spread from
the ignition source through the feed gas mixture at the given
pressure and temperature, so as to exclude the danger of an

30 explosion. This means that, for safety reasons, the proportion by
volume of the molecular oxygen used as oxidant in the feed gas
mixture has to lie below the oxygen limit cdncentration. Since on
the other hand, with regard to the stoichiometry of the partial

. oxidation to the desired target compound, it is generally neces-

35 sary to use the molecular oxygen employed as oxidant in at least
stoichiometric or in superstoichiometric amounts (eg. to reoxi-
dize the oxidic composition used as catalyst and to reduce carbon
deposits), the oxygen limit concentration of the feed gas mixture
influences the maximum proportion by volume of the organic com-

40 pound to be partially oxidized (propvlene) in the feed gas mix-
ture and thus the achievable space-time yield of target product
(cf. also EP-A 257 565, page 5, lines 36/37).

Since those skilled in the art generally look for a space-time

45 yield of the desired target compound which is as high as pos-
sible, there is interest in making the proportion by volume of
the reactants in the feed gas mixture as high as possible, ie. to
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normally given to catal ysts based on nultinetal oxides containing 30 the
ebenent conbi nation M-V. Appropriate nultinmetal oxide cata- | ysts for
the two oxidation stages have been descri bed nmany tines and are wel |l
known to those skilled in the art. For exanple, page 5 of EP-A 253 409
refers to appropriate US patents. Usef ul 4cat a- | ysts for the two

oxi dat’i on st #&pdecsr the| inexti diluert gas 3D DEap it givegsan aepyasm Aimdt3]
949: this appmdneentpapiont iwhilchr isoas hilghoas pbdssitdlegeneral fornmula | in the
two docunents. The product m xture of the first oxidation stage is
general ly tr f e ot 4kmt ' a :

oxi dati on ?b?f}z.tq%gegéte%%,%ﬁp %%t 4%&?&%@%@"&%%&8&5&% b%%ggggegfi S
t herefore Jfﬁrﬁg aB%v%}f S BREH Y, &8 _F%?tfh?%' PERUTH caﬁaé § t

char ge al tHOxig8 23 ppIsantialdy oRe 9y ABPTE (HHAueREN 988 t f I YOI PY
conpl eti on ofthendahgestof explioghontizp.thdowesephaschsatadybkt duidation fomges
are pref erablpreparingda®titliic) agiid oftdieigrepyléns) or com prising two

oxi dation reactors in series. In this case, the other 45 reaction

condiL! o1 . 15 5696 056008 Al o g B, coc BT el

required for WE?EC%‘H’G RRIEPE AT 8gid from propylene.” As sultabid9e"

inert diluent gases, DE-A 19 62 431 mentions nitrogen, steam,
carbon dioxide or saturated hydrocarbons.

15 DE-B 22 51 364 recommends, for the heterogeneously catalyzed gas-
phase process for the partial oxidation of propylene to acrylic
acid, steam as inert diluent gas, to which nitrogen or saturated
hydrocarbons such as methane, propane or butane can be added.
DE-A 14 68 429 recommends carbon dioxide, nitrogen, saturated hy-

20 drocarbons or steam as inert diluent gases in a process for the
heterogeneously catalyzed gas-phase oxidation of propylene to
acrylic acid, with preference being given to steam.

However, all the examples of DE-A 19 62 431, DE-B 22 51 364 and

25 DE-A 14 68 429 do not include any example in which a saturated
hydrocarbon would even have been used as part of the inert
diluent gas.

DE-A 30 06 894 likewise concerns, in a heterogeneously catalyzed
30 gas-phase partial oxidation process for propylene, the problems

of, on the one hand, preventing a runaway reaction and, on the

other hand, achieving a productivity which is as high as possible

. {(p. 2, lines 11 to 19). The solution recommended is to feed in

the feed gas mixture at low catalyst activity and subsequently to
35 successively increase the catalyst activity along the reaction

coordinate. Possible inert diluent gases mentioned in

DE-A 30 06 894 are nitrogen, carbon dioxide and/or steam.

German Auslegeschrift 17 93 302 relates to a process of heteroge-

40 neously catalyzed gas-phase partial oxidation in which the inert '
diluent gas used is, after separating off the target product, the
reaction off-gas containing the carbon oxides and water vapor
produced in the reaction. DE-A 20 56 614 likewise speaks of the
problems of preventing explosion-like combustion processes in the

45 heterogeneously catalyzed gas-phase partial oxidation of propy-.
lene (eg. p. 3, paragraph 2, last two lines). To avoid disadvan-
tageous effects of the preferred diluent gas steam,
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11 “here advantageously only fed into the feed gas m xture for the
second oxidation reactor. Preferably, for both oxidation stages, t he
vol ume ratio of organic conmpound to be partially oxidized. (propyl ene or
acrolein) : nolecular oxygen in the feed_gas mx- 5 ture is selected as 1
1 to 3, preferably 1 1.5 to 2 (this 9 also applies to a stage B which
ends at acrolRB-d) 20756 614 FeFommengs iresiceulahing thes seart vty Rff-igasest h
oxi dati on st sgdsthaatiably freddanfacendensdibilecyases t hathi pettisl air che-~
gas- phase oxighadtedreplacditnt! o€ HREWABIC vapBe] twrtsxeabma@h&i gﬂeiafcicaanééy
i nfluenced 10;4her @BYuedd NeedsNen eé@rage%%a%&n& ¥ A§% 385

parti al Qxﬁﬂ&tur%nlﬁf %l’i cggé néa %I acgg degc LSes eicritcrteo Kl net I C
control. In pr| nC| %ﬁ'gter ta ;g@vgg ?1 Sgr??al
oxi dation of {% éﬁ’és’f c?‘%fd‘ﬁ’ﬂ'f‘?/c ‘&‘F%F r?léfl §5° gpa tl°‘bé’Q95F1|1’P%'beout
in a single s‘-’enetgv@ thﬁ exjdantadmolecelar cuooenh 15 frdeps a8 curcanstdfuent

oxi dation reasf @iryhthé efferdtdvgeinett Aiduveat-gasesliypstheimethahtofl yzes
both reacti orpsiacR9. 56X 6 2O Wree esb B9 Ll 1d nitrby&i aﬁ:laaea@bsxaruﬁﬁ@ech@ﬁge

gg%;tnrjgzsis'q axﬁgtlf%ﬁr BEH}?’ -2lQANg6t BE cof §Bh8§ Cﬁ)rt rﬂx@é@f‘é‘&ﬁ e‘i‘@edllu-
pdE oz Pe-a'20°s8 %04, el Bome

Chvent ! on | n Tk SPREH 87 CRiarRt
carbon oxi de 3RR}iRS EP USA ¢4 143,88%r r&ﬁi’}‘a b %rQﬂuE@%aFﬁst% g iﬂ*’@Fess
oxi dati on r eafamtheaheberogencopalyt eatdlyzaedcgasphase omidabin qfuproges
stream | eavi Merddeo actyixd awiddavhich, eadner tbeily &isiet of Sa passeitienoko t he
second 0x-15 jdA3ldnOBat&RFION makes it possible to use, in place of steam as
inert diluent, a mixture of CO, COz, nitrogen and argon which is
separated from the product gas mixture of the heterogeneously
catalyzed partial oxidation and is recirculated to the feed gas
mixture.
20
EP-B 253 409 (cf., in particular, p. 5, first three lines) and
EP-A 257 565 teach, for avoiding an explosion risk in the hetero-
geneously catalyzed gas-phase partial oxidatio_n-_of propylene, the
use of those inert diluent gases which have an increased molar
25 heat capdcity Cp. Preference is here given, for example on page 4,
lines 47 f££f of EP-B 253 409 and on p. 5, lines 26 ff of
EP-A 257 565, to mixtures of nitrogen, CO;, methane, ethane,
propane and steam. However, apart from the gases specified, it is
also possible for helium, argon, other saturated hydrocarbon
30 gases, N0 and carbon monoxide to be additionally present. Only
its mean molar heat capacity is considered important for the
action of the inert diluent gas. Thus, the inert diluent gas of
» the feed gas mixture in all examples comprises more than 55 & by
volume of N>. EP-B 253 409 (page 5, line 41) and EP-A 257 565
35 (page 6, line 26) recommend as particularly preferable those in-
ert diluent gas mixtures whose specific molar heat Cp is from 10
to 17 cal/mol:K under the operating conditions. Essentially pure
propane, having a corresponding Cp, of 29.75 cal/mol-K, lies far
outside this recommendation.
40
EP-A 293 224 concerns a process for the heterogeneously catalyzed
gas-phase oxidation of propylene to acrylic acid, in which the
use of a gas mixture containing carbon dioxide, steam and satu-
rated hydrocarbons having from 1 to 5 carbon atoms is recommended
45 as inert gas to ensure that the process can be carried out -safely
(p. 3, lines 9 and 20 of EP-A 293 224). EP-A 293 224 considers
the presence of carbon oxides in relatively high concentrations
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O herwi se, the reaction tenperatures and pressures to be cited in t he

stage B are known to those skilled in the art fromthe liter- ature. 30
The product gas m xture leaving the stage B is conposed essen- tially of
the target product acrolein, acrylic acid.or a m xture t her eof

unr eact ed propyl ene, unreacted acrol ei n,6unreacted no- | ecul ar oxygen,

wat er vapor f@aged3asliyersmjuahd aardlat ivelgelsigh nollareteats dapgacddycof t he
inert dil uenttwana&epgw ik usEBkbag® AMYRESS D tf her eboRiial dehyHes and
hydr ocar bons. g gec Hgnk WOQH& |$as> GHAL BLE - ddcffhia Prpduct gas

mxture i a o &”ﬁ?éﬁ%ﬁf i AL %rﬁ prRTE 8 el
40 acrol ei r® iYRIROEr LBE PYP Buit s’t’ﬁ 8 0F0 | Rt 305?‘5 a conside

and subsequergrahdiek papt odf ttihe dbeot heas misxtureftn hexasgiecan beEPbAa}!l!$f1146
and DE- A 43 OfrdaBEher pEHitktA%a%Smii&xﬁld)falthe pirtial o#ddS36i@.3)In BAleext ed
propyl ene andén&fléi.cr phel ihé’:r asf miRehFethsed ih! HRAVFERASENA mal@dhref Eoﬂnd
recireul at ed sEE c§ %o? Lot t‘é('lsgmo&ﬁleo%' dpi {ieqnty dacgnﬁ;—'

ot her than an, as necessary an ependi ng on
t he dehydri‘n@1 qdof?n t a%%?s?aﬁs’&ﬁxub‘fch be separated off separately or
recircul ated

Disadvantages of the abovementioned processes of the prior art
for the heterogeneously catalyzed gas-phase oxidation of propy-
lene to acrylic acid are that the associated oxygen limit con-

15 centrations are not satisfactory and the processes start from es-
sentially pure propylene as the propylene source. The first also
applies to the method of EP-A 117 146. EP-A 117 146 concerns a
process for reacting propane which occurs in natural gas to give
acrylic acid. In this method, the propane is subjected in a first

20 process stage to a heterogeneously catalyzed partial dehydrogena-
tion in the gas phase to give propylene. The propylene thus
formed is subsequently subjected to the heterogeneously catalyzed
gas-phase partial oxidation to give acrylic AGi@. Since the het-
erogeneously catalyzed dehydrogenation of propane to propylene

25 is, for reasons of selectivity, customarily carried out at pro-
pane conversions lying significantly below 100 %, little impor-
tance is normally attached to this variant for preparing propy-
lene because the very similar boiling behavior of propylene
formed and unreacted propane makes separation of these components

30 complicated. In addition, removal of byproducts, eg. hydrogen, is
necessary. The inventive feature of EP-A 117 146 is therefore the
discovery that the main constituents apart from propyvlene in the

. product gas mixture of the propane dehydrogenation are essen-
tially inert in respect of the subseguent heterogeneously cata-

35 lyzed gas-phase partial oxidation of the propviene, so that the
product gas mixture from the propane dehydrogenation can be
transferred completely without significant disadvantages to the
subseguent propylene oxidation stage and the inert constituents
can subsequently be recirculated to the propane dehydrogenation

40 stage. EP-B 253 409 and EP-A 257 565 gave those skilled in the
art no cause for deviating from this method of EP-A 117 146, even
though the mean molar specific heat of an inert gas mixture con-
sisting of propane and hydrogen lies just within the range recom-
mended as preferred by EP-A 117 146 and EP-B 253 409. The above-

45 mentioned documents suggest at most that water vapor used and/or
formed in the propane dehydrogenation be frozen out before the
dehydrogenation product gas mixture is passed on. However, as al-
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12 . together with the propane to the dehydrogenati on stage A, so as

t.o, -as described, influence the dehydrogenati on conversion. O cour se,
propane on its own can also be recirculated to the stage A If the
process of the invention is carried out continuously, 5 there thus results
a continuous conversion of propane to ac¥lic acid and/ or acrol ein.

In summary, tpeady ffeditdénned, hetioveiizativenpage asfs the phecedurentrecommendadti byhe
processes of gpen Pri70n 48l Ls FateeIRNbkphby liale cbhéaitnaribh pEOPRSEf&an be

used as Starthggh.g%ﬁ{{e%f% PIREDIUAL G MdiOlon stibe%id HRR! baRLsf &AL

conditions, t eneous lLyze as- phase oxidation o
propyl ene to S¥ERIH T %a(?f’???’&e/é’ ' %# Br°c$f£35%re t hereof, particularly at
i ncreased pPoportions by vol ume of reactants in the feed gas m xture of
t he gas phaseIbxislan objets efithse prasentdinwantionht reyeisied asRFeEss v \oxg
to the functi ppepdring Weredeird surefidecassd ansenmiatiye tfereolfewhieh tdoes
diluent gas (g¥eMave Eﬁ%-ﬁ?&&dﬁnﬁ@e@cﬁk%h@?ﬂﬁ‘ésﬁég éf Udiddkr@ok Nart .

faul ts) which

cont i nuous oper a- tion ow ng to unexpecte ornms the basis
for in- creased space-tipe yields qf target prodyct. This is
denonstr at &4 ¥8 B%Y%\ﬁ%’?dsﬁhﬁte‘i&ﬁ'ﬁpl%’é.ecﬁ"%a%pﬁ'@"ﬁafw o dPORErS 5 Ffing

to the pr oDBLENgeAgTSdedn  t 2RXY ke ACLENOT |3 MixtyzesthpReal, FRORIPECRAIS
safely feed gaa whithires of the stage B whose propylene feed is from >30
% by volume up to 40 to 45 % by vol une, based on the
A) in a first stage A, the propane is subjected to a partial
15 heterogeneously catalyzed dehydrogenation in the gas phase to
give propylene,

B) the product gas mixture from stage A containing propylene and
unreacted propane is used in a second stage B as feed to an
20 oxidation reactor and in the oxidation reactor the propylene
is subjected to a selective heterogeneously catalyzed gas-
phase partial oxidation with molecular oxygen to give acro-
lein, acrylic acid or a mixture thereof7_a's5target product,
with pure oxygen being used as oxygen source, and
25 ’ .o
C) in a third stage C, the target product is separated from the
product gas stream obtained from the partial oxidation of the
propylene in stage B and at least the unreacted propane pres-
ent in the product gas stream from stage B is recirculated to
30 the dehydrogenation stage A,

wherein, from among the constituents other than propane and
- propylene present in the product gas mixture from stage A, at
least the hydrogen and the water vapor are separated from the
35 product gas mixture before it is used as feed to the oxidation
reactor of the second stage B.

This means that, after addition of molecular oxygen, the oxida-
tion stage B is fed with a feed gas mixture consisting essen-

40 tially of only propvlene, molecular oxygen and propane. The lat-
ter constituent is essentially the inert diluent gas, while the
first two constituents are the reactants. There are two reasons
for this feed gas mixture being advantageous. Firstly, it can be
obtained in a simple manner starting from the naturally occurring

45 raw material propane (hydrogen and water vapor can be removed in
a simple manner known per se, while the complicated propane/pro-
pylene separation can be omitted), and on the other hand the mix-
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feed-gas m xture. 25 Useful feed gas m xtures of the stage B conprise

from1l5 to 30 % by vol une of propyl ene from20 to 40 % by
vol une of oxygen and from30 to 65 % by vol une of propane. 30
They can be obtained in a sinple manner by sel ecting the conver- sion in

the stage A as from25 to 35 nol % and, a#ter separating of f hydrogen,
wat er vapor amte oﬁywmmqmpyaege/pltdmmebgapsoaMMreasedW Admit con-
appropri ate bt 0bn TOHRC 1bEtefXFHAN is3Bhe reditPbECESEDEhen3evenyRdt i ON

can be ed I t o
t he preg;r ot | nEEﬁHL?& Yestdvan @ork ﬂe%sbé(sé &J;En%aiﬁéé@df B3 Eﬁ?}g%é%

ytd ¢ eln
acrylic acid¥¥9 f?ﬂ’r‘g conCSBFE?)@gM"é"Jn& gﬁ §a@oﬁ%#%% 95‘5&1535
vol ume of r’ﬁrdﬁﬂ“&ﬁﬁ axraath 3AB8Y uRny 98| Wk RFCPELBPANE-he pr°?ﬂ§“'°
refinery promi swndecelan \ayoagcdecreases: siong dtheagepetion (cqardinage) dbgi on
reactor and iimflhenosd dbéssobyr ehetmyladrhhept opgperityi 6 of the dneot dddlbent
with stage Bffs thenPbpaars iabrt NG IybRNEAONi t SAUF bédnpesn atbdertdaseective

het er ogeneouslopat shyzed gt 8?@&%@%& a, WRHIRhi OBk inéBudC! O ef N,

acrylic ac or mx ur e

of the in t qglf t{'a fg er r?ess necess:. né) euggsérmtl'd?x %osigggr C)
saturated hydrocarbons. Among the latter, propane is advantageous
. insofar as if it is not completely inert in the oxidation stage,
it is itself essentially converted to propylene, acrolein and/or
acrylic acid.
15
The feature “combustible” here indicates compounds whose mixtures
with air at an initial pressure of 1 bar and an initial tempera-
ture of 50 to 150°C have an upper and a lower explosive limit
(ignition limit), with the determination of the explosive limits
20 being based on measurement in the standard apparatus as described
by W. Berthold et al. in Chem.-Ing. Tech. 56 (1984) No. 2,
Pp. 126-127.

In this context, explosive limits are the foilow)ving limit values
25 in accordance with DIN 51649: .o

In a mixture of air and a combustible gas, the velocity at which,
under prescribed initial conditions, combustion (ignition, explo-
sion) initiated by a local ignition source (eg. glowing platinum

30 wire) spreads is dependent on the combustible gas content. It is
greatest at a particular content. Either decreasing or increasing
the combustible gas content reduces the combustion velocity until

- finally, at a lower and an upper limit value for the combustible

gas content, the combustion reaction just no longer spreads out

35 from the ignition source. These two limit values are the lower
explosive limit and the upper explosive limit, the range of com-
bustible gas content lying between them is the explosive region
(ignition region).

40 The higher the proportion of propane in the inert diluent gas of
the feed gas mixture for the heterogeneously catalyzed gas-phase
oxidation of propylene, the more safely this reaction can be car-
ried out even with increased proportions by wvolume of the reac-
tants.

45
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13 - product is separated fromthe product stream obtained fromthe

partial oxidation of the propylene in the stage B and at | east t he
unreacted propane present in the product gas stream of the stage Bis
recircul ated to a dehydrogenation stage A of the in- 5 vention, so as to
subsequent |y proceed further in accordan@e with the inventi on.

Exanpl es (i nflaachdeve uwsefuwlogbuverdidng yinothe lprapamet déhvdeogenatigas the
constituents syaddienokygeto [beTcaredod Sy ati pa)atively heghrtengridatares the
?é%gpai :J;”et ojﬂ%&%h&?t EPdh Soof €8d7®@'%:gm ¥ince él‘iér ehpd r@ébﬂafﬁltdnal(cleavage
propyl ene (or ani %?cgf%‘gggq:&let%ggg‘k dS]’t%angntg egf Q‘gézg& :ecuE: ar 5ng?gen
(oxi dant) Seaviage ©% SCf ) -udht 3 °Pg P¥ER 5€ H—:g

het erogeneousq’l‘ye hydzagen ypalecyas- bﬁa@’eocbme@i aF mreducsnior %@ W@Wﬂéﬂ%
to acrylic molealle formadeas acxesulureft ahepseﬁ:mzhme catalystihemethane

experi nents VEHE ethbheesrd Hormedaas! AstherSBPSrodidtsO ih BhTN-subordinate

amounts. Since the dehydrogenation reaction proceeds with an in-

10 crease in volume, the conversion can be increased by lowering the
partial pressure of the reactants. This can be achieved in a sim-
ple manner, eg. by mixXing in steam which constitutes an inert gas
for the actual dehydrogenation reaction. Dilution with steam
gives the further advantage of reduced carbonization of the cata-

15 lyst used, since the steam reacts with the carbon by the water
gas reaction. In addition, steam can be easily separated from the
product gas mixture of the dehydrogenation, eg. by condensation.
A further way of increasing the conversion in the dehydrogenation
is by taking hydrogen out of the equilibrium by chemical means.

20 The simplest method is the addition of oxygen to the reaction
mixture. This is then referred to as oxidative dehydrogenation in
which water vapor is formed as byproduct as a result of the reac-
tion of the oxygen with hydrogen. The detailed. relationships are
known to those skilled in the art and are described, including

25 the dehydrogenation catalysts to be used, in, for example:
EP-A 117 146, US-A 3,784,483, US-A 4,083,883, US-A 3,692,701,
UsS-A 4,005,985, US-A 4,041,099, US-A 4,144,277 and
US-A 4,176,410. The product gas mixtures obtained can therefore
be ones whose main constituents are unreacted propane, possibly

30 unreacted oxygen, propylene formed as target product, hydrogen
formed as byproduct and possibly water vapor. Methane,; ethane, CO
and CO; are present in subordinate amounts at most.

This means that removal of hydrogen and watef vapor present in

35 the dehydrogenation product gas mixture (eg. by fractional con-
densation) gives a gas mixture which consists essentially of only
propylene, propane and possibly small amounts of Oz and can be
used for the purposes of the process of the invention as feed to
the oxidation reactor of stage B. The amount of the molecular 0:

40 acting as oxidant which is to be mixed into the feed gas mixture
is matched to the propylene amount present therein. The propy-
lene/propane ratio is assessed in a manner known to those skilled
in the art via the conversion in the dehydrogenation. As a result
of the above-described procedure, the feed gas mixture for the

45 oxidation reactor of stage B in the process of the invention
should contain, based on propane present therein, not more than
5 % by volume of constituents other than propane, propylene,
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pressure vessel of stainless steel. The formation of the gas m x- ture

in the initially evacuated hi gh-pressure vessel was carried ~ out by the
‘partial pressure nethod. After mxing for 10 nminutes 25 by neans' of a ,
magnetic stirrer, an .attenpt was nade tg ignite the gas m xture by neans
of a nelting platinumw re. Any |ndepen 8

C]ﬁeeadl n of a reaction
front (expl oSFHARE: MYNANSH2RAMUARFUIAL °xy%§'t°e 8 ByRterFed sEbRA{IRERt ne

of the inter ol theeexagessopft tiee inventdeon, (Fhoonstiiteents Ptieszbharmrd-c
transducer) patebyptdpylihe andpati desitredpanciacidair Nnokingen exeelremoved
fﬁul tsB(t he ﬁaﬁf:tﬁé %mtga&@tﬁﬂtﬁ*ﬁr bfumétmeobaesf) $Yode@ eatghe idsom
san Bari S
1, VCH Versrgﬁ ?ese[ lsq%sg? r%{&r@l%et ogs on?éEgﬁtl Lo ].égél'rpgggfh |é(§‘e I
gas behavi or %Befhg S EH 8°P8?nﬁ‘l °d’a§r s R38R n ex ) lﬁ'?c 27 ve use
of nethane a§eﬁﬁéf"t JABTOMRLFR thasfefkidded in the ar. arqugqqm.rp P 1 B
gas consi st edhent explanatfioponBostexsmple) CO2 caonbei removess b¥heczyklring ¢che
nmol ar heat C[gasrinmtumt\diaheamaqueous, Basbc Bomtiknunstiatcd elepataf i @d -
colndl tionao fea guyaes id Imgonly in G@BeePLE fdr ]gaﬁcﬁeﬁ;,r rah@eﬁtonéc@faf/oo%p-
vol une. p e
Jerr] and 4gen IQ@Z {]8%?%% bR88an rinatﬁ!e \A%Hcﬁat%n %9 err g‘% gi"!i@%ss .
ocal O o hE] BV RLISROAP 09 e akely GHORAIRG €0 RRE JOVRRF 1R sl -
tion of the AAXEEPEOLIA)IVoRYER FRHISR] SPHEERendent |y when the

15 As already mentioned, the heterogeneously catalyzed gas-phase
partial oxidation of propylene to acrylic acid with molecular
oxygen proceeds in principle in two successive steps along the
reaction coordinate, of which the first leads to acrolein and the
second leads from acrolein to acrylic acid. The reaction proceed-

20 ing in two temporally successive steps makes it possible. in a
manner known per se, to configure the stage B of the process of
the invention as two oxidation stages arranged in succession,
with the oxidic catalyst used in each of the oxidation stages be-
ing able to be optimized for the respective oxidation stage.

25 Thus, for the first oxidation stage (propylene —» acrolein), pref-
erence is generally given to a catalyst based on multimetal ox-
ides containing the element combination Mo-Bi-Fe, while for the
second oxidation stage (acrolein — acrylic acid) preference is
normally given to catalysts based on multimetal oxides containing

30 the element combination Mo-V. Appropriate multimetal oxide cata-
lysts for the two oxidation stages have been described many times
and are well known to those skilled in the art. For example, page

, S of EP-A 253 409 refers to appropriate US patents. Useful cata-
lysts for the two oxidation stages are also disclosed in

35 DE-A 44 31 957 and DE-A 44 31 949: this applies in particular to
those of the general'formula I in the two documents. The product
mixture of the first oxidation stage is generally transferred
without intermediate treatment to the second oxidation stage. The
simplest embodiment of the two oxidation stages is therefore

40 formed by a tube-bundle reactor within which the catalyst charge
alters appropriately along the individual contact tubes with
completion of the first reaction step. However, the two oxidation
stages are preferably carried out in an oxidation reactor com-
prising two oxidation reactors in series. In this case, the other

45 reaction conditions, eg. the reaction temperature, can also be
optimized in a simple manner for the respective oxidation stage.
The molecular oxygen required for the second oxidation stage is
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14 - proportion by volune of Jerr] in the total mxture is < 32 % by

volune, ie. in a mxture of 31 % by volunme of JQerr], 20 % by vol une
of propyl ene and 49 % by vol une of nmethane at 1 bar and 250[err]C, a
| ocal ignition can no | onger spread indegen- 5 dently. b) Use of
a 3.2 (propane) : 96.8 (CJerr]) mxture !ratlo of the proportions

by vol une) of hgrepdrantagecus by rondivofedeinto ither feed gas mikdtuset fgasthd €.
the inert dilsectndjascicanibnt sehotiort.UrkbFeddbly, £6pibéH YoxdHation stages,

non- conbust i bl:ﬁeddréliﬂt(& rd@so dHOrRRRESELMUY to be paxttfl(il']&e&h
mxture vas seheghPfbdd o3Uabrdy thﬁalééular Wg& %yr‘ﬂt%% %fi,l of
concentratlg Eﬁﬁ?eﬁﬁn%ﬁiﬁgggd 15q%§ 3, prefergg WPidans

that in a m xBLpe@ %lesf3%ﬁyama9eeBothl@mqs ab aslbcylgem) Asv@lmna‘lmf
propyl ene andmeést26nmd,vthenexcdsy lo€ bregén dirl beprh oxidatiopastagdserhas an

condi tions coafesutfiold LOfédt oh tBeakindidd Of the gas-PRESAUSxidation.
i ndependent | yehe thermodynamic conditions are not significantly influenced

10 thereby, since the heterogeneously catalyzed gas-phase partial
oxidation of the propylene to acrylic acid is subject to kinetic
control. In principle, the heterogeneously catalyzed gas-~phase
partial oxidation of propylene to acrylic acid can also, however,
be carried out in a single stage. In this case, both reaction

15 steps occur in one oxidation reactor which is charged with a cat-
alyst which catalyzes both reaction steps. Of course, the cata-
lyst charge can also change continuously or abruptly along the
reaction coordinate within one oxidation stage. Naturally, in an
embodiment of the stage B of the invention in the form of two ox-

20 idation reactors connected in series, carbon oxide and water va-
por formed as byproducts in the first oxidation reactor can be
separated if necessary from the product gas stream leaving the
first oxidation reactor before it is passed on.to the second ox-
idation reactor.

25 ’ I
Otherwise, the reaction temperatures and pressures to be cited in
the stage B are known to those skilled in the art from the liter-
ature.

30 The product gas mixture leaving the stage B is composed essen-
tially of the target product acrolein, acrylic acid or a mixture
thereof, unreacted propylene, unreacted acrolein, unreacted mo-

v lecular oxygen, water vapor formed as byproduct, carbon oxides
formed as byproduct, the inert diluent gas propane and small

35 amounts of other lower aldehydes and hydrocarbons.

The target product is separated from the product gas mixture in a
manner known per se (eg. absorption of acrylic acid in water or
in a high-boiling hydrophobic organic solvent or absorption of

40 acrolein in water or in aqueous solutions of lower carboxylic
acids and subsequent work-up of the absorbate; cf., for example,
EP-A 117 146 and DE~-A 43 08 087 or DE-A 43 35 172 and also DE-A
44 36 243). Unreacted propylene and/or acrolein are, if desired,
likewise separated off and recirculated to the stage B. Other-

45 wise, the significant constituents other than acrylic acid and
acrolein can, as necessary and depending on the dehydrogenation
catalyst used, each be separated off separately or recirculated
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20 c). Use of a 48.3 (propane) : 51.7 (methane) m xture (ratio of

the proportions by volune) of propane and nethane as inert di | uent
gas, ie. the inert diluent gas consisted entirely of conbusti bl e
constituents. The specific nolar heat gLerr] of this m xture i.s 80.8
J/mol . K under the specified conditions.1%he 25 oxygen limt

concent r at i ohogetRemiwislh Fhe Jropane tol tihe dehydrdyenakionistag80A( ps@@Ene)
50 (CJ err]) toi xdairdescirdbed, oinfiluence the dqehydevyenasidyy coaversjow! QF opane
and carbon dpgutéls, 3xopRBEon its oWl EHETHIAYe FecittRldtRar LodkhalaRtadsas

al so cont ai ngd P neiAroces § PP BhbesOllo] isIRMES o g»gtcgsaegﬁﬁwﬂyqf the

i nert gas xt are was_sel ect e sSuch a_wa i £ I Kew se-Has a
Gorr] 7% 5 thege golie TPRBLER 2,RABE LRHBUS SAAVECEHOR P RECBRES €6 BCTylig
oxygen |inm t 26HAA/OFt REROYRYRr mi ned s only 34 % by 35 vol ure, ie.
despite a significantly higher Cerr] value for the I nert diluent

gas in conparhssimvdriv) 8he &ihfferenges bétwden the proceBic &ft théi Divérttion vy a
proportion byn¥ol WM eRER8EEE tHd Brior art adh esdbhtially4Bhat, firstly,
10 propane can be used as starting material and, when using other-
wise identical reaction conditions, the heterogeneously catalyzed
gas—phase oxidation of propylene to acrolein, acrylic acid or a
mixture thereof, particularly at increased proportions by volume
of reactants in the feed gas mixture of the gas phase oxidation,
15 can be carried out with increased safety owing to the function of
unreacted propane as essentially the sole inert diluent gas (even
the feed of molecular oxygen can fluctuate in continuous opera-
tion owing to unexpected faults) which forms the basis for in-
creased space-time yields of target product. This is demonstrated
20 below by some examples. It may be affirmed that, accor;iing to the
process method of the invention, it is possible to handle more
safely feed gas mixtures of the stage B whose propylene feed is
from >30 % by volume up to 40 to 45 % by volume, based on the
feed gas mixture. S
25 ) -
Useful feed gas mixtures of the stage B comprise
from 15 to 30 % by volume of propylene
from 20 to 40 % by volume of oxygen and
from 30 to 65 % by volume of propane. =
30
They can be obtained in a simple manner by selecting the conver-
sion in the stage A as from 25 to 35 mol% and, after separating
off hydrogen, water vapor and, if appropriate, other byproducts,
adding the appropriate amount of molecular oxygen.
35 '
The process of the invention can be used particularly advanta-
geously if the raw material used for the preparation by gas-phése
catalytic oxidation of acrolein and/or acrylic acid is refinery
polypropylene. This comprises about 70 $ by volume of propylene
40 and about 30 % by volume of propane.

The refinery propylene is advantageously first used as feed to an
oxidation reactor and in the oxidation reactor the propylene is,
in accordance with stage B of the process of the invention, sub-
45 jected to a selective heterogeneously catalyzed gas-phase partial
oxidation to give acrolein, acrylic acid or a mixture thereof as
target product and, in a stage C) of the invention, the target
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-15-. W claim 1. A process for preparing acrolein, acrylic acid or

a mxture 5 t hereof from propane, in which A in a first stage
A, the propane is subjected to a parti al ~ heterogeneously
cat al yzed dehydrogenation in the gas phase to give propyl ene,
10 B) the product gas mixture fr¥¥In stage A containing propyl ene

and unreact edoyodyrandsi separated faomeeis prodage $tieani @Blained from thet 0 an
oxi dation reasdffiaAndxifativh @f €abi fropPtelint tife stage B and &Y QRMlsgne is
subj ected to ﬁé%ﬁgab’égdkﬁf aAge ?83%1]#]9/ i(i'P'th;.Sproductto galg\?%t\{fggn %afs;:%%@ase

partial oxidatjon w th nolecul.ar Qx , acroleim,;

acrylic acid $129¢ \r% 2B UF ECHIRER agg a dehydrogeny £ Bpﬁdﬁc?f,o 'fﬂet RPpur e

oxygen bein@ YR oy Ry o subsequently proceed further in accordance with
the invention.

Examples (influence of the combustibility of the inert diluent
gas constituents on the oxygen limit concentration)

10 .
Determination of the oxygen limit concentration of feed gas mix-
tures at an initial temperature of 250°C and an initial pressure
of 1 bar and comprising propylene (organic compound to be
partially oxidized), molecular oxygen {(oxidant) and an inert

15 diluent gas which is inert in respect of a heterogeneously
catalyzed gas-phase partial oxidation of the propylene to acrylic
acig.

General experimental procedure:

20 .
The experiments were carried out in a closed, spherical 5 1 high-
pressure vessel of stainless steel. The formation of the gas mix-
ture in the initially evacuated high-pressure vessel was carried
out by the partial pressure method. After mixing for 10 minutes

25 by means ‘of a magnetic stirrer, an attempt was made to ignite the
gas mixture by means of a melting platinum wire. Any independent
spreading of a reaction front (explosion) triggered thereby was
detected by the rise with time of the internal pressure of the
vessel (measured using a piezoelectric transducer) and by the

30 increase in temperature in the vessel.

Results (the specific molar heats Cp used are based on the data :
from “Ihsan Barin, Thermochemical Data of Pure Substances, Part I
and Part II, VCH Verlgasgesellschaft, Weinheim, Second Edition,

35 1993~, with ideal gas behavior being assumed for the gas
mixtures) : -

a) Exclusive use of methane as inert combustible diluent gas,
ie. the inert diluent gas consisted entirely of combustible
40 constituents. The specific molar heat Cp of methane is
47.5 J/mol-K under the specified conditions. The oxygen limit
concentration determined is 32 & by volume.

This means that, in a mixture of propylene, molecular O; and
45 methane as inert gas, which is at 250°C and 1 bar, a local
ignition (explosion) can, regardless of the specific composi-
tion of the mixture, no longer spread independently when the
This fs the replacement sheet
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source, and 20 C inathird stage C, the target product is separated

from t he product gas stream obtained fromthe partial oxida-
tion of the propylene in stage B and at |east the unre- act ed
propane present in the product gas streamfrom stage Bis
recircul ated to the dehydrogenation stadd A 25 wherein, from anong

t he constituents pxiopertitmarbypvaiane afidd; in the prad@ll edstpressni< i32 ghbey
product gas m Xt WclumeOMié} AL aPmiRture of 31l @by “dlamiey dEOQEN FNG bge
vater vapor are SRidha! sé_;ﬁ% M&st and 49 gowgvs%um&)fghéwa&gf@w%w s
2. A process as cafng %égdﬁ?'n %l gfﬁllfgnv#eirogll %g‘gh%gt]bc%%%ragég%?do:f ieﬁ-

constituent® ot heleREi¥n propane and propyl ene present in the pr oduct
gas m xture of stage A are renoved therefrom before 35 it is used as
feed to the @i dalseopfr @adidr(pxopahe) sec@ (COz2) mistage Bratio of tha

process as cl ai Mykdporeiehsnby veame) Not ifropan@ecaty icarbdn dioxide Rsinered
he first |6 charaot b Ry ity g per el Sad onsiafea Soedil el f e
el ement c I nat i%ﬁ'lﬁ\éﬁﬁi 9€e"°§ﬁ'&°ﬁﬁgs iﬁ(e ;&g%ﬁogal.ss. F:Iﬁgr géﬂﬁgﬁﬁi&é of
mul tinetal oxide & PFEE FBhiMARRG was seleckgdein fiph éoWBYn'\é\(c??'i)rfth- V.
likewise had a Cp of 47.5 J/mol-K under the specified condi-
- tions. The oxygen limit concentration determined is only 15 %
by volume. :

15 This means that in a mixture of 31 % by volume of Oz, 20 % by
volume of propylene and 49 % by volume of the inert diluent
gas under conditions corresponding to a), a local ignition
spreads independently.

20 c) Use of a 48.3 (propane) : 51.7 (methane) mixture (ratio of
the proportions by volume) of propane and methane as inert
diluent gas, ie. the inert diluent gas consisted entirely of
combustible constituents. The specific molar heat Cp of this
mixture is 80.8 J/mol-K under the specified conditions. The

25 oxygen limit concentration determined is 37 & by volume.

d) Use of a 50 (propane) : 50 (CO;) mixture (ratio of the
proportions by volume) of propane and carbon dioxide as inert
diluent gas, ie. the inert diluent gas also contained non-

30 combustible constituents. The composition of the inert gas
mixture was selected in such a way that it likewise has a Cp
of 80.8 J/mol-K under the specified conditions.

The oxygen limit concentration determined is only 34 % by

35 volume, ie. despite a significantly higher Cp value for the
inert diluent gas in comparison with a), the oxygen limit‘.
concentration is only a proportion by volume comparable with
a).

40

45
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45 4., "Aprocess as clainmed in claim3, wherein the product gas m x-

ture ‘of ion reactor is transferred mﬁthoup
[ nterme [mm”wnmrr““ T‘I'} the second oxidation reactor, with

ol usre ¥ ati o of organic conpound to be partially oxidized

(propylene or acrol ein):nolecular oxygen being set at 1:1 to 3in
- the feed gas m xtures of both oxidati oslseactors. 5 10
We claim:

1f A process for preparing acrolein, acrylic acid or a mixture
5 thereof from propane, in which

A) 1in a first stage A, the propane is Subjected to a partial
heterogeneously catalyzed dehydrogenation in the gas
phase to give propylene,

10 _

B) the product gas mixture from stage A containing propylene
and unreacted propane is used in a second stage B as feed
to an oxidation reactor and in the oxidation reactor the
propylene is subjected to a selective heterogeneously ca-

15 talyzed gas-phase partial oxidation with molecular oxygen
to give acrolein, acrylic acid or a mixture thereof as
target product, with pure oxygen being used as oxygen
source, and

20 ¢€) in a third stage C, the target product is separated from
the product gas stream obtained from the parEial oxida-
tion of the propylene in stage B and at least the unre-
acted propane present in the produét:ggs stream £rom
stage B is recirculated to the dehydrogenation stage A,

25 ot - '

wherein, from among the constituents other than propane and
propylene present in the product gas mixture from stage A, at
least the hydrogen and the water vapor are separated from the
product gas mixture before it is used as feed to the oxida-
30 tion reactor of the second stage B.

2. A process as claimed in claim 1, wherein the total amount of
constituents other than propane and propylene present in the -
product gas mixture of stage A are removed therefrom before

35 it is used as feed to the oxidation reactor of the second
stage B.

-3. A process as claimed in claim 1, wherein the stage B is im-
Plemented in the form of two oxidation reactors connected in ,
40 series, of which the first is charged with a multimetal oxide
- catalyst containing the element combination Mo-Bi-Fe and the
second is charged with a multimetal oxlde catalyst containing
-the element combination Mo-V.

45 4. A process as claimed in claim 3, wherein the product gas mix-
ture of the first oxidation reactor is transferred without
intermediate treatment to the second oxidation reactor, with

oplacement sheet
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the volume ratio of organic combound to be partially oxidized
(propylene or acrolein):molecular oxygen being set at 1:1 to
3 in the feed gas mixtures of both oxidation reactors.
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Preparation of acrolein, acrylic acid or a mixture thereof from
propane '

Abstract

In a process for preparing acrolein, acrylic’acid or a mixture
thereof from propane, propane is partially dehydrogenated to
propylene in a first stage, the product gas mixture resulting
therefrom is, after separating off hydrogen and water vapor, used
as feed to an oxidation reactor, the propylene formed in the
dehydrogenation is partially oxidized in the oxidation reactor
using molecular oxygen in the presence of non-dehydrogenated pro-
pane as inert diluent gas to give acrolein, acrylic acid or a
mixture thereof and the propané present in the product gas mix-~
ture of the partial oxidation is subsequently recirculated to the
dehydrogenation stage A.
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