PF. 57283 1 Method for carrying out in a stable manner a process for

cont i nuousIRF $¥%8duci ng acrolein or acrylic acid or the mxture thereof from
propane Description 5 The present invemfion relates to a process for stably
operating a continuous preparation process for obtaining acrolein or
acrylic acid or a m xture thereof from propane, in which 10 A) in a first
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m xture A conprising propane and propyl ene, appropriate, product gas

m xture Ais conducted into a first separation zone Ain 15 order to renove
a portion d¥espoptonof constituents other than propane and propyl ene present
in prodgct gas m xture A therefromand thus to obtain a remaining product

gas mxture A conprisin ne and pr.opylene, C) product gas m xture A or
pr oduct gagrhﬁi':&??.stﬁn mx\entfog '%bg%atpr? %[°%eégéwpogf?f§&8??fafﬁ”§6°9@w&° to charge at

| east one @réppmatioorproersstforobdaiting ianrddie onacryliszanid oremasturgdhersef frareact or
propyl ene pr&seHat inivhig oduct gas mixture A or in product gas mixture A is
subjected to a selective heterogeneously catal yzed partial gas phase

oxidation wth nolecul ar oxygen to give a product gas mxture B conprising
acr ol eil@ orA) aipra/firsicreaetian zpned), profaoeds suigalest indke presence ¢fenolgewlaiuct ,

unconverted preRRARA to & PeR¥ERIEoIFN B5tdlyREd XY AFsheRBEorRIRYobiNE AprSdicedas

propyl ene, D) in a §ﬁgccondl_i separ at |eo$r§zorne B, target product present in
product gas m TXY'E ABP9TEP sl"l?ﬁﬂ%@ 23 PPPYRS he remmi ni ng residual gas
conpri sing propane, nolecular oxygen and any unconverted propyl ene, at
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group conpri si pgndif idanctégmqni&«uréﬂp@d ris?iy prOPhefand @agfib) 35 zone B and
separation zone B a?gg feed rate which nﬂsasgg i|iorrgﬁ)efi nng @Eeady-state val ue

in the stable operating state of the preparation process, and F) the content
of nol ecul &) oRr\pgeet dag NpixiyRG or geesiupt gasumisture Asis gee@ima seapnddeantionuous! y and
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with molecular oxygen to give a product gas mixture B comprising acrolein or

acrylic acid or a mixture thereof as the target product, unconverted propane,

25 excess molecular oxygen and any unconverted propylene,

D) in a second separation zone B, target product present in product gas mixture B is
removed and, from the remaining residual gas comprising propane, molecular
oxygen and any unconverted propylene, at least a portion comprising unconverted

30 propane, molecular oxygen and any unconverted propylene is recycled as cycle
gas 1 comprising molecular oxygen into reaction zone A in cycle gas mode,

E) fresh propane is fed to the continuous preparation process via at least one of the
zones from the group comprising reaction zone A, separation zone A, reaction
35 zone B and separation zone B at a feed rate which has a predefined steady-state
value in the stable operating state of the preparation process, and

F) the content of molecular oxygen in product gas mixture B is determined
continuously and compared to the steady-state target content of molecular
40 oxygen in product gas mixture B predefined for the stable operating state of the
preparation process.

As a partial oxidation product of propylene, acrylic acid is a significant monomer which



fi.nds use as such or in the formof its alkyl esters for obtaining, for
exanpl e, p&FAf@B3 suitable as adhesives or water-superabsorbing pol yners
(cf., for exanple, WO 02/055469 and WD 03/078378). Acrolein is a
significant internmediate, for exanple fgr the preparation of
gl utaral dehyde, nethionine, folic acid and acrylic acid. 5 In contrast to
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i n reacti othefgra of Augda arapage avhieh praferRly Wide the spegifigation agsordingth 35 In this
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In this document, inert gas shall be understood quite generally to mean a reaction gas
30 constituent which behaves substantially inertly under the conditions of the appropriate
reaction and, each inert reaction gas constituent taken alone, remains chemically
unchanged to an extent of more than 95 mol%, preferably to an extent of more than
98 mol% and more preferably to an extent of more than 99 mol%. Examples of such
inert gases in reaction zones A and B are N,, noble gases, CO; or else steam.
35
In this document, the loading of a catalyst bed catalyzing one reaction step with
reaction gas mixture is understood to mean the amount of reaction mixture in standard
liters (= | (STP); the volume in liters that the appropriate amount of reaction gas mixture
would take up under standard conditions (0°C, 1 bar)) which is conducted through one
40  liter of catalyst bed (e.g. fixed catalyst bed) per hour. However, the loading may alsc be
based only on a constituent of the reaction gas mixture. In that case, it is the amount of
this constituent in 1 (STP)/I-h which is conducted through one liter of catalyst bed per



this constituent in | (STP)/1'h which is conducted through one liter of
catal yst b&f 3¥@B3PF 57283 3 hour (pure inert nmaterial beds are not counted
in the fixed catalyst bed). The loading may al so be based only on the
amount of catal yst present in one catal yst bed which may conprise the
actual catalyst diluted wwth inert material (in that case, this is stated
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t he outset far obtaini acrolein or acrylic acid.or a mxture.
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m xt ure B. cOmpHsas ungoovertedanelaculanresidualmdygaract i on and process conditions
used ipp reaction zones A and B, the aforementioned (target) oxygen content
of product gas mxture B in t tea rating.state of the preparation
o obess ) SRRyt i AES Kot PGB keBbasRo M i bieraBinlf £k ) P om 0.5
to 5% by v@eoenellynartompapiegrtyfatiedst ncaBpieteosaparaionof 494, iof medsiculae oxyasn exanpl e

al so 3% by aK@bHiPane prebeht AFHYdUTt ghEmiNae B AsH restif @y yasn (kERseNt 1N
product gas_m xt
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formation and the thermal balance in reaction zone A.

A stable operation, designed for long-term production, of a continuous preparation
process as described at the outset for obtaining acrolein or acrylic acid or a mixture

30 thereof therefore has the prerequisite of a stable oxygen content of product gas
mixture B. Depending on the catalysts and reaction and process conditions used in
reaction zones A and B, the aforementioned (target) oxygen content of product gas
mixture B in the steady operating state of the preparation process may, for example, be
from 0.1 to 6% by volume, preferably from 0.5 to 5% by volume and more preferably

35 from 1.5 to 4% by volume, for exampie also 3% by volume. The steady-state "value" of
the oxygen content in product gas mixture B predefined for the steady-state operation
of the preparation process may also be an interval (e.g. £ 0.3% by volume, or £ 0.2%
by volume, or + 0.1% by volume) around a mean value (for example 3 + 0.1% by
volume; in this case, regulation would be effected only when the current time value

40 leaves the interval around the mean value).

In-depth investigations of the steady-state operation of a preparation process practiced



val une; in _this case, regulation would be effected only when the current

ti me val uePE®7283ves the interval around the nean value). |n-depth

i nvestigations of the steady-state operation of a preparation process
practiced PF 57283 4 as described has ghown that the oxygen content of
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It was therefore an object of the present invention to provide a process for stably
operating a continuous preparation process as described at the outset for obtaining
acrolein or acrylic acid or a mixture thereof from propane with a suitable correcting

30 element for the content of molecular oxygen in product gas mixture B as a control
parameter.

Accordingly, a process has been found for stably operating a continuous preparation
process for obtaining acrolein or acrylic acid or a mixture thereof from propane, in
35 which

A) in a first reaction zone A, propane is subjected in the presence of molecular
oxygen to a heterogeneously catalyzed dehydrogenation to obtain a product gas
mixture A comprising propane and propylene,

40

B) if appropriate, product gas mixture A is conducted into a first separation zone A in

order to remove a portion or more of constituents other than propane and



m xture A conprising propane and propylene, 40 B) if appropriate, product
gas mi xt ur EFAT283conducted into a first separation zone Ain order to
renove a portion or nore of constituents other than propane and PF 57283 5
propyl ene present in product gas mxturg A therefromand thus to obtain a
remai ni ng product gas mxture A conprising propane and propyl ene, C)
product gas m RfQRYENA persept Bueducygas mixkurgretharefiosm arkidiup to abtaidcbnd reacti on

5 zone B to chasgsinial predet ganMixrk Aatormprisitpsropanaast piopylehe, at | east one
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m xture B is greater than the steady-state target content, after this tine,
fresh propane is fed to the preparation process at a feed rate (the feed
rate of th&)fr &8Rh pioppad s fed tq the coplinuoys iPrRpacationdrecess viacatdepst Anastthedance
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F) the content of molecular oxygen in product gas mixture B is determined
25 continuously and compared to the steady-state target content of molecular
oxygen in product gas mixture B predefined for the stable operating state of the

preparation process,

wherein
30
- in the case that the content of molecular oxygen determined at one time in
product gas mixture B is greater than the steady-state target content, after this
time, fresh propane is fed to the preparation process at a feed rate (the feed
rate of the fresh propane is the correcting element selected in accordance with
35 the invention) which is greater than its steady-state value, and

- in the case that the content of molecular oxygen determined at one time in
product gas mixture B is less than the steady-state target content, after this
time, fresh propane is fed to the preparation process at a feed rate which is

40 less than its steady-state value.

Apart from the characterizing part, the process according to the invention may be



40 l ess than its steady-state value. Apart fromthe characterizing part, the
process acE6r&i28§ to the invention may be PF 57283 6 carried out |ike the
preparation processes described in the docunents EP-A 799 169, US-A
4,788,371, US-A 6,566,573, DE-A 10 20054022 798, DE-A 102 46 119, DE-A 102
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in comparison 1o the steady operatlng state, by reaction with molecular oxygen

proceeding correspondingly to a reduced extent in reaction zone B, back toward the

30 steady-state target content predefined for the preparation process. In addition, a
changed propylene formation rate in reaction zone A is accompanied by changed
endothermicity of the propylene formation therein, which is capable of leveling out a
combustion exothermicity changed by the changed O, content in reaction zone A
therein (this advantage arises especially when the feed rate of fresh propane is

35 changed directly into reaction zone A; this is the case in particular when it is changed
directly into the reaction gas mixture input gas fed to reaction zone A). Moreover, in
reaction zone A, any accompanying changes in the reaction temperature in reaction
zone A may, if required, be corrected by appropriate change in the temperature, for
example of the gases fed to reaction zone A. The changed feed rate of fresh propane

40 is maintained in the process according to the invention generally until the deviation in
the content of molecular oxygen in product gas mixture B from the target content
begins to change its preceding sign, etc.
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oxygen absorbs electromagnetic radiation {for example from 759.5 to 768 nm) through
(the) product gas mixture B, and measuring the unabsorbed fraction of the
electromagnetic radiation. For example, the oxygen content of product gas mixture B
30  can be measured by means of a laser beam whose wavelength is adjusted to one of
the rotational fine structure bands of molecular oxygen. To calibrate the measurement
of the oxygen content, the laser beam can radiate through a calibration cell which
comprises a gas (for example product gas mixture B in the steady state) with a defined
oxygen content, or through which a gas with a defined oxygen content is passed. For
35 example, the aforementioned laser may be a dicde laser whose wavelength is
adjustable to one of the rotational fine structure bands of molecular oxygen in the range
from 759.5 nm to 768 nm. The modulation range may be £ 0.05 nm. In principle, the
measurement can be carried out directly, for example through an appropriate window,
in product gas mixture B itself. However, it is also possible to branch off a small stream
40  of product gas mixture B (with the same composition) via a bypass for said
measurement, as described and recommended, for example, in DE-A 101 17 678.
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the stéady-state target content of mol ecul ar oxygen in product
However, useful O, determination methods for the process according to the invention

in principle also include gas chromatography methods or electrochemistry methods. In
the latter, the molecular oxygen is ionized, for example, by a suitable energy supply
and the electrical conductivity of the gas is subsequently determined.

30
As already mentioned, the steady-state target content of molecular oxygen in product
gas mixture B in the process according to the invention may be set, for example, to
from 0.1 to 6% by volume, preferably to from 0.5 to 5% by volume, more preferably to
from 1.5 to 4% by volume and, for example, also to 3% by volume. However, the

35 aforementioned setting can also extend to from 0.1 to 6% by weight, or from 0.5 to 5%
by weight, or from 1.5 to 4% by weight, or, for example, also 3% by weight.

When the actual oxygen content of product gas mixture B deviates from the predefined
steady-state target content, the feed rate of fresh propane is adjusted appropriatety in
40 accordance with the invention. According to the invention, the adjustment is
appropriately effected such that the resuiting changed propylene formation rate in
reaction zone A is such that the oxygen content deviation in reaction zone B, based on
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Moreover, the preparation process underlying the process according to the invention
can, as already mentioned, be performed as described in the documents of the
30 acknowledged prior art.

In this connection, it has been proposed in the documents DE-A 10 2004 032 128 and
DE-A 10 2005 013 039 that a mixture of steam, fresh propane and cycle gas 1 be fed
as reaction gas mixture input gas to reaction zone A for the purpose of the partial

35 heterogeneously catalyzed dehydrogenation of the propane present in the reaction gas
mixture input gas to propylene. The heterogeneously catalyzed propane
dehydrogenation should appropriately be implemented in the form of a tray reactor in
which the catalyst beds are favorably arranged in radial or axial succession.
Appropriately, in such a tray reactor, the fixed catalyst bed type is employed.

40 Advantageously, the number of catalyst bed trays in such a tray reactor is three. The
prior art recommends performing the heterogeneously catalyzed partial propane
dehydrogenation autothermally. To this end, molecular oxygen (for example in the form



30 acknow edged prior art. In this connection, it has been proposed in the
docurment s BE-3X284 2004 032 129 and DE-A 10 2005 013 039 that a mixture of
steam fresh propane and cycle gas 1 be fed as reaction gas m xture input
gas to reaction zone A for the purpose gf the partial 35 heterogeneously
catal yzed dehydrogenation of the propane present in the reaction gas

m xture i nplaingaaddas tgreogyiricied extembtoibe seasjon gas slixiureeypyd the fiistopane

dehydr ogenaitaRst 5dtnsdsdedBROQIN aritf RdtWedethonxeyeatag@t betstuagich RIloWahe first r ay
reactor oy Rl BeT R Bl bR Gl B LeRb S LA ANBEH fer a0l Al O

axi al succe&Sroff. . Sroprlat e?y, i n"'such™a’'tray reactor, e fixed catal yst
bed type i geludspannation a@alxsks APRraspiass eplrictascambrstien ef hyskeganfeimedid trays in
rs1utch a $ramertﬁﬁ|6§e0cgfﬂ:1§hétbf®@neaﬂs@j cafbaly£yd ﬁbpaﬁe&ﬁ&m@ﬁaﬂi&f@ﬁ? m'slagifthleI .
et er ogene , r : mal ly. To
this end, %ﬁ”@ﬁﬁ%%@ﬁ%@ﬁ@&%@g?r{"'ﬁﬁﬁg’?%rﬁ%?E%%Q%a?gi%a“ air) s
added to a2bedtwhesesk ity sebstatiape etaing hegiehydiogenationgeepi@turee fir st

cat al yst besHisrasic eshctdicobfiduratigh) bet ween the (fixed) catal yst beds which
follow the first (fixed) catalyst bed in flow direction. For exanple,

generally catal yzed by the dehydrogenation cat aIZ%/sts t hensel ves, restricted

conmbus® onIsomBatpidgetramplaset] 3 andst efH{eE-Rolft 30432 129 angt iB thyywakings| v

caéI ?I yzed pxampleef dehddo@oesatd an1 (Ainstegsnsousfly catanpieapartdl @ropahepr \%ﬁane

an or ro . ; ) C ose

oot her i oPEbRRGadBuh & BRorBEY Ehbyeh SRRk ﬁ%g@iaﬁcﬁﬁq?éﬁ.ﬁ@@ﬁ%ﬁ e

(adi abat i ctradydhree Sishygodenatisnyeacigs Fﬁnwiﬂﬁdﬂé?f'% IRsteamhpfesich a sgrighid 4 of

EEt A 10 ZOQénrfb%aod?&ummdr rielactrotm itW©alsd POssilsls aNplese 0bm Plrativel OxaARles Srli_ablél, a
etero ne ¢ I e

nbove_ TE SIS W SlaithoNRld fay BELREAC o RO hBIENANs 2P R 16205 0

dehydr ogen8#9 889 eact ors connected in series. Instead of such a series
connection of tubular reactors, it is also possible in these conparative

exanpl es ok, ] i ki t r ! ﬁ‘ﬁﬁﬁ j.ng to
the remar k;rh%fg a%@-s %&1% %’%8'?‘ Qg%gé%gg‘l' ﬁ*h%t%@é’f‘yht?@ﬁ%g%‘g‘%ﬁ° I'n étgugh case
i s the cat §x3r8pledr of e wasking sxdREiEnT < s AERles do thersagion tempefiyRe wor ki ng
exanpl 20 Thad saenenapsitioasf the rebetioneyas inhigtard ieppleyaat ures 20 and the
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30  carbonization of all trays has attained an identical extent.

It is quite generally favorable for the above-described heterogeneously catalyzed
partiai dehydrogenation of propane when the lcading on the total amount of catalyst
(sum over all beds) with the total amount of propane and propylene is 2 500 1 (STP)I-h
35 and < 200001 (STP)/I-h (typical values are from 1500 | (STP)/I-h to 2500 | (STP)/I-h).
The maximum reaction temperature within an individual fixed catalyst bed is
advantageously kept at from 500°C to 600°C {or to 650°C). Particularly
advantageously, the reaction gas mixture input gas in the above-described
heterogeneously catalyzed partial propane dehydrogenation stage in the tray reactor
40 consists merely of fresh propane and the cycle gas 1 which has been recycled from the
partial oxidation into the dehydrogenation and, stemming from the partial oxidation,
comprises a sufficient amount of steam to result in a satisfactory lifetime of the
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hydrogen to water is preferred kinetically over the full combustion of propane and/or

propylene.

30

DE-A 102 11 275 recommends the conduction of dehydrogenation cycle gas by the jet

pump principle (it is also referred to as loop mode). This document also addresses the

possibility of adding molecular hydrogen additionally to the reaction gas mixture in the

propane dehydrogenation. DE-A 10 2005 049 699 makes an appropriate statement on

35 the requirement to meter the molecular hydrogen into the motive jet for the jet pump in
a certain feed hierarchy.

DE-A 10 2004 032 129 and DE-A 10 2005 013 039 propose not undertaking the
recycling of the cycle gas 1 which comprises molecular oxygen and stems from the

40 heterogeneously catalyzed partial oxidation into the reaction gas mixture input gas for
the heterogeneously catalyzed partial propane dehydrogenation. Instead, the recycling
into the reaction gas mixture of the dehydrogenation should not be effected until after a
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and DE-A 199 37 107. In particular, the catalyst according to Example 1, Example 2,

30  Example 3 and Example 4 of DE-A 199 37 107 may be used.

These are dehydrogenation catalysts which comprise from 10 to 99.9% by weight of
zirconium dioxide, from 0 to 60% by weight of aluminum oxide, silicon dioxide and/or
titanium dioxide and from 0.1 to 10% by weight of at least one element of the first or

35 second main group, of an element of the third transition group, of an element of the
eighth transition group of the Periodic Table of the Elements, lanthanum and/or tin, with
the proviso that the sum of the percentages by weight adds up to 100% by weight.

Also particularly suitable is the dehydrogenation catalyst used in the exampie of this
40  document.

Generally, the dehydrogenation catalysts may be catalyst extrudates (diameter typically



25 include all of those recommended in WO 01/96270, EP-A 731 077, DE-A
10211275, PPR7&830131297, WO 99/ 46039, US-A 4 788 371, EP A-0 705 136, WD
09/ 29420, US- A 4 220 091, US-A 5 430 220, US-A 5 877 369, EP-A-0 117 146,
DE- A 199 37 196, DE-A 199 37 105, US- , 670,044, US-A 6,566,573, US-A
4,788,371, WO A 94/29021 and DE-A 199 107. In particular, the catal yst
accor di ng fremekienif) mm prefsrallyifeorp 1.530 Sermnsnathdyrierlly fleahpte2@msp, DE- A 199 37
t1079r9mg(ybgpres@:_db|yTM$st@wnﬂhe)med>ret>g§prnéfta_ iablyftﬁe.tsahﬁ&ﬁrﬁ%mor/@mscfehwei sef from 10
(0] . 0 I . | |

al um num oé?‘t\éﬁ;da%s}'b laﬁé!ga%%tg&?(ﬁa@? a(%’g? Ré]ra P&? iy geg%gni%nl(&(t)hxﬁ @Qﬁﬁ§§% %Eﬁag‘{ 1to 10%
by wei ght §PMat ta3hmm e 181emewal hickpess anArerriagly BomsklocimmaPhtar oup, of
an el engnt 50fimt &retot3hm. Rgranﬁétérbgén@mwmataw‘zeardeﬁircﬁawﬁatileiﬁ irf ﬂﬁuid@_ieghéI /h
transition . A . , or
=t of 201 8lind ey Eblee Bk et S\ LETERGG v RELBRHILARE O
100% by weiSgdiven injaseoiganes with e igventipn tnthe fixed eataly POIRARYAN ZANEA al yst
used in the exanple of this 40 docunent. Generally, the dehydrogenation

t al yst . ' : ' I f 1
Co 10 o iF dorRFarcitb ek RdroGRd A Bafelel e SRR chal® Bl oYy ot BR[O
pr ef er 48| y this gpgusnarny am@thﬁw,feff%ﬂ@'ﬁ@d('ﬁpﬁgr@%%Q7H§Sm@ym%@f%mﬁi% as for

the extrudataBs)s iritlé OE-&Ntaed siich thatitoey drexdapatlalof Satalyeihgbotnifle! ength i n each

typi t ' i at el
From 1" bo. D5Maoodrtd of fodihe MhPthe sSbledBh ot iark Bl A AARR y catal yzed
dehydr ogen&Y§regen. i hg combugiioneef hydeagep oroaesds weyy ), mersrraridly fveythgi vi ded
cat al yst wchtalystsasutislinngimpddieoniicttie dBhgiregenation of sropaveand in cobgparidamtze Wi t h
the i nyent 4oR, 5B 4G if ;H&%%&%F?'cm eftffh sfitB{nri]JneaCt'O“ zone A In general,

g alysts (especrally

t he dehydr ogenation ca ose used by way of exanple in 10
this docunent and those recommended in DE-A 19937107 (especially the

exenpl ary Ircaddifiors &b resdctdr ty pes @ind Argceas eagantdhkidvat intthe prier et arepabfudinof

cat al yzi ng ; | : i
ropane andiybetoldne AEGKALAGENA LaR R @%ﬁ%@us'??'ﬁfﬁ%@%“ﬁ%ﬁﬁgé%{;sﬁ%e@éds very
much nore rAaPF‘F%Pt'BK}%Pf §UeB Preces Vyrgnds Br(?tme"fer'i“-c%rn%ﬁpé%ﬁ” glhprigreart

dehydr @genabcwonerds$ cipzcbpigimeegartitoithe demuasgenation catdlysts tand dloerpritsrtariositedrat t he

case of a ‘ﬁ%n&ﬁééttoifﬁ{i‘séééu\*'@etniton- In addition, all reactor types and process
variants known in the prior art are useful in principle for the

het er ogeneousl y catal yzed propane dehydrogenation in reaction zone A
Descri pt i oAsconipasativelymoogesiensive idastriptian of geleseotenafiar pregesseb auitable @ | pri or

art 20 dOCHE@d?génc%i\&iﬁ-ﬂhWiNénﬁ&Gr%g Fie%?ﬁoé E%edﬁiygé&%e%tiiR&a&Nt@%@%tédié@d the
prior ﬁrt 1ted at . the oHt et of t |sﬁgtocurren|5. A cgér_‘[)ara I've g

conpr eRens PiMsieR (a5 HnyFrogetaign Soe e MavH PeRyieearalion £AMeesesh

accor dance SidyNurhiserid192 1D, A998 0430 lesrgts corDriven MoAnias dkwpCplifesdnt i n

Cat al yti ca@g%ﬁgw g5 A25 Division, Oxidative Dehydrogenation and

Al ternative ydrogenati on Processes,

It is characteristic of the partial heterogeneously catalyzed dehydrogenation of propane

30 thatit proceeds endothermically. This means that the heat (energy) required for the
attainment of the required reaction temperature has to be supplied to the starting
reaction gas mixture (the reaction gas mixture input gas) either beforehand and/or in
the course of the heterogeneously catalyzed dehydrogenation.

35 In other words, based on single pass of the charge gas mixture fed to reaction zone A
(reaction gas mixture input gas) through reaction zone A, reaction zone A can be
configured isothermally by virtue of controlled heat exchange with (fluid, i.e. liquid or
gaseous) heat carriers conducted outside reaction zone A.

40 However, with the same reference basis, it can also be designed adiabatically, i.e.
substantially without such a controlled heat exchange with heat carriers conducted
outside reaction zone A. In the latter case, the gross thermal character, based on
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Another means of eliminated deposited carbon compounds is to allow a gas comprising
oxygen to flow through the dehydrogenation catalyst at elevated temperature from time
to time and thus to effectively burn off the deposited carbon. However, substantial
suppression of the formation of carbon deposits is also possible by adding molecular

30 hydrogen to the propane to be dehydrogenated under heterogeneous catalysis before
it is conducted over the dehydrogenation catalyst at elevated temperature.

There is of course also the possibility of adding a mixture of steam and molecular
hydrogen to the propane to be dehydrogenated under heterogeneous catalysis. An

35 addition of molecular hydrogen to the heterogeneocusly catalyzed dehydrogenation of
propane also reduces the undesired formation of allene (propadiene), propyne and
acetylene as by-products.

It may therefore be appropriate in accordance with the invention (as already

40 addressed) to carry out the propane dehydrogenation (for example with comparatively
low propane conversion) (quasi-)adiabatically. In other words, the reaction gas mixture
input gas will generally be heated first to a temperature of from 500 to 700°C (or from
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catalyst bed may be arranged in their annular gap. In the adiabatic case, the metal
shell would in turn be thermally insulated if appropriate.

30
Useful catalyst charges for a heterogeneously catalyzed propane dehydrogenation with
comparatively low propane conversion in single pass are especially the catalysts
disclosed in DE-A 199 37 107, in particular all of those disclosed by way of example,
and also mixtures thereof with geometric shaped bodies inert with respect to the

35 heterogeneously catalyzed dehydrogenation.

After a prolonged operating time, the aforementioned catalysts can be regenerated in a
simple manner, for example, by initially passing air (preferably) diluted with nitrogen
and/or steam in first regeneration stages over the catalyst bed at an inlet temperature

40  of from 300 to 600°C, frequently from 400 to 550°C. The catalyst loading with
regeneration gas (for example air) may be, for example, from 50 to 10 000 h™ and the
oxygen content of the regeneration gas may be from 0.5 to 20% by volume.
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appr opri at §,3:esEiBR) FrokParBapdiation point of view, it is appropriate to use the fixed bed
catalyst type in such a tray reactor.

In the simplest case, the fixed catalyst beds in a shaft furnace reactor are arranged

30 axially or in the annular gaps of concentric cylindrical grids. However, it is also possibie
to arrange the annular gaps in segments one above the other and to conduct the gas
after it has passed radially through one segment into the next segment above it or
below it.

35 Appropriately, the reaction gas mixture is subjected o intermediate heating in the tray
reactor on its path from one catalyst bed to the next catalyst bed, for example by
passing it over heat exchanger ribs heated by hot gases or by passing it through pipes
heated by hot combustion gases.

40  When the tray reactor is otherwise operated adiabatically, it is sufficient for propane
. conversions of < 30 moi%, in particular when using the catalysts described in
DE-A 199 37 107, especially those of the exemplary embodiments, to conduct the



25 else from3 to 6. The catal yst beds are preferably arranged in radial or
axi al succ&FsH7@83 From an application point of view, it is appropriate to
use the fixed bed catalyst type in such a tray reactor. In the sinplest
case, the fixed catalyst beds in a shafEll furnace reactor are arranged 30
axially or in the annul ar gaps of conce zri c cylindrical grids. However, it
i s al so possadibe gas oidunedngd gah inta theudedydrpgpsation reagoeprebeaie@tcadove t he

ot her and Eé}nﬁéﬁaﬂuktﬁ bf frdif 486% Sétf“t:etbréférabl??froﬁﬁﬁi‘ﬁﬁﬁfé_ g0ReE PARd/tolkBEs !ﬂ%thﬁﬂe ]
Seamenl | i it SR ey e, THE e b A B L
react or ondebgdrpgeriatibn cam thue beatalizgd iat beryl lavotanieeratases, whichlis/foundéalbe f or

exanpl esby paRRERH{ GavioFabhy RF tHARtInSX 611AB GREd éétﬁ]?st%@&%gh@énh% gases or by
passing it throgﬁoggl pes heated by hot conbustion gases. 40 Wen the tray

reactor is oIHE operated adiabatically, it is sufficient for propane
conversions of < 30 nol% in particular when using the catal ysts descri bed

in DE-A 199 i évdPrhoreesiBgsrit ¥ barnt SA%R: SdtalieddiariyeRbtiorBRbOsHBR BbRe Al(@s
conduct thE{F PE 57

83, 17, reacti as , mxture i nput ,gas intq,th
dohydr ogendKSWRE PR AFSSROARAnTalY: iSerBoPsaie tOEaTY B e gbow-s50c
( pr ef erl@bl pullineginigedats detingdyd diteck esite (autathermahmethody Todhisendt are range
1:2?1 i f'ﬁ t hg Iiﬁ'\'ritgé' aﬁ@gﬁtt &{molé_cfljlé?r dg@gétwistalarag? id‘lﬁe@é‘édtibg ﬁas ﬁﬂ?ﬂn%naf@fg)hgg ogenat ion
us | Z \Y) | |
ot o ar MonEdbiidh 6 At i3t b S ERASHINS Rowiliclm el kRS 1 oge bt ween
two regendeaending onthe dehydragenatinrecatdlys) ased tionited conbostiontdféhecat al yti ¢

Sﬁt‘thwﬁzﬁf“@@?’*b&"é BRAEATIR (ORI M E Mg o LGRS iRGeompoands,
"t er mdi aBlAREISRRge oy G, GRSt siRcE” poPoR W FrRGRD S 0580 P end, a
linmted ambutie cotirsgoif druheterogeyenslyi catalyred breranetiehydragenation gad/omhas ur e

after it hasenhbhoye® thérietbn iﬁ@mﬁﬂttﬁr&%aﬁ%@'ﬁ@ﬁro@@rﬂab@@ﬂ(ﬂ@% difepglownst ream

catal yst beds, . endi n n_fhe dehydrogenation, catalyst used, limted
Combusti on SBPToPREE PR ARR Bale T RR S e RS a PRt ReE e ey eadr any
coke or cokigh de cbaigpd withsatetyshiwhish dartitelpoy ispecifiaatly (seiechwrinl catalyzesithace,
ﬁn?/ or 20f Qﬁﬁpggw&t%yeﬂagb@&mr@fhwreea}boﬁ)r(eiérﬁplés)w@@fmfcatahy@tbs includ% ded t
eterogenegusly ca ze I a € r een adde 0
t he reactig}?wosﬁaogﬁ?ﬂ @%%F@“EQ%QWJZB%Q%%%H{]%% %%%%rﬁa{@?@gso be

appropri at ¥SF-ASB3N Hp pPSra 21528 ¥7B@NAtUDA 35633 140, fonexanple.aush gatalskds in t he
tray ][ _eaCf f&éds mp% a;%b@rpfﬂbﬁéﬁ@drl\ Wetthy?ﬁéﬁg%iﬁtaltﬁ@aﬁfh ﬁﬂhé}b@ﬂé gcﬁrltéﬁning( 4/
SPecitTlica el ect.Lve alyzes e,. (0] 1.on_or . ogen (ana/ or
oF *hyr oonrbbrgtSodahy Eatlvaf R B IRRR e 3R s HloBh y Y8 O e
docunerbs Btermarg@Eraton of Us hetaroggse @By, catiyzadprapmexishydiggenat®nsge, 171,
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accommodated .in the tr reactor_in.alt rnattl%n to the beds containing
residence time of the reaction gas in the catalyst bed is increased, propaneé

dehydrogenation is thus possible at decreasing or substantially constant temperature,
which enables particularly long lifetimes between two regenerations.

30
In general, oxygen feeding as described above should be undertaken such that the
oxygen content of the reaction gas mixture, based on the amount of propane and
propylene present therein, is from 0.01 or 0.5 to 30% by volume. Useful oxygen
sources include both pure molecular oxygen and oxygen diluted with inert gas, for

35 example CO, CO,, N, and/or noble gases, but especially also air. The resulting
combustion gases generally have an additional diluting effect and thus promote the
heterogeneously catalyzed propane dehydrogenation.

The isothermicity of the heterogeneously catalyzed propane dehydrogenation can be
40 further improved by incorporating closed (for example tubular) internals which have

favorably, but not necessarily, been evacuated before filling in the spaces between the

catalyst beds in the tray reactor. Such internals may also be placed into the particular
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suitabl e specific conbustjon, cat. or,. ex e Si assi.ng over
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(in terns ehichhe dehydrogenation) reaction tenperature by neans of the heat
of combgstion thus released. The resulting conmbustion products, such as
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het er ogeneoust i Cahaloh a4 Rt Abul S LORRRRL 8 ettioR LORAR Bubrat iR On
25 one fixed catalyst bed and propylene is formed at least partially,
- if appropriate, further gas comprising molecular oxygen is added to the reaction
gas mixture input gas after entry into reaction zone A,
- the molecular oxygen is oxidized in reaction zone A in the moilecular hydrogen
present in the reaction gas mixture partly to steam and
30 - a product gas mixture A which comprises molecular hydrogen, steam, propylene

and propane is withdrawn from reaction zone A,

wherein the product gas mixture A withdrawn from reaction zone A is divided into two
portions of identical composition and one of the two portions is recycled as cycle gas 2

35 into the reaction gas mixture input gas for reaction zone A and the other portion used
further in accordance with the invention as product gas mixture A.

Advantageously in accordance with the invention, a reaction gas mixture input stream
is fed to reaction zone A in the process according to the invention, whose essential

40 contents are typically as follows:

propene from 2 0 to 10, frequently from 0 to 6% by volume;



a cycle gas corrprl si ng nol ecul ar oxygen and reaction gas m xture input gas
conpri si ngPIFr%"@ﬁ propane and al so nol ecul ar oxygen and, if appropriate,

steamis fed continuously to reaction zone A - the react i on gas m xture
i nput gas is conducted in reaction zone A over at |least 25 one fixed
catal yst bed and propylene is fornmed at Teast partially, - if appropriate,

further gas conpriatralgimol ecul fsem &g deim manyachsesd from @ tee0.bfeantieotly frgmd
m xture input gas after entry tlorng:,%@g%lu% zone A - the nol ecul ar oxygen

is oxidized in reactllon zone 'Afr %ﬁ ecunar g ﬁP @5 ent n t he
reaction gas nixt uf&"FA%%y to %T(Qapn n3Har yféasﬁ YA TSAUEPEY A whi ch
conprises nol ecul ar hydrogen, fereéip O33pYy selemeand propane is withdrawn

fromregction zonecd, wherein #hf 0rbGdMThamecases Kol Btof8, WehDEvmtaMForh bom
reaction zone A is divided i ntg}g‘,}l\gyg@ort ilons of identical conposition and

one of the two portions is rec tle gas 2 35 into the reaction gas
m xture input gas P@paneacti on beﬁéoﬂanGf&f@idy fromet0 1o 20fs bveldme, further in

accordance with thgtrbgarenti on f@@m@OQ@'BQtpr@%ﬁaW #&Mrsﬁ tA?OMbWBl@ﬁeousl y in
accordance with the |nvent|on e@@téf %ﬁ rp lfoﬁ r}F}Jb is fed
to reaction zone AP{°Fhe procé%"g 0 ‘ﬁg 1y TE9 11049 &n Mo

essentlfll 40 contEef®s are typirenl> toadD, praferebly froméﬁé'néofol"/ohy Oolumteo 10,

frequently fromO Hp 6% by vol ;0. 5% 7 BfeterdBly fR61 PrE5R Hyn@e to 1, in
many cases fromO to 0.5, frequently fromO to 0.25% by voI ume; acrylic

acid fromO to 0.25, in many cases fromO to 0.05, frequently fromO to

0. 03% by v dicetireacie may algorkepresens il smalhamauyts ¢akoss comparablette te pessidgient | y
fromO toa2BidYcid ebstBis).pr opane from5 to 50, preferably from 10 to 20% by
vol une;, nitrogen from30 to 80, preferably from50 to 70% by vol une;

oxygen Prom> Oto 5, preferably from1.0 to 2.0% by volune; 10 H2O from > 0

to 20, preMl@tﬁRrAﬂr“@rﬁ@ @Et/b2203@%199d\k@-6r$9161 679 reeQRMeNd usipg pooduct

pref e{ abl(y ghs ﬁmtaretmt&%abye maltaﬁmst opf&:@ltudazuoa%sbtmu rédclion BéndoB ES RNt ;3 n V\;mlall
anount s a (0] Ile
BroA 137 1 aaSTREER S e Sheb IS AR bigose AEb¥iod BRI R P leashioc gas
m xture A uo@rtkmamgée @wtlmenlseawtbmp@pa@mmd)nrqpélaae eresent ip Ucbgagone B,
it is 200nsiigared tHepefhsn defopnit ROKRUI0 bbtair the cRAGe RS reitRy fdt the dtdedshe

| nvention (.8 %&ld%ﬁ&srteact'%?r'lthl ed BPdhe’ REkhhBRNbS p IR prbd gBE oPane and

propyl ene preésen
mlxture A, if approprlate after |t has been cooled beforehand in an indirect heat

exchanger, through a membrane which has generally been configured to a tube and is

permeable only to molecular hydrogen. The molecular hydrogen thus obtained can, if
25  required, be recycled partly into reaction zone A (for example as a constituent of the

reaction gas mixture input gas) for advantageous configuration of the heterogeneously

catalyzed dehydrogenation of propane or sent to another utilization. In addition or

alternatively, a portion or the entirety of steam typically present in product gas

mixture A may be removed therefrom (for example by condensation)} prior to the use of
30  product gas mixture A to charge the oxidation reactor in reaction zone B.

However, advantageously in accordance with the invention, at least 50% by volume,
preferably at least 75% by volume, more preferably at least 90% by volume and most
preferably at least 95% by volume of the constituents other than propane and

35 propylene present in product gas mixture A will be removed before it is used as the
propene source for the partial oxidation in reaction zone B of the process according to
the invention. In principle, it is possible for this purpose to employ all removal variants
described in the documents DE-A 10 2004 032 129, DE-A 10 2005 013 039,
DE-A 10 2005 009 891, DE-A 10 2005 010 111, DE-A 10 2005 009 885,

40 DE-A 10 2005 022 798 and DE-A 10 245 585.

One means appropriate for the inventive requirements consists, for example, in
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with a gas I C haves, i per egard to
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oxi dation (for exanple air or another m xture of nolecul ar oxygen 10 and

i nert gas) AgaHh AIRERNMIGE td the sepaRaNEstep diakatRBitieAdebdtibddpretarémelig purified
form and xturﬁ%can e . used

t hi ) s the propylene source for the partial
oxi dat  on (WEPET e 698y U1 BVertie plfiets Rle BRBSTRIAT aemBR T Ve
Exanpl @51 afpresssreaxschiigatiappl i cati on DE-A 10 2004 032 129). The offgas of
such a absorption, which conprises nolecular hydrogen if appropriate, can
be subj ect tion 15 an menbr ane

separ at i on%?"%&gé?g%gg@g i@éﬁ?aﬁ%@tf%%ﬁgdA%m@%ﬁ%%‘gﬂ#a"et RRNPR /aﬂ{ enmoved
hydr ogen cahsdybents ahichdale capatié blabsorking piepane archpropflenealdts asogzent isi xt ur e
preferably an organic solvent which is preferably hydrophobic and/or high-boiling.
30  Advantageously, this solvent has a boiling point (at a standard pressure of 1 atm) of at
least 120°C, preferably of at least 180°C, preferentially of from 200 to 350°C, in
particular from 250 to 300°C, more preferably from 260 to 290°C. Appropriately, the
flashpoint (at a standard pressure of 1 bar) is above 110°C. Generally suitable as
absorbents are relatively nonpolar organic solvents, for example aliphatic hydrocarbons
35  which preferably do not contain any externally active polar group, but also aromatic
hydrocarbons. Generally, it is desired that the absorbent has a very high boiling point
with simultaneously very high solubility for propane and propylene. Examples of
absorbents include aliphatic hydrocarbons, for example Cg-Cyo-alkanes or alkenes, or
aromatic hydrocarbons, for example middie oil fractions from paraffin distillation or
40  ethers having bulky (sterically demanding) groups on the oxygen atom, or mixtures
thereof, to which a polar solvent, for example the dimethyl 1,2-phthalate disclosed in
DE-A 43 08 087 may be added. Also suitable are esters of benzoic acid and phthalic
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The contents (reported in area percent of gas chromatography analysis) in the

aforementioned products of linear hydrocarbons are typically:

total Cq to Cy3: less than 1%; Cq4: 30 to 40%; Cys: 20 to 33%; Cis: 18 t0 26%; Ci7: up to
35  18%; Cuip: < 2%.

A typical composition of the product from SASOL is:
Cis: 0.48%; C14: 39.8%; Cys: 20.8%; Cys: 18.9%; C17: 17.3%; Cig: 0.91%; Cio: 0.21%.

40 A typical composition of the product from Haltermann is:
013: 058%), C14: 334%, C15: 328%, C15: 255%, C17: 68%, Cgm: <0.2%.
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Preference is to contacting € pa I"ow product gas m xture
substream 2 vmth t he absorbent at a pressure of from1 to 50 bar,
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absorption ey be un ken eit I'n colums or in quench 10 apparatus. It
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(for exanpberttulb* fomwvi toI5 Rasebiegprpfeedbinfyshr. 1 to 3 bar, and a temperature of from 0

to 200°C, in particular from 20 to 100°C, more preferably from 30 to 70°C, particularly
preferably from 30 to 50°C. An example of a gas suitable for the stripping is steam, but
preference is given in particular to oxygen/nitrogen mixtures, for exampie air. When air

30 or oxygen/nitrogen mixtures are used in which the oxygen content is above 10% by
volume, it may be sensible to add a gas before and/or during the stripping process
which reduces the explosion range. Particularly suitable for this purpose are gases
having a specific heat capacity of 2 29 J/mol+K at 20°C, for example methane, ethane,
propane (preferred), propene, benzene, methanol, ethanol, and ammonia, carbon

35 dioxide and water. However, preference is given in accordance with the invention to
avoiding C4 hydrocarbons as such additives. Particularly suitable for the stripping are
also bubble columns with and without internals.

The propane and propylene may also be removed from the absorbent by a distillation
40  or rectification, in which case the columns which are familiar to those skilled in the art

and have structured packings, random packings or appropriate internals can be used.

Preferred conditions in the distillation or rectification are a pressure of from 0.01 to



15 However, it is also possible to use trickle and spray towers, graphite
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30
in a manner advantageous for the process according to the invention, especially when
the propylene/propane mixture is stripped by means of air to free it of the absorbate,
starting reaction gas mixtures usable for the partial oxidation can generally be obtained
directly. In the case that their propane content should not yet be satisfactory in
35 accordance with the invention, it is possible also to add fresh propane to them before
they are used for the partial oxidation of the propylene present to be carried out in
accordance with the invention. Via the residual gas {cycle gas 1), fresh propane is then
appropriately recycled into the heterogeneously catalyzed dehydrogenation (as a
constituent of the reaction gas mixture input stream conducted into reaction zone A).
40 The direct supply of fresh propane into reaction zone A can then be reduced by the
appropriate amount of propane. In the extreme case, the supply of fresh propane
required for the heterogeneously catalyzed propane dehydrogenation immediately into
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reaction gas mixture for a partial oxidation stage is explosive or not is whether
combustion (ignition, explosion) initiated by a local ignition source (for example glowing
30 platinum wire) spreads in the starting reaction gas mixture under certain starting
conditions (pressure, temperature) or not (cf. DIN 51649 and the experiment
description in WO 04/007405). When there is spreading, the mixture shall be referred
to here as explosive. When there is no spreading, the mixture is classified as
nonexplosive in this document. When the starting reaction gas mixture is nonexplosive,
35 this also applies to the reaction gas mixtures formed in the course of the inventive

partial oxidation of propylene (cf. WO 04/007405).

In general, however, only the reaction gas mixture input gas stream fed to reaction

zone A will comprise added fresh propane in the process according to the invention.
40

The present invention also relates to process configurations in which the fresh propane

required for the process is supplied at most partly (for example only to an extent of
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t he p?@cedure may be as described in WO 01/96170, which forms an integral
part of t hiaghodghathe multdhétanoxided canPRBIAG th&lemanR Vo, F&, Bl WRicheter ogeneousl y

catal yzed %S‘&ic&%? gui%%fet a'saécti% icgr?l%sﬂtri]ons for the catalysts of the first oxidation stage

(propylene — acrolein) are also capable to a certain extent of catalyzing the second
oxidation stage (acrolein — acrylic acid), preference is normally given for the second

30  oxidation stage to catalysts whose active compeosition is at least one multimetal oxide
comprising the elements Mo and V.

The process according to the invention for the heterogeneously catalyzed partial
oxidation of propylene over fixed catalyst beds whose catalysts have, as an active

35 composition, at least one multimetal oxide comprising the elements Mo, Fe and Bi is
thus suitable in particular as a one-stage process for preparing acrolein (and acrylic
acid if appropriate) or as the first reaction stage for the two-stage preparation of acrylic
acid.

40 The realization of the one-stage heterogeneously catalyzed partial oxidation of
propylene to acrolein and acrylic acid if appropriate or the two-stage heterogeneously
catalyzed partial oxidation of propylene to acrylic acid using an inventive starting
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docunent ) ¢&sespohd®©tothaga i @6&ER)examples of the documents mentioned. An inventive

starting reaction gas mixture for the heterogeneously catalyzed partial gas phase
oxidation is obtainable in a simple manner, for example, by adding as much molecular
oxygen to product gas mixture A or to product gas mixture stream A’ as is required for

30 the partial oxidation. This supply can be effected in the form of pure molecular oxygen
or else in the form of a mixture of molecular oxygen and of inert gas (or eise only in the
presence of inert gas). Preference is given in accordance with the invention to air as
such a mixture. It is essential to the invention that this oxygen supply is effected in such
a way that product gas mixture B still comprises unconverted molecular oxygen.

35
In general, the molar ratio of molecular oxygen present in the starting reaction gas
mixture for the partial oxidation to propylene present in the starting reaction gas mixture
for the partial oxidation is 2 1 and < 3.

40  Multimetal oxide catalysts particularly suitable for the particular reaction stage have
been described many times before and are weli known to those skilled in the art. For
example, EP-A 253 409 refers on page 5 to corresponding US patents.



WO 04/85363, DE-A 103 13 212 (first reaction stage), EP-A 1 159 248 (as a
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(as a two-stage process), DE-A 199 48 248 (as a two-stage process), DE-A
101 01 695 (one-stage or 10 two-stage), 04/ 085368 (as a two-stage
process), DE 10 2004 021 764 (two- stag%?/\o WO 04/ 085362 (first reaction
stage), WO 04/085370 (second reaction stage), WD 04/085365 (second reaction
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af orenent i
EP-A 700 714. This applies in particular to the exemplary embodiments in these

documents, and among these particular preference is given to those of EP-A 15 565,

30 EP-A 575897, DE-A 197 46 210 and DE-A 198 55 913. Particular emphasis is given in
this context to a catalyst according to Example 1c from EP-A 15 565 and aiso to a
catalyst to be prepared in a corresponding manner but whose active composition has
the composition Mo1;Nig 5Zn2F€:Bi1Pg nossKo 060y * 10 SiO,. Emphasis is also given to
the example having the serial number 3 from DE-A 198 55 913 (stoichiometry:

35  Mo4CosFe;BiseKonsSiisOx) @s an unsupported hollow cylinder catalyst of geometry
5 mm x 3 mm x 2 mm {external diameter x height x internal diameter) and also to the
unsupported multimetal oxide Il catalyst according to Example 1 of DE-A 197 46 210.
Mention should also be made of the multimetal oxide catalysts of US-A 4 438 217. The
latter is especially true when these hollow cylinders have a geometry of 5.5 mm x

40 3mmx35mm,orSmmx2mmx2mm,orSmmx3mmx2mm, or6 mm x
3mm x 3mm, or 7 mm x 3 mm x 4 mm {each external diameter x height x internal
diameter). Further possible catalyst geometries in this context are extrudates (for



5 advant ageous catal ysts for the particul ar oxidation stage are di scl osed by
the docunBhtSy2Bk- A 103 25 488, DE-A 103 25 487, DE-A 103 53 954, DE-A 103
44 149, DE-A 103 51 269, DE-A 103 50 812, DE-A 103 50 822. For the
inventive reaction stage for the heter o?éeneously catal yzed gas phase parti al
10 oxidation of propylene to acrolein or acrylic acid or a m xture thereof,
usef ul mul exareplallengtix? denmamdaiannétens mem;eor ilengty 6.4danmplandadidmetat 6i7mamnal  oxi de
conpositions conprising Mo, Bi and Fe as the active conposition. These are

in particular th ti al, oxi.de active conpositi of the general
For il a 18 Tulfiedt e aahaeeiouds sl ips bR sileBRIotbe sl Bifipost ¢ i ons
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conposi §i ogsen&hy bhsuigeneral fornulae I, Il and Il of DE-A 101 01 695, the
mul ti metal "oxi de active conpositions of the general fornulae I, Il and 11|
of DE-A 199 48 248 and the nultinetal oxide active conpositions of the
general for mul KeBj.FesX'affeX X} 00nf DE-A 199 55 168 (dd al so the nul tinetal
oxide 20 active conpositions specified in EP-A 700 714. Also suitable for

this reaction .stage are the multinetal ide catal ysts conprising M, Bi

and Fe whi EhWE{F%ﬁ%‘,V@@PE@%&rq %a%htﬁeerﬁ'ﬁ%‘iﬁﬁgoryq%'s'Resear ch Disclosure No. 497012
of Augst 29, 2005, DE-A 100 46 957, DE-A 100 63 162, DE-C 3 338 380, 25
DE- A 199 0R'562pickd-afd/becdiedt, DE-C 2 380 765, EP-A 8 074 65, EP-A 279 374,

DE- A 330 0Q,44, ,EP-A 575 897 US-A 4 438 217 - A 19855913, WD 98/ 24746,
DE- A 197 4%3 21ot’?€ﬁ>'H8‘s8”8%ka? H&etfgé‘HQPéF”f"ﬁﬁ?ﬁ‘lﬁ %aﬁET:é.‘a’P-A 91/ 294 239, EP-A 293
224 and EX°A 780c,7hosphriis aaggslic, derannapimenye tin.aeriuo, tead asd@mpinasien,
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conposi tion MI2N tSZ@ZFe Bi %'Pg OO$FK 060x 10 Si 2. Enphasis is also
given to fhe eX8Mpl'® abiFgePHE8kt 1%V nunber 3 from DE-A 198 55 913
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d
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composition. They may of course also be used as catalysts in powder form.

30 In principle, active compositions of the general formula IV can be prepared in a simple
manner by obtaining a very intimate, preferably finely divided dry mixture having a
composition corresponding to their stoichiometry from suitable sources of their
elemental constituents and calcining it at temperatures of from 350 to 650°C. The
calcination may be effected either under inert gas or under an oxidative atmosphere,

35 for example air (mixture of inert gas and oxygen) and also under a reducing
atmosphere (for example mixture of inert gas, NHs, CO and/or H). The calcination time
can be from a few minutes to a few hours and typically decreases with temperature.
Useful sources for the elemental constituents of the multimetal oxide active
compositions 1V are those compounds which are already oxides and/or those

40  compounds which can be converted to oxides by heating, at least in the presence of
oxygen.



propyl ene to acrolein and, if appropriate, acrylic acid can be enconpassed

by the 5 gBRé&72B3fornul a |V Mb12Bi aFebX cX2dX3eX4fOn (1V) in which the

vari abl es are each defined as follows: 10 X1 = nickel and/or cobalt, Xz =

thallium an alkali netal and/or an alkgéine earth netal, X3 = zinc,

phosphorus, arsenic, boron, antinmony, tin, cerium l|ead and/or tungsten, X4

= si | i con, Inagdgijomtmthe oxidgs, aushussfid starlingenmpanndg ickude in paticgashaliges, b =

I r OTOO' Oé h@rfaties, fbgm?fé%g@)a‘i’atéﬁ,%ﬁﬂal’elé, @]gétatespcaggél’gé?é@,gn{hﬁ?e déhplexe&f er abl y8f rom 3
0 , = from refer romQ. T :

bref or abl y aFTsH sg et iR YeqrS it 8o B Rut el fuoageh o6,

det er mi nedNbYCHRle, GIGEIOH, NHECH (e rnecy apimeniemalxalatmwiich gecampescher t han

oxygen. 5 25 adey cat e 8o ptRBY enildlecdBMAG bt the MNBstRS hive RokrpBands Whick4aP! e,

DE-A 4 023 239) .and are.custonmarily.shaped in substance to gi,ve spheres,
Tings o ol amsdihogsetE LM ERTRY pckihaRy BiieBretet B Tub g °P"e
preshaped Midure).support bodi es coated with the active conposition. They may
of course also be used as catalysts in powder form 30 In principle, active

conpositio he. general .formul.a IV be. pr.epar L0 M0l manner
o oot i niihe SlapldoRTERGY tor BidPBe Iy ftaiiody SREK Stk ReR behavi ng
conposil@i ointigdteleBWEadn Ay erdn wekformsY\bied eyrase mixgd igdns {drmathestariiog ces of

their el egeMp&lindsans bppropndtelyaned aslfifépidviiedipoidetLampsiuiattestoof from 350

to_ 650.C‘ Th@ mé@t}p%ﬂéﬁ%@ﬂ gﬁg ogﬁaon%ﬁ I:grﬁﬁgcqi ﬁ:llléwévepgl?gfrerénr&?é |9&§ toOr under an
oxi dative ﬁ_ﬁo ere, $67¢8 ampl e ai'r P xture I ner g%s and oxygen)
and al so uldeatampdnguiniwey forar furipalyr bhe(stafingsempeundgiare iwedorith easht gas,

EH& O gnd{h@r mulai.\; forfteF abddotied@d ssitidni aTRl/or GaspeiRion! PEMIBUBAYINGIMALS &5 Eﬁ a few
ours | [ r I r for e

el em&*n{il gl %ﬁg%?taﬁ%ﬂﬁg&ggﬂfﬁg %#’Blpﬁc{%gd%#'ggd X’@?ﬁ@i%‘égﬁg&@?qéﬁ'%%?riv are

t hose conpB¥HidRivaihseuices ¢ the plemental cprrsitueatrdn gisspived éormo The splsemtatsediis ch can
be conver t gebférablpxaters Shysdugabtly) the @jueb888dmpdkitidheotitainsEiRRiedf andthggen. PF

férapiy ; : e el ud
"0 par 1 cul Rt ipberBls biéiordb BHLEE oy 3R atify e 6L P GBHRSECE, LT, 1
car bonat esterepfaralerasgioak 0 to Bneni um sal ts and/ or hydroxi des (conpounds

such aggNHACH, (NH4)2CC3, NHANGS,

The multimetal oxide active compositions of the general formula IV may be used for the
“propylene — acrolein (and acrylic acid if appropriate)” step either in powder form or
shaped to certain catalyst geometries, and the shaping may be effected either before
or after the final calcination. For example, unsupported catalysts can be prepared from

25 the powder form of the active composition or its uncalcined and/or partially caicined
precursor composition by compacting to the desired catalyst geometry (for example by
tableting or extruding}, if appropriate with the addition of assistants, for example
graphite or stearic acid as lubricants and/or shaping assistants and reinforcing agents
such as microfibers of glass, asbestos, silicon carbide or potassium titanate. Instead of

30 graphite, it is also possible to use hexagonal boron nitride as an assistant in the
shaping, as recommended by DE-A 10 2005 037 678. Examples of suitable
unsupported catalyst geometries include solid cylinders or hollow cylinders having an
external diameter and a length of from 2 to 10 mm. In the case of the hollow cylinder, a
wall thickness of from 1 to 3 mm is advantageous. The unsupported catalyst can of

35 course also have spherical geometry, and the spherical diameter can be from 2 to
10 mm.

A particularly favorable hollow cylinder geometry is 5 mm x 3 mm x 2 mm (external

diameter x length x internal diameter), especially in the case of unsupported catalysts.
40

The pulverulent active composition or its pulverulent precursor composition which is yet

to be calcined and/or partially calcined may of course also be shaped by applying to
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internal diameter). The fineness of the catalytically active oxide compositions to be

applied to the surface of the support body is of course adjusted to the desired coating

thickness {cf. EP-A 714 700).

30  Multimetal oxide active compositions to be used for the step from propylene to acrolein
{and if appropriate acrylic acid) are alsc compositions of the general formuia V

Y Y2 O 1Y Y Y o Yo YT Y2 Oy ], )
35 in which the variables are each defined as follows:

Y'= only bismuth or bismuth and at least one of the elements tellurium, antimony, tin
and copper,
Y? = molybdenum, or tungsten, or molybdenum and tungsten,
40 Y®= an alkali metal, thallium and/or samarium,
Y*= an alkaline earth metal, nickel, cobalt, copper, manganese, zinc, tin, cadmium
and/or mercury,



preshaped inert catalyst supports. The coating of the support bodies to

pr oduce t hEF &@88ed cat al ysts is generally perfornmed in a suitable rotatable
vessel, as disclosed, for exanple, by DE-A 2 909 671, EP-A 293 859 or EP-A
714 700. To coat the support bodies, the powder conposition to be applied
is appropriately noistened and dried 5 again after application, for exanple
by means of° Koirompt irorand atdeast nge ohihelaiensents thromium godgerursonposi t i on
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irregul ar ghapgemal. kws@h preference 15 is given to regularly shaped support
bodi es having {ii std'tnct{, surface roughness, for exanple spheres or hol |l ow

cyl i nders. MSTREVIRRS pport bodies are substantially nonporous,

sur f ac@Qr odghefrent Giorsk i cal supports made of steatite whose dianeter is
from1l to &0=nyo@r>d@Bomm preferably from4 to 5 nm However, suitable
support bgcii es arg aéso cylinders whose length is from2 to 10 mm and whose
ext er nal ~di IA%%P %s from4 to 10 mm In the case of rings suitable in
accor dance g\ t flomHeto i5aventi on as support bodies, the wall thickness is also
typically hrenfrdmt®toeym Annul ar support bodies to be used with preference

in accordance_wi.th.the j.nvention hav |l ength _of . from.2 6 an
ext or nd?dRanat armgprytit 54 detmifhnfing BRM o teaue? ob feddiindth, 2
Support bodi es ¥utheishan pxyggo@dddance with the invention are in 25

parti cul ar py S Aumb&@switse PRPMAED i/frdmM 6 fH, MM x 4 mm (external dianeter x
length x 1nternal dianeter). The fineness of the catalytically active oxide

conpositions to be applied to the surface of the support body is of course
adj ust ed t eompdsingtireedimanaionalyegions ekihesherisal camasitond 7600« \@ochvare i et al
<()><I ge_ ];wtl velirfiiRsth ; %nénnlagé@ntaﬁ;rmwow@mlrg tb%iﬁdi@@e{mﬂ&iﬂﬂﬁ@fs?@ﬂr@ﬁﬁth@@ alcrol ein
ana | appropriate acr L C. acl al Q.C osl.tl ons. 0O ener.a

formul a v Begrenbim@t Yhd indés Gl Mo SER0RH Bl Tnd peb e 8RR, .,

t he vari abthescesies of ieiredioniand goaredting hsneointe onthe sHfadsi ¢merfacedpf thesnut h and

at | east opgyidH) id fiemel MABNIGO LRl fredudnly framt 10MAYe 500 Am cM@nt PRRELIo. 50YF =
nol ybdenumIz or_tungsten, or nolybdenum and tungsten, 40 Y3 = an al kali
netal, tha ?i“m'n and/ or samarium y4 = an alkaline earth netal, nickel,

cobal t 23copper, manganese, zinc, tin, cadmum and/or mercury, PF 57283

Particularly advantageous multimetal oxide compositions V in accordance with the
invention are those in which Y' is only bismuth.

Among these, preference is given in turn to those of the general formula VI
30
[BigZ%-Oyly [2%122°2" ¢Feel’ 232 w0yl (vh

in which the variables are each defined as follows:

35 Z?= molybdenum, or tungsten, or molybdenum and tungsten,
Z® = nickel and/or cobait,
Z*= thallium, an alkali metal and/or an alkaline earth metal,
Z° = phosphorus, arsenic, boron, antimony, tin, cerium and/or lead,
Z% = silicon, aluminum, titanium and/or zirconium,
40 Z'= copper, silver and/or gold,

a" = from0.1to0 1,



31 YS =iron or iron and at | east one of the elenments chrom um and cerium
Y6= phosph®F U 283rsenic, boron and/or antinony, y7 = a rare earth netal,
titanium zirconium niobium tantalum rhenium ruthenium rhodium

silver, gold, alum num gallium indi umy silicon, germanium lead, 5 thorium
and/or uranium a =from0.01 to 8, U= %rom 0.1to 30, c'=fromOto 4, 10
d'=fromObtF frop0.2te2from> Oto 20, f =fromOto 6, g =fromOto 15,
h' = from @ t=0fd@.3th510%' , Yy’ = nunbers which are determ ned by the val ency
and frequency Pgmtd]@golrfrrents in V other than oxygen and p,q = nunbers
whose p/qg ratio’is’ '0.1 to 10, conprising three-dinensional regions of

t he cheni c&l <&rPdsPt tooh preferabbyfragn Oviiiech are 20 delimited fromtheir | ocal
envi rongeny ewgbe @ 3 heir different conposition fromtheir |ocal

envi ronnent_, _aﬁﬁ v&@s& maxi mum di aneter (longest direct |ine passing through
the center Jof {'RY gi'on and connecting two points on the surface

(i nterface) offromédtorlegion) is from1l nmto 100 pm frequently from 10 nmto

500 nm or &roma durRper (R HE de@Pmtidd byahEMIEhG R fhaquBAYAGHAG BRufenfIint | et al
oxi de corrp03|t|9 V in accordance with the invention are those in which Y

S
is only bisnuth. P%trt?ﬁrnl&af'ﬁé?ee,n’pr_eference is given in turn to those of the
gener allOf ophgl anymbersoviose p//A2rafipis Tigm O 713 peeferably free 0880 269. Z7h' Oy] q'
(VI) in which the variables are each defined as follows: 35 Z2 =

nol ybdenu r _tunasten § | ybdenum,and tunast.en Z3 .= .ni ckel and/or
mobal s g and Dol HIARLER pretireliB KAERIBARG oMSRhER | FlTetl, et al 76 =
phosphor us ZxaF $enggene@nd? -anMmaigdgnumm, cerium and/ or |ead, Z6 =

silicon, alum num titanium and/or zirconium 40 Z7 = copper, silver and/or

gol d, 13 Tt ié Elgtr)n ag\'Jalntggoeo%ls w%'én%?%%‘g’t g’szmol% (preferably at least 50 mol% and more

preferably at least 100 mol%) of the total proportion of [Y',Y?,Oyl, {[BixZ?%xOxy) Of the
multimetal oxide compositions V (multimetal oxide compositions VI) suitable in
accordance with the invention in the multimetal oxide compositions V (multimetal oxide
compositions V1) suitable in accordance with the invention is in the form of three-

20  dimensional regions of the chemical composition Y5 Y?, Oy [BixZ%O«] which are
delimited from their local environment owing to their different chemical composition
from their local environment, and whose maximum diameter is in the range from 1 nm
to 100 um.

25  With regard to the shaping, the statements made for the multimetal oxide composition
IV catalysts apply to multimetal oxide composition V catalysts.

The preparation of muitimetal oxide active compositions V is described, for example, in
EP-A 575 897 and also in DE-A 198 65 913.

30
The inert support materials recommended above are also useful, inter alia, as inert
materials for the dilution and/or delimitation of the appropriate fixed catalyst beds, or as
a preliminary bed which protects them and/or heats the gas mixture.

35 For the second step (the second reaction stage), the heterogeneously catalyzed gas
phase partial oxidation of acrolein to acrylic acid, useful active compositions for the
catalysts required are, as already stated, in principie all multimetal oxide compaositions
comprising Mo and V, for example those of DE-A 100 46 928.

40 A multitude thereof, for example those of DE-A 198 15 281, can be encompassed by
the general formula VI



b" = from0.2 to 2, ¢c" =from3 to 10, d" =from0.02 to 2, e" = from0.01
to 5, pref@FdN2P3from0.1to 3, 5f" =fromOto 5 g" =fromO to 10, h"
fromO to 1, x",y" = nunbers which are determ ned by the val ency and
frequency of the elenents in VI other ?an oxygen, 10 p",q" = nunbers whose
p"/q" ratiois from0.1 to 5, preferably"from0.5 to 2, and very particular
preference is gMoeV.XoXtHAgEX & gbsitions (M) in which z2 b- = (tungsten)b.
and Z212 = (nol ybdenun)12. 15 It is al so advant ageous when at |east 25 nol %
(preferably at. | east 50 nol % and, nor referably at | east 100 nol %9 of the
t ot al propﬁW‘i"Brﬁ Va[”‘?%ﬁ‘?fbe @PW%%?‘%P%%’B&] P) of the nultinetal oxide
conpositions V (nmultinetal oxide conpositions VI) suitable in accordance
with the igventy qip i3 thgndrdd ¢é etal oxide conpositions V (nultinetal oxide

conposi tiops _V uitaple.,in cgrdance with the invention is in the form of
three 20 d?‘ﬁéng”oﬁhlcor Eﬁ'mﬂén%rgﬂ’e chemical conposition YlaY2b' Ox

[ Bi a®Z2bOxX* whiSbtandfoe Bi,del i nited fromtheir local environnent owing to their
di fferent ghemprabr merPARAIMEMRIs, fromtheir | ocal environment, and whose

maxi mum di ggeter is in tké.ran E froml nm to 100 pm 25 Wth regard to the
shapi ng, t Re-sP3t 8hBRf&al @8%‘% M1&Srul timetal oxi de conposition 1V

cat al y46s XPpl Pi,tAd TiahdionBt,al oxi de conposition V catal ysts. The preparation
of multinetal oxide active conpositions V is described, for exanple, in

EP-A 575 897 _and al so.in DE-A 198 55 913. 30 The inert support materials

r ecomrended ébg'%‘ &’es'al so useful, inter alia, as inert materials for the
di | uti on ahd#ofrootd)l.2td 4ati on of the appropriate fixed catal yst beds, or as
a prelimnary kegh gbisigprotects them and/or heats the gas mxture. 35 For

t he seﬁgnd s_t_eF t(pe econd reaction stage), the heterogeneously catalyzed
gas p sedp'ér PY 094 %at i on of acrolein to acrylic acid, useful active
conposi ti oms=f Gomthi® 2,cat al ysts required are, as already stated, in
principle ald pdhtd et al oxide conpositions conprising M and V, for

exanmpl e those ?f -A 100 46 928. 40 A nultitude thereof, for exanple those
of DE-A 198 1580 0AAMKE enconpassed by the general formula VII PF 57283
33 Md12VaXlbXacxswedeRehisdaarmgingd by thervalamcy and frequency aif theselemenigach

definedpas fol |pW§other than oxygen.

Embodiments which are preferred in accordance with the invention among the active
multimetal oxides Vil are those which are encompassed by the foliowing definitions of
the variables of the general formula VI
25
X' = W, Nb and/or Cr,
X?= Cu, Ni, Co and/or Fe,
X®= 8bh,
X*= Na and/or K,
30 X*®= Ca, Srandlor Ba,
X% = Si, Al and/or Ti,

a = from15to5,
b = from0.5to 2,
3% ¢ = from0.5to03,
d = from0to2,
e = from0to 0.2,
f= from0Oto1and
n = anumber which is determined by the valency and frequency of the elements

40 in VIl other than oxygen.

However, multimetal oxides VIl which are very particularly preferred in accordance with



5X1L =W No, Ta, C and/or Ce, X2 = Cu, Ni, Co, Fe, Mr and/or Zn, X3 = Sb
and/ or Bi, PK4$728%ne or nore alkali metals, X5 = one or nore al kaline earth
netals, 10 X6 = Si, A, Ti and/or Zr, a =fromlto 6, b =from0.2 to 4,
c =from0.5to 18, 15 d = fromO to 403 e =fromOto2 f =fromO to 4,
g =fromO to 40 and n = a nunber V\/nich‘fs determ ned by the val ency and
frequency the inventieh arethbse o2Beigenafial foohtlaVIll han oxygen. Enbodi nents whi ch
are preferred in accordance with the invention anong the active nultinetal
oxides VIl are those which ar n by the follow ng definitions of
the variables of the general “’f%&?&ﬁ?ﬁﬁg% X1 &”\W Nb and/or Cr, X2 = Cu,
Ni, Co and/or Fe, X3 Sh, X4 = Na and/or K, 30 X5 = Ca, Sr and/or Ba, X5
= Si, a?,q r Ti, a=froml.5to5 b =from0.5to02, 35c¢c =from0.5
to 3, d=from0Oto 2, e =from0Oto 0.2, f =fromOto 1 and n a nunber
which is determ ned by the valency and frequency of the elenents 40 in VI
ot her thanYbxyYéand/tidWever, multimetal oxides VII which are very

particul arky-peglBR/eHii N accordance with PF 57283 34 the invention are

t hose of th_gEQearn }orfs(r)‘r mula VII1 M12Va' Y' b' Y2cY5f Y69OF (VIII) 5 where

10 Y%= Sjand/orAl,

a'= from2to 4,
b'= from1to1.5,
¢'= from1to 3,
15 f'= from0to 0.5
g = from0to 8 and
n'= a number which is determined by the valency and frequency of the elements
in VIil other than oxygen.

20  The muitimetal oxide active compositions (V1) which are suitable in accordance with
the invention are obtainable in a manner known per se, for example disclosed in
DE-A 43 35 973 orin EP-A 714 700.

In principle, multimetal oxide active compositions suitable for the “acrolein — acrylic

25 acid" step, especially those of the general formula VII, can be prepared in a simple
manner by obtaining a very intimate, preferably finely divided dry mixture having a
composition corresponding to their stoichiometry from suitable sources of their
elemental constituents and calcining it at temperatures of from 350 to 600°C. The
calcination may be carried out either under inert gas or under an oxidative atmosphere,

30 for example air (mixture of inert gas and oxygen), and alsc under a reducing
atmosphere {for example mixtures of inert gas and reducing gases such as H,, NHs,
CO, methane and/or acrolein or the reducing gases mentioned themselves). The
calcination time can be from a few minutes to a few hours and typically decreases with
temperature. Useful sources for the elemental constituents of the multimetal oxide

35 active compositions VIl include those compounds which are already oxides and/or
those compounds which can be converted to oxides by heating, at least in the
presence of oxygen.

The starting compounds for the preparation of multimetal oxide compositions VIl can
40  be intimately mixed in dry or in wet form. When they are mixed in dry form, the starting

compounds are appropriately used in the form of finely divided powder and subjected

to calcining after mixing and, if appropriate, compaction. However, preference is given



Y. = Wand/or Nb, Y2 = Cu and/or Ni, Y5 = Ca and/or Sr, 10 Y6 = Si and/or
A, a =fPbh72830 4, b'=from1l1lto 1.5 c¢' =fromlto 3, 15 f'= from
0t0o0.5 g'=fromOto8and n' = a nunber which is determ ned by the val ency
and frequency of the elements in VIII $ her than oxygen. 20 The nul ti net al
oxi de active conpositions (VIl) which ale suitable in accordance with the
i nventi on &rietimbteahaplie wehfoammanner known per se, for exanple disclosed in
DE-A 43 35 973 or in EP-A 714 700. In principle, multinmetal oxide active

conpositions. sujtable for the "acrolein -. acryli 25 acjd". step,

copoc: al 1y ThisatbibBAi dereutBine 6 Sty omeSindswia ofs apaberinthe i oot o
nmanner by abtaahex?us_g;omioaraylddonswmneipnmmieﬁam iytimahegirymiﬁturiede\m dbiy?nﬁtixture
cour cas of R hgﬁf"“‘%ﬁfebﬁégf PSROO] W Ut SRR ik B TRCAN o SRR OF D e o
{1 om 350 t BEUBReTSHEoneH LRSI POV BT RS9 a0 Ut S SRELIUNAIBE. | ner ¢ gas
or under aBubseqlatily¢heaqueopheomposiion ertaiegdispdriedaamd heidcyiog prosess isert gas

and oxygenhyef@afly ¥iattel W%ra@-drﬁﬁglméwazueehmmraq ekit Rimpr RIS okt ur es of
i nert gas 358 r$ qg ng gases such“as H2, NH3, CO nethane and/or acrolein
or the red FPg es nentioned thenselves). The calcination tine can be

fromal®ew mnutes to a few hours and typically decreases with tenperature.

Useful sourgg ?eécuﬁfngtnlﬁ'lﬁtirﬁél% @ko rﬁ&éﬁﬂdn& }’é‘é’b%éia@g thob& omﬁbtgieﬁéﬁaﬁ#on%iad e 35
active cong@a t1onS Vi £0 L. Nc udle. t %? cog&ounds whi c_h are al riad%/ Qxi des
and/ or  t hYdemabRB SRR ik RHOBI XAAEE AU RS IR HOVEETIRTH BESHAPER SR at

| east in t hatalypt genemettesand thegehapingineaysbe etiéated beforeouratter fherfinehe preparati on
of mul ti metabingitdrd #of OXERANE LirRSpiAdd GRdlystéBarPBe praiph R RInY tHE ptfbie Rorfl ¥ OF
in wet ]I_’orn} V\heg t_hcﬁ_x ar.e mﬁgd |r]_.dr¥ orm the startblr}% CO@POUQES are
appr opi? at & e FEUYF FIMRIFHIONAY 15 YPCqICiNRY DreghisPLeiM PR LY M Pea L Be 1o
cal ci ni ng désied qatatyshgeametry (for exapmipby tabésting onpaotding). if &oepriate withélfieer ence

|s given PRogifiePer at3istdrs, FéHexBRIpR gﬁaﬁhi&goﬂé?e%tacfooéﬂubﬁéyn& arRidrghapmly! ¥ done
by m xing the start th one rm of an~aqueous

sol ution aﬁﬁ‘?'ﬁ?”@@é‘bgﬁgﬁg‘g’%g@g’ﬁ? \ém‘ﬂﬁha"ﬁ W'Cf%@g%&ﬁblﬁgy&%%ﬁ{ogr% °8r e obt ai ned

5 in the ntaibitg grotasssindtiacate edmitenoftsudalsie ansuppgpredicetalyst geameatries

excl usbyel ¥t CGidats %ﬁﬁ)ll@\lv%m h&RREEh Exeapdibmett: 398 aM&hth of fidim The

sol vent “S‘E% |18 nPntleIE rﬁéalcés)é a?%eeﬁdllow cylinders, a wall thickness of from 1to 3 mm is
appropriate. The unsupported catalyst may of course also have spherical geometry, in

which case the spherical diameter may be from 2 to 10 mm (e.g. 8.2 mm or 5.1 mm).

25  The pulverulent active composition or its pulverulent precursor composition which is yet
to be calcined can of course also be shaped by applying to preshaped inert catalyst
supports. The coating of the support bodies to prepare the coated catalysts is generally
performed in a suitable rotatable vessel, as disclosed, for example, by DE-A 2 909 671,
EP-A 293 859 or by EP-A 714 700.

30
To coat the support bodies, the powder composition to be applied is appropriately
moistened and is dried again after application, for example by means of hot air, The
coating thickness of the powder composition applied to the support body is
appropriately selected within the range from 10 to 1000 um, preferably within the range

35  from 50 to 500 pm and more preferably within the range from 150 to 250 pm.

Useful support materials are customary porous or nonporous aluminum oxides, silicon
dioxide, thorium dioxide, zirconium dioxide, silicon carbide or silicates such as
magnesium silicate or aluminum silicate. The support bodies may have a regular or

40 irregular shape, although preference is given to regularly shaped support bodies having
distinct surface roughness, for example spheres or hollow cylinders with grit layer.
Suitable support bodies include substantially nonporous, surface-roughened, spherical



Subsequently, the aqueous conposition obtained is dried, and the drying
process i sPFh7@B8rably effected by spray-drying the aqueous m xture at exit
tenperatures of from 100 to 150C. 10 The resulting nultinmetal oxide
conpositions, especially those of the gggeral formula VII, may be used for
the acrolein oxidation either in powder®formor shaped to certain catalyst
gefnmet r It es su@?ﬂtstd‘hﬁesdif%lﬂéatiﬂa, Whps® diadidteas fembetoortamer orad Bermt prefdramal .
calcinatio por: ; . (o) e
ouder 1 or BPTEY 55 AL Ginel BOHBE SRS A6 BbEmERRs a8 Meorpisiy!
conposi t i oR-2PMcYrphBM-Apwayer feitakie suprait kogiesl ajsq ingludesylinge(stwhosexanpl e by
]E abl et ngl WngeKis et 11G) 10 min apPwhpdd diternyl dilmeteeis famdluttd 90 norh. 1agsé sasnt s,

or exa r [ r [
assi ot ant s SLAEEAR i pe0f oRUREUNE W loRRss KUK ABLRNARSINT R AR, Rlar, o
si |i con cafBprist krdigsde hedisgemwithinagigtence baymp langthosf feam ?é%gé“fﬂn%'hﬁ’ﬁ@ﬂaéd

cat al yst gepwitéd of Srom2P a8 tns ahd € weil lthickiss obfromal to@maly ISultaleé supsod ng an

external diap [ . . .

ol Fow cy! Pader & A56harfafinginds of 5fRet e sy ?ﬁ*iﬁﬁ%ﬂ‘%@%@ﬂhe
unsuppor t ed lergtayriermehgiagetarbdhs dinaness oh feecatgiioallc astivgewtegtaompasitionshi ch
25 The Ul D g b ey o aac” oreguranr - ™
conpositi oﬁ°%ﬂ9§ﬁ'°|‘%esﬁé?f?5?ﬁ?Z@?’ci ned can of course al so be shaped by
applying to preshaped inert catalyst supports. The coating of the support
bodi es to pagRabe miitmeRabade sathvalbRipsitisndenRr @elYor tReFAPsIBRA i dergicsui t abl e
(L 2oLe 85y 75 o 5 Bagfhy ORI G 5,7 10n Somer 2
conposil®ion to be applied is appropriately noistened and is dried again
after application, for exanple b DIgEElRS of hgpgair. The coating thickness
of the powder conposition appli eﬁl to '?he supgor)t body is appropriately
selected within the range from 10 to 1000 pm preferably within the range 35
from 50 t oir6@ichtheavadiahigs @reeadhedefibey aaffallava t he range from 150 to 250 pm
Useful support nmaterials are customary porous or nonporous al um num oxi des,
silico di-oxi de, orj umgdi oxiLee,s % Lconi um di oxi de, silicon carbi de or
sili ca?gs uch~as T H"Zﬁ%ﬁ?é?l;zcﬁf@bﬁr al um num silicate. The support

bodi es mayEhaveé a ZedendtOgr 40 irregul ar shape, although preference is

]gi ven to Irggul ﬁrl ymmapqgi @pm@ﬁg@gdi es .h?\éi ng td: stinct ;u_r{agfa roughnetss,
or exanpl e;spheres. of. hal Low,cyl i [S W gri ayer. ui t abl e suppor
bodi es incelzgde'subgyaﬁlf i?’er F?MB%B%BE@ surf ace-roughened, spherical PF
57283 36 £lppsrt sShwad/opBisteatite, whose dianmeter is from1l to 10 nmor to

8 mm pgefegrabky fi @ & RS Gs BMa/od M, ot her words, suitable spherical
geonetries i

pay _have, di.angt er 8.2 nmmor 5.1 mm However, suitable
support bodi es~al s@‘g'r h@lr%;rd%m@?f?é%der s whose
z° Si, Al, Ti and/or Zr,

zZl = Mo, W, V, Nb and/or Ta, preferably Mo and/or W,
30 a = from 1 to 8,

b =  from02to5,

¢’ = from O to 23,

d = from0to 50,

e = from 0 to 2,
3B f = from O to 5,

g = from 0 to 50,

h" = from 4 to 30,

i" = from O to 20 and

X"y = numbers which are determined by the valency and frequency of the
40 elements in |1X other than oxygen and

pg = numbers other than zero whose p/q ratio is from 160:1 to 1:1,



length is from2 to 10 nmm and whose external diameter is from4 to 10 mm In
t he case 5P6f572Bdgs as support bodies, the wall thickness is also typically
froml1l to 4 mm Annular support bodies to be used with preference have a

| ength of from2 to 6 mm an external Lanmeter of from4 to 8 nmand a wal |
thickness of from1l to 2 mm Suitable stpport bodies are also in particular
ri ngs of gendrehich are bhiainablertm sepdrately petdrevimpb ndiltimetblexidexcdnepogitionyE | nt er nal
dianeter). The fineness of the catalytically active oxide conpositions 10 to
be applied to the surface of the support body is of course adapted to the

desired coati ggZQ'ﬁI"&”Qﬂess (cf. EP-A 714 700) {(EFavorabl e nul tinetal oxide

active conpositions to be used for the "acrolein -. acrylic acid" step are

P B e T T i e i

MD12Va" Z1bPHIermesso tazg\gzrogmf'tipn%@te apAOYenys qlutiop: an gqueslyy N\, Ta, O
and/ or Ce, sdébension or kito a Goely Bvjdeddramixtore Gspurcés ofthSizlanehto MoBV, Z2Z2Z4 =

Li, Na, K 4 L Qr ; = ; ; S , Ti
and/ or Zr, Z?? =£5W€%%R§OHRIBS%§H?&% %ee{%)n rg'ro e %rélgﬁ{e;]}{s' %;leng}? %’F“’@F‘W% a" =
froml to 8 b" =from0.2to 5 c¢" =fromOto 23, d" =fromO to 50, e"
= from0 to 2, M2 22 0af X 4B,:5, 9" = frofDP to 50, h" = from4 to 30,
i" = from Oto20and x",y" = nunbers which are determ ned by the val ency and

frequency of the 40 elenents in |X other than oxygen anﬂ@g,g = nunbers
ot her t han (889 prResitign2)inthegsied pehatigrining &nejaqueopgmixtgrg whigh mayy whi ch
are obt ai nadsuét, ind catg@ingitted resyitied dryndregursorroohipositib@befora oleafieodpyirsy 4t on E

271 20U H Qo Slyds difhohd 56! 6 dlore H9GhE Hiddsteathiallt §AMAF. i on 1) and
subseqt%gnt y I ncorporating the
Preference is given to the multimetal oxide compositions IX in which the preformed
solid starting composition 1 is incorporated into an agueous starting composition 2 at a
temperature of < 70°C. A detailed description of the preparation of multimetal oxide
composition VI catalysts is contained, for example, in EP-A 668 104, DE-A 197 36 105,
20 DE-A 100 46 928, DE-A 197 40 493 and DE-A 195 28 6486.

With regard to the shaping, the statements made for the muitimetal oxide composition
VIl catalysts apply to multimetal oxide composition IX catalysts.

25  Multimetal oxide catalysts which are outstandingly suitable for the “acrolein — acrylic
acid” step are also those of DE-A 198 15 281, especially having multimetal oxide active
compositions of the general formula | of this document.

Advantageously, unsupported catalyst rings are used for the step from propylene to
30 acrolein and coated catalyst rings for the step from acrolein to acrylic acid.

The performance of the partial oxidation of the process according to the invention, from
propylene to acrolein (and acrylic acid if appropriate), may be carried out with the
catalysts described, for example, in a single-zone multiple catalyst tube fixed bed

35 reactor, as described by DE-A 4 431 857. In this case, reaction gas mixture and heat
carrier {heat exchange medium) may be conducted in cocurrent or in countercurrent
viewed over the reactor.

The reaction pressure is typically in the range from 1 to 3 bar and the overall space
40  velocity on the fixed catalyst bed of (starting) reaction gas mixture 2 is preferably from

1500 to 4000 or 6000 | (STP)/I-h or more. The propylene loading (the propylene hourly

space velocity on the fixed catalyst bed) is typically from 90 to 200 | (STP)/-h or to



preformed solid starting conposition 1 into an aqueous solution, an aqueous
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for the step fromacrolein to acrylic acid. The performance of the parti al
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gas m xture and heat <carrier (heat exchange nedi un) may be conducted in
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pressure is typically.in the range.from1l t overal ' space 40
Deloci 1y ofaaial Ehseiith SaalSLrSTRBGten 1 kipas Plkyys erdes MW TQaLOHHORR 5 b 5 i s
pr ef er abl y tdp, tva chEb@OsdquedODB apprapoieRely egdBed)r h or nore. The propyl ene

| oadi n??(the propyl ene hourly space velocity on the fixed catalyst bed) is
typically from9Q to 200 1 _(STP)/I or PE. 572 3001 (SIP)/ | h or
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wi th the i nventidn, il &8robBBALy WRicH3f L a0 676} id7bspBs waidrk U e,
owing to the pre‘se_né%, 0 uptncgrmfljerte pr(l)%{ane,bcausegﬁﬁf avor agfe hd(ﬁtspot
behavi or (all &%2¢RRCaf orenentioned 5 applies irrespective of the specific
sel ectBBbn of the fixed bed reactor). The flow to the single-zone nultiple

catalyst tube ff&lﬁ%d“lﬁ% Loeé‘Fethrpe frobd 'S0 &0 48% of%é‘%dﬂ%l‘?uﬂesleﬂét‘ﬁf erably

from above. The heat” exchange iumused IS appropriate a
either only catalystgor a mixture ofu catalyst andl?rPert %ate?ial, tl‘?{a latter, based on
the mixture, making up a proportion by weight of up to 40% by weight (section

B); and

30
- finally, to a length of from 10 to 20% of the total tube length, a bed of inert
material (section A) which is preferably selected such that it causes a very small
pressure drop.

35  Section C is preferably undiluted.

The aforementioned charge variant is especially appropriate when the catalysts used
are those according to Research Disclosure No. 497012 of August 29, 2005, or
according to Example 1 of DE-A 100 486 957 or according to Example 3 of

40 DE-A 100 46 957 and the inert material used is steatite rings having the geometry
7 mm x 7 mm x 4 mm {external diameter x height x internal diameter). With regard to
the salt bath temperature, the statements of DE-A 4 431 957 apply.



salt nelt, preferably consisting of 60% by wei ght of potassiumnitrate

(KNGB) andPE®7R8® by wei ght of sodiumnitrite (NaNQ2), or of 53% by wei ght

of potassiumnitrate (KNO3), 40% by weight of sodiumnitrite (NaNO2) and 7%
by wei ght of sodiumnitrate (NaNO3). g wed over the reactor, salt nelt and
reaction gas mxture nmay, as already stalted, be conducted either in
cocurrent or in countercurrent. The salt nelt itself is preferably 15
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used are WO96/086@62di ng to Research Disclosure No. 497012 of August 29,
2005, or according to Exanpl e 1 of DE-A 100 46 957 or according to Exanple
3 of 40 _ DE-A 100 46 957 and the inert materi used is steatite rings having
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di anet er) . td/b¢ An imegpaldbdrioof thibeosahéntbat h t enperature, the statenents of DE-A
4 431 957 apply. PF 57283 39 However, the perfornance of the inventive

parti al OX|dat|on m ro yleneto acroleln n |c acid if
appr opr i at &0t ﬁ‘a‘yorgﬁs epuye patal sridatipn ff R"H%ylé"ﬁ rﬂ%%ﬁ\‘l bed, for
exanpl e, i padictady adumtagelotjslploeemhmdmﬁalyahbed hawagilrmeﬂaseéamptyteneas

descri Bgd hydboRia 3t Al & Aohfs 2005 009 885, DE-A 10 2004 032 129,
DE- A 18%0‘(% @?3 G5 feast g te Qfé’fr gsog 891, and al so DE-A 10 2005 010

111. In both of the above- descrlbed cases (and quite generally in the
process actothiéi regardoreférapca s\neantd, fomexample, for EPANE 159244 aisd WO 84088 3EE. | n
single pass is nornmally at val ues of

A typical composition of the starting reaction gas mixture for the partial oxidation of

25 propylene to acrolein may, in the process according to the invention, comprise:

from 5 to 9% by volume of propylene,

from 8 to 18% by volume of molecuiar oxygen,

from 6 to 30 (or to 35)% by volume of propane and
30 from 32 to 72% by volume of molecular nitrogen.

The performance of the second step in the case of a two-stage partial oxidation of
propylene to acrolein, i.e. the partial oxidation of acrolein to acrylic acid, may be carried
out with the catalysts described, for example, in a one-zone multiple catalyst tube fixed

35 bed reactor as described in DE-A 44 31 949, In this reaction stage, reaction gas
mixture and heat carrier can be conducted in cocurrent viewed over the reactor. In
general, the product gas mixture of the preceding inventive propylene partial oxidation
to acrolein is in principle conducted as such (if appropriate after intermediate cooling
(this may be effected indirectly or directly by, for example, secondary air addition)

40 thereof), i.e. without secondary component removal, into the second reaction stage, i.e.
into the acrolein partial oxidation.



90 nol % or -e 95 nol% and the selectivity of acrolein formation at val ues
of a 90 1BFH3R88 Advantageously in accordance with the invention, the
inventive partial oxidation of propene to acrolein, or acrylic acid or

m xtures thereof, is effected as descriped in EP-A 1 159 244 and nost
preferably as described in WD 04/085 363" and in WD 04/085 362. 15 The
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ni t rogen. 'Fl'g_ﬁ?gterfor mance of the second step in the case of a two-stage
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partial ox 8n of propyl ene to acrolein, i.e. the partial oxidation of
acrolefl® to acrylic acid, may be carried out with the catal ysts descri bed,

for exanple, in a one-ggne 1EEot bgb&uﬁ'@tcﬁ' yst tubggfdixigd 35 bed reactor as
described in DE-A 44 31 949._1n Lhis, reaction sta reaction gas mxture
and heat carrier can b °’B§r3ﬁ1?:rt% 'q ﬁ%ai(c@i%?“svirg%ﬂ”%ﬁfﬁ‘yg?me reactor. In
general, the product gHemiitet3@lebpyolume opr ecedi ngroparent i ve propyl ene

partial oxidation to RghdahP2uspy Jbilhe BEI Pl e Copdugschifeyenushy (i f
appropq ate after int e{ rrecjthat1§ncool ||nl% this rraytbe effect’ed indirectly or
directy by, for exanpl'®" d2dGRHEY YOIUTE hqdi ti on)S %At hereof), i.e. without
secondary conponent renoval, into the second reaction stage, i.e. into the
acr ol ei n papé bfreREMIARH Qi readt@P DA nixtLRE prEfdr 861y has tHRXMBESInG 8akERRd for
t he second step, the acrolein partial oxidation, nmay already De present in
the starting reaction gas mxture for the inventive propylene partial

oxi dation to acrol ein. frtioieted’% by volneg ol so be addedeipart|ly or fully

directby to the produgém@eass & by 6%y Joliind bf Stméigatdd Sgst age, i.e. the
i nventive propyl ene pajt

i al. 5.axida to acrolein (this Ts preferably
effected in the formo °T3@383§§%€’55g’g’?,byﬁ’ “"ﬁea?fepr%?ag'@' be effected in the
form of pure oxygen orfran 4ite{70bcy wflumeeft gas dnolexyareniyogen améspecti ve of
the procedure, the chafrgf su8s5M ¥y WhiemedFarting reamti on gas mixture) of
such a partial oxidation of acrolein to acrylic acid advantageously has the

following contents: 10
25 The aferementioned starting reaction gas mixture most preferably has the following

contents:
from 5 to 8% by volume of acrolein (preferably from 6 to 7% by
volume)
30 from 3 or 6 to 9% by volume of molecular oxygen,

from 10 to 20% (or 30%) by volume of propane (preferably from 10
to 16% by volume)
from 50 to 65% by volume of molecular nitrogen, and
from 7 to 13% by volume of steam,
35
the preferred ranges applying independently of one another, but advantageously being
realized simultaneously.

As in the first reaction stage (propylene — acrolein), the reaction pressure in the

40 second reaction stage (acrolein — acrylic acid) too is typically in the range from 110 3
bar and the total space velocity on the fixed catalyst bed of (starting) reaction gas
mixture is preferably from 1500 to 4000 or 8000 | (STP)/i-h or more. The acrolein



from4 to 8% by volunme of acrolein, from2.25 or 4.5 to 9% by vol une of

mol ecul ar ®BAE83 from 6 to 30% by vol ume of propane, from 32 to 72% by
vol ume of nol ecular nitrogen, and 15 from5 to 15% by vol une of steam The
af orenenti oned starting reaction gas m ?iure preferably has the foll ow ng
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gas around the catalyst tubes.

20

When the flow to the catalyst tubes is from top to bottom, it is appropriate to charge the
catalyst tubes with catalyst from bottom to top as follows:

- first, to a length of from 50 to 80 or to 70% of the catalyst tube length, either only
25 catalyst or a mixture of catalyst and inert material, the latter, based on the
mixture, making up a proportion by weight of up to 30 (or up to 20)% by weight
(section C);

- following this, to a length of from 20 to 40% of the total tube length, either only
30 catalyst or a mixture of catalyst and inert material, the latter, based on the
mixture, making up a proportion by weight of up to 50 or up to 40% by weight
(section B); and

- finally, to a length of from 5 to 20% of the total tube length, a bed of inert material
35 (section A) which is preferably selected such that it causes a very small pressure
drop.

Section C is preferably undiluted. As is quite generally the case for the
heterogeneously catalyzed gas phase partial oxidation of acrolein to acrylic acid

40  (especially at high acrolein loadings on the fixed catalyst bed and high steam contents
of the charge gas mixture), section B may aiso consist of two successive catalyst
dilutions (for the purpose of minimizing hotspot temperature and hotspot temperature



m.xture is_Likew se preferably from above. The heat exchange nedium used in
the secon8F s'ia@% too is appropriately a salt nelt, preferably consisting of
60% by wei ght of potassiumnitrate (KNG3) and 40% by wei ght of sodi um
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25 intermediate cooling thereof) (as has already been described above). The oxygen
required for the acrolein partial oxidation is preferably added in the form of air (if
appropriate also in the form of pure molecular oxygen or in the form of a mixture of
molecular oxygen and an inert gas) and, for example, added directly to the product gas
mixture of the first step of the two-stage partial oxidation (propylene — acrolein).

30 However, it may also, as already described, already be present in the starting reaction

gas mixture for the first reaction stage.

In a two-stage partial oxidation of propylene to acrylic acid with direct further use of the
product gas mixture of the first step of the partial oxidation to charge the second step of

35 the partial oxidation, two one-zone multiple catalyst tube fixed bed reactors (at high
reactant loading on the catalyst bed, as is quite generally the case, preference is given
to cocurrent mode between reaction gas and salt bath (heat carrier) viewed over the
tube bundle reacter) or two two-zone multiple catalyst tube fixed bed reactors will
generally be connected in series. A mixed series connection (one-zone/two-zone or

40  vice versa)} is also possible.

Between the reactors may be disposed an intermediate cooler (for example a tube
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30 Overall, a tube bundle reactor within which the catalyst charge changes appropriately
along the individual catalyst tubes with completion of the first reaction step (such two-
stage propylene partial oxidations in a single reactor are taught, for example, by
EP-A 911 313, EP-A 979 813, EP-A 890 636 and DE-A 28 30 765) forms the simplest
implementation form of two oxidation stages for the two steps of the partial oxidation

35 from propylene to acrylic acid. If appropriate, the charge of the catalyst tubes with
catalyst is interrupted by an inert material bed.

However, preference is given to implementing the two oxidation stages in the form of
two tube bundle systems connected in series. These may be disposed in one reactor,
40  in which case the transition from one tube bundie to the other tube bundle is formed by
a bed of inert material which is not accommodated in the catalyst tube (and is
appropriately accessible on foot). While the catalyst tubes are generally flowed around
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The reaction ssure oXl datjon zon
procee In an oxidation reactor which I1s charged W|th one or more catalysts whose

active composition is a multimetal oxide which comprises the elements Mo, Fe and Bi
and is capabie of catalyzing the reaction of both reaction steps. This catalyst charge

30 can of course change continuously or abruptly along the reaction coordinate. Of
course, it is possible in one embodiment of an inventive two-stage partial oxidation of
propylene to acrylic acid in the form of two oxidation stages connected in series to
partly or fully remove carbon dioxide and steam which have formed as a by-product in
the first oxidation stage and are present in the product gas mixture leaving the first

35 oxidation stage from this product gas mixture, if required, before it is passed on into the
second oxidation stage. Preference is given in accordance with the invention to
selecting a procedure which does not provide for such a removal.

Useful sources for intermediate oxygen feeding carried out between the two oxidation

40  stages are, as already stated, in addition to air (preferred), either pure molecular
oxygen or molecular oxygen diluted with inert gas such as CO,, CO, noble gases, N,
and/or saturated hydrocarbons.
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constituent o starting reaction gas mxture for the second parti al
oxi dation stage. Advantageously in accordance with the invention, the
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target product acrolein or acrylic acid or a mixture thereof with acrolein, unconverted
molecuiar oxygen (with a view to the lifetime of the catalysts used, it is favorable in

30  many cases when the oxygen content in the product gas mixture of both partia
oxidation stages is still, for example, from at least 1.5 to 4% by volume), propane,
unconverted propylene, molecular nitrogen, steam which has formed as a by-product
and/or has been used as a diluent gas, carbon oxides which have been formed as a
by-product and/or used as a diluent gas, and small amounts of other lower aldehydes,

35 lower alkanecarboxylic acids {e.g. acetic acid, formic acid and propionic acid) and
maleic anhydride, benzaldehyde, aromatic carboxylic acids and aromatic carboxylic
anhydrides (e.g. phthalic anhydride and benzoic acid), in some cases further
hydrocarbons, for example C4 hydrocarbons (e.g. butene-1 and possible other
butenes), and other inert diluent gases.

40
Useful processes for removing target product present in product gas mixture stream B
for the process according to the invention are in principle all processes known in this
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proportion rqqyclpﬁéepeatedly as the cycIe gas 1 into reaction zone A.

Especially when the condensation of the target product is effected by absorption by

30 means of an organic solvent, at least one second residual gas comprising unconverted
propane and any unconverted propylene is generally obtained in separation zone B
(pased on propane present therein, its amount is normally substantially smaller in
comparison to the amount of main residual gas). This is attributable to the condensed
phase which forms also taking up unconverted propane and any unconverted

35 propylene to a certain extent.

In the further course of the extractive, distillative, crystallizative and/or desorptive
removal of the target product from the condensed phase, this unconverted propane
and any propylene is normally recovered as a constituent of at least one further gas

40 phase and, in the process according to the invention, preferably likewise recycled into
reaction zone A.
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30 gas in reaction zone B. In general, in the above-described case, however, at least half
or two thirds (i.e. 50% by volume or 66.6% by volume), preferably at least three
guarters and most preferably the entirety of the aforementioned residual gas obtained
in separation zone B (in each case individually with regard to the main and/or

cases

secondary or overall residual gas) will be recycled into reaction zone A. When only one
35 residual gas stream comprising unconverted propane, molecular oxygen and
unconverted propylene is obtained in separation zone B (this is frequently the general
case), it is, especially when substantially all constituents other than propane and
propylene present in the product gas mixture are removed therefrom in a first
separation zone A in the process according to the invention and the resulting product
40 gas mixture A’ is used to charge at least cne oxidation reactor, recycled preferably fully
in accordance with the invention ({if appropriate minus a portion of identical composition
conducted as diluent gas into reaction zone B) into reaction zone A as cycle gas 1. It
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streamyhs from 0 to 0.5% by volume of propene;

from 0 to 2% by volume, in many cases from 0 to 1% by volume, frequently
from 0 to 0.5% by volume of acrolein;
from O to 0.5% by volume, in many cases from 0 to 0.1% by volume, frequently
from 0 to 0.05% by volume of acrylic acid;

35 from 0 to 4% by volume, in many cases from 0 to 2% by volume, frequently
from O to 1.5% by volume of CO,,;
from 10 to 50% by volume, in many cases from 20 to 30% by volume of
propane;
from 0 to 70% by volume, in many cases from 40 to 70% by volume of N;

40 from 1 to 10% by volume, in many cases from 2 to 5% by volume, frequently
from 2.5 to 3.5% by volume of O, and
from > 0 to 15% by volume of H,0.
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t he resul t EReA pragd s38, BRA 1388 682, DE-AI 2 GERAT, EPcAhA0Y 86 AWDeSESD1 oINS
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| ei 1 %Db |
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Vol Ume Ot BBt BT 257 R GB350, DB T 36 386 P AN TE 2 - B 108 06 873, 15% by
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conponent s epUeh 88 23bNARPe0/8E 586 R CAS3 561, DE-A 100 53 086 and EP-A 982 288.
25 Preference is given to removing as described in fig. 7 of WO/0 196 271 or as described
in DE-A 10 2004 032 129 and its equivalent patents. Favorable removal methods are
also the processes described in the documents WO 04/063 138, WO 04/35 514,
DE-A 102 43 625 and DE-A 102 35 847. Crude acrylic acid obtained in this way may
be further processed, for example, as described in the documents WO 01/77 056,
30 WO 03/041 832, WO 02/055 469, WO 03/078 378 and WO 03/041 833.

A common feature of the above separating processes is (as already mentioned) that a
residual gas stream which comprises substantially those constituents of product gas
mixture B whose boiling point at standard pressure (1 bar) is < -30°C (i.e. the

35 constituents which are difficuit to condense or else voiatile) normally remains at the top
of the particular separating column which comprises separating internals and in whose
lower section product gas mixture B is fed, normally after preceding direct and/or
indirect cooling thereof. This includes especially excess molecular oxygen remaining in
product gas mixture B.

40
In the lower section of the separating column, the less volatile constituents of product
gas mixture B, including the particular target product, are normally obtained in the
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57283 and to recover it in the target product removal. Although they generally stili comprise
propane and in some cases propylene, they frequently no longer comprise any
_ molecular oxygen. Typically, they are recycled, combined with the main residual gas to
30 give an overall residual gas, as cycle gas 1 into reaction zone A, However, it is also
possible to separately utilize such further residual gases or to recycle them into
reaction zone A.

The preferably full recycling of the overali residual gas thus allows continuous
35  conversion of propane to acrylic acid and/or acrolein in continuous operation.

In this context, it is important that the recycling described and the inventive operating
mode of reaction zone A make it possible to achieve therein a conversion of fresh
propane to propylene with virtually one hundred percent selectivity.

40
The advantageousness of such a procedure exists both at lower (£ 30 mol%) and at
high (2 30 mol%) dehydrogenation conversions (based on single pass through reaction
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hundred percent selectivity. 40 The advant ageousness of such a procedure
exi sts both at lower (< 30 nol% and at high (? 30 nol % dehydrogenation

conver 29 on¥sngaanadonsrerystallzatiop gtage: ﬁﬁibgﬁpﬂaséél&% toeptaip agpiigacighaving a
purity of 2 99.8% by weight which is outstandingly suitable for producing

superabsorbents based on poly-Na acrylate.

Examples (construction material: type 1.4841 stainless steel)
30
Example 1

. General experimental setup of reaction zone A and its operating mode

35 The heterogeneously catalyzed partial propane dehydrogenation is carried out in a tray
loop reactor according to Figure 1, to which the numerical addresses below relate.

A vertical tubular reactor (11) {internal diameter: 80 mm) is encased in a support heater
(9) (enables substantial adiabaticity of the tubular reactor), provided with thermal

40 insulation (10). The temperature of the support heater is 500°C. In the center of the
tubular reactor is disposed a central tube (external diameter: 20 mm) which comprises
a sleeve for a continuous thermocouple and a sleeve for a staged thermocouple. In
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52 25 mixture A substream 2 out of the dehydrogenation zone (reaction zone A).

Reaction gas mixture input stream (4) consists of product gas mixture A substream 1
(also known as cycle gas 2) (2) and of a gaseous starting mixture stream (3) which is
composed of steam, cycle gas 1 from the partial oxidation, fresh propane and

30  molecular hydrogen. This starting mixture stream (3) is the motive jet of a jet pump (it
comprises a motive nozzle, a mixing zone, a diffuser and a suction nozzle, the
conveying direction of the motive jet decompressed through the motive nozzle via the
mixing zone and the diffuser pointing into the inlet of the reaction zone A and the
suction direction of the suction nozzle in the direction of the outlet conducting product

35 gas mixture stream A of the reaction zone A, and the reduced pressure generated in
the suction nozzle, with division of product gas mixture stream A into the two
substreams 1 and 2, sucks in product gas mixture A substream 1 and transports it
through the mixing zone via the diffuser with simultaneous mixing with the motive jet,
and the reaction gas mixture input stream formed in this way is released into the inlet of

40 the reaction zone A) which divides product gas mixture stream A (12) as described and
generates the reaction gas mixture input stream for reaction zone A (4).
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2 out § t he dehydrogenati on zone (reaction zone A). Reaction gas m xture

i nput stream (4) con5|sts of product gas m xture A substream 1 (also known
as cycl e gHUYstTpagton siage: of a gaseous starting mixture stream (3) which is
conposed of steam cycle gas 1 fromthe partial oxidation, fresh propane and

30 ol ecul ﬁrregé’t%hqgﬁé"fvzﬁhétéelSé?@r‘h‘aﬂﬂaﬂbf& %‘ﬁwrﬁ%ﬁﬁtmcf(rfess' ?mht“?r}tgﬂtal ve et of

ajet punp Ser and a
suction noﬂ?mtert%“”’ctﬁﬁ‘ggyﬁﬁ% Cal F@%?iSBﬁth‘Fm"tah&'bﬁﬂ?l“@@ai gamgtss JRpP@ssed
t hr ough0t heemmiddve theonidldie ofitlse tdaetiorniule g azomamadsatetathethddouslerwitboi nt i ng

into the ipk Fth o) térﬂf‘er%fﬁﬁ’ecihitﬁ’é‘re%@cﬁ} @b@’&gn FQ%ete?M%H%‘r il dritifd le@ths the

suction nozz et conducti1ng produc
m xture st F’@%fﬁ?%frB'F‘ toREe bltomt pHiPl9WRe A, and the reduced pressure generat ed
in the suctlon nozzle W th d|V|S|on of product gas m xture streamA into

the two E?ﬁ E{E}% Hcks in product gas mixture A substream1 and
transports I e mX| ng zone via the diffuser with sinmultaneous
M Xi Ng2Wi t h the m)tr ve Steatite rings 9T gaeMelBARE MM A GRE Kb (extempLdiagetetam
formed in this way is kedrigitsechtemblodiameter)dsed prefim#ant bed.r eacti on zone A)
whi ch di vides product gas m xture stream A (12) as described and generates

the reactign gas m xture |nput streamfor reaction zone A (4). PF 57283 53
Section 2: Length 14

Catalyst charge of a homogeneous mixture of 20% by weight

30 {alternatively 30% by weight) of steatite rings of geometry 5 mm
x 3 mm x 2 mm {external diameter x length x internal diameter) and
80% by weight (alternatively 70% by weight) of unsupported catalyst
from section 3.

35 Section 3: Length 160 cm
Catalyst charge of annular (5 mm x 3 mm x 2 mm = external
diameter x length x internal diameter) unsupported catalyst according
to Example 1 of DE-A 10046957 (stoichiometry: [BizW,0g - 2W0O4] s
[Mo12Cos sFe 04Si 50K 0604)1). Alternatively, it is also possible here to
40 use one of the catalysts EUC1 to EUC11 from Research Disclosure
No. 487012 of August 29, 2005.



The | oadi ng _of the total anount of catalyst (cal cul ated without inert
material) BR&RB3trays with propane is always 350 | (STP)/1h. The entrance
pressure of the reaction gas m xture input streamfor reaction zone Ais 5
2.3 bar. Its tenperature is 500C. The pg$ssure drop over the dehydrogenation
reactor is approx. 200 nmbar. Upstream ol (in each case before the m xing

el enent) t Reormstapdadrottamdthedisstrid&enmoéretthermostatetl byamehns of dealt ath A | ow

di rection) pumbéd (MERRteré B (18 ThePicQBHIN s). The JeBbRE Y B8l cinitre tHehRok@let | on gas
m xt ur e. Tge am)unt |sI E%ﬁ%that%{ihe nll%pestalt&%rraté{{oe in the dovvnfstream
b4 MSENE 8L SALRENBPYTREH B ASUNISIGIE SR PRCUORAAR) 2l exper i ment al

cat al yst
setup of the heterogeneously catal yzed two-stage partial oxidation of

propyl ene Becafd ehitonatagk:and its operating node Experinental arrangement
15 First reaction stage: A reaction tube (V2A steel; external diameter 30
mm wall thickness 2 mm internal dianeter 28 mm |ength: 350 cm and al so
a thermal Aupeactioeduks H2A sleelnextemnahdameler 30 pon.cealt thickaess Mg inteal e of t he

[ ﬁact i ont t Ehﬂ}eté@%ﬁﬁpbmggﬁ!sso 8mt B@d g@@@_tutaérﬂ\am't@e (élld'teﬁﬁ{ ﬂiam_eteeﬁpeﬁms,u 3 ef in

e reacti on upe can ermn r Jts entir | S charge rom
Lo t o bot Pt SRS € fsRfdh bBE, b aRofmofts s Biiteokle witE < 7t
geomet 1§ 7whish)he tampetatarenimtiieseaetioniubg icambe detervined deftits sntirafeagthals

di aneter) gBargedfremitBp Rbottdpeds foliewéi on 2: Length 140 cm Catal yst charge of
a honogeneous m xture of 20% by weight 30 (alternatively 30% by wei ght) of

steatite rings of geonetry 5 mnmmx 3 nmx 2 nm (external dianmeter x length x
i nternal dSastanel’) andlerv@Bgmaei ght (alternatively 70% by wei ght) of

unsupported catal yst §fcafeSfygsioP fedmetpp7 Rk ki7oMm3x 4lHeH géRerhBldigfefert al yst
charge, pf annular (5 nn, X X g S §xternah .diameter x length x

intern di anet er) unsuﬂ%@ﬁf ed %QFa‘F %‘?e St Bfi° @lna% anple 1 of DE-A
10046957 (stoichionetry: [Bi 2W09 . 2WD3] 0.5

[ M012Co5, 5Begiditti 1. S9Keng¥988km - Alternatively, it is also possible here to

197015 of August 26, 2BHRWSHAgs bba babdende B HIREE GBI T SR BB ot 175 crm
are thernostated by netafsrmatively Saetbypugiahtaof fesiie angnofgsemsdydunpent (to the
reactipm gas). The secemtnhnbs i ahgerhbialiamstenk &hgth x internal diameter) and

75% by weight (alternatively 70% by weight) of coated catalyst from

section 4.

Section 3: Length 50 cm
25 Catalyst charge of a homogeneous mixture of 15% by weight
(alternatively 20% by weight) of steatite rings of geometry 7 mm
x 3 mm x 4 mm {external diameter x length x internal diameter) and
85% by weight (alternatively 80% by weight) of coated catalyst from
section 4.
30
Section 4: Length 190 cm
Catalyst charge of annular (7 mm x 3 mm x 4 mm = external
diameter x length x internal diameter) coated catalyst according to
Preparation Example 5 of DE-A 10046928 (stoichiometry:
35 Mo1,VaW, ,CUz 4Oy).

From top to bottom, the first 175 cm are thermostated by means of a salt bath C
pumped in countercurrent (to the reaction gas). The second 175 cm are thermostated
by means of a salt bath D pumped in countercurrent.



by. neans of a salt bath B punped in countercurrent (to the reaction gas). 5
Second reaPFi%9R83tage: A reaction tube (V2A steel; external dianmeter 30 nm
wal | thickness 2 nm internal diameter 28 mm length: 350 cm and also a
thermal tube (external diameter 10 mm,ggcentered in the mddle of the
reaction tube, to accommpbdate a thernocouple with 10 which the tenperature
in the readti oRracgdefor arengang ecrlinfgid romapropans @ha steady epriating state iz har ged
fromtop to bopésymbas) fol lows: Section 1: Length 20 cm Steatite rings of
geonetry 7 mx 7 mmx 4 nm (external dianmeter 15 x length x internal
dianeter) as a prelimnary bed. Section 2: Length 90 cm Catal yst charge of a
honmogeneoué rgditionigas oixtzeainpyt sikgaghvhiclhi has thedelfawirg gordents bip byeioljieg  of
steatit® rpags 6 o @RANGAY) ¥ féd Mnthelirdt catdlyst ked oNENragIdRidIak ddbaiBRidan |:X | engt h
x internal diameter) and 75% by weight (alternatively 70% by wei ght) of
coated catalyst from section 4. Section 3: Length 50 cm 25 Catal yst charge
of a honogeneous mi xt ubebyo¥oluBes by wei ght (alternatively 20% by wei ght) of
steatite rppghic &diggeongiony 7 nmx 3 mm x 4 mm (external diameter x length x
i nternal di taecrc) and i?% by weight (alternatively 80% by wei ght) of

coat ed cat ary5t*4Y om gtg ion 4. 30 Section 4: Length 190 cm Catal yst charge
of anndParwaernm x 3 nthd? 4 mm = external dianeter x length x internal

di aneter) qoatsd catal ggy according to Preparation Exanple 5 of DE-A
10046928 (Etoﬁit%ni omstrg:0 35 Mb12V3WL2Cu2.40X). Fromtop to bottom the first
175 cm ar e CR&rhost at e % means of a salt bath C punped in countercurrent
(to the reltapads gas).m'-l‘fé second 175 cmare thernostated by neans of a

salt bath prapyrped in gegntercurrent. PF 57283 55 [I11. Process for
pr epar hgg g%ra%l ic acid f1§om propane (the steady operating state is
descri bed) Bact i on g m xture input stream which has the foll ow ng
contents (94Wiendol ume 82Based on overall gas) is fed to the first catal yst
bed of a tcay reactor ag4described in 1: % by volune acrylic acid 0.01

coO 0.26

N; 59.7

20 O 1.62
CH, 0.12
H, 2.83

It is obtained (it comprises) from (in the sequence of cycle gas 1 (23°C, 3.1 bar), fresh
25 propane (25°C, 4 bar), steam (200°C, 2.5 bar), hydrogen (25°C, 8 bar},
dehydrogenation cycle gas (cycle gas 2) (600°C, 1.9 bar)):

- 41,9% by volume of residual gas from the partial oxidation (cycle gas 1) which has the
following contents:

30
% by volume

acrylic acid 0.02
acetic acid 0.04
H.0 2.73

35 isobutene 0.01
acrolein 0.05
propane 17.30
propylene 0.32
ethane 1.20

40 ethylene 0.22
CO, 2.41

CO 0.61



acetic acid 0.015 10 water 9.23 1-butene 0.01 isobutene 0.02 propane
18.46 propyl&’@833.98 15 ethane 1.16 ethylene 0.22 CX2 2.34 CO0.26 N2
59.7 20 02 1.62 CH4 0.12 H2 2.83 It is obtained (it conprises) from(in
t he sequence of cycle gas 1 (23C, 3.1 bg%), fresh 25 propane (25C, 4 bar),
steam (200C, 2.5 bar), hydrogen (25C, 8 bar), dehydrogenation cycle gas
(cycle gasNz) (600C, 17%2bar)): - 41.9% by vol une of residual gas fromthe
partial oxiyjation (cyckgzgas 1) which has the follow ng contents: 30 % by
volume acrylic acid 0.02 acetic acid 0.04 H20 2.73 35 isobutene 0.01
acrolein 0.05 propane 17.30 propylene 0.32 ethane 1.20 40 ethyl ene 0.22
CO2 2.41 €03(8% by PEluBE2s Fresis pragang whith He@ ti3e Bllowing.cottebts: vol ume of fresh
propaneswhi ch has the followi ng contents: 5 % by vol une

% by volume

propane 98.91
isobutane 0.05
propylene 0.1
10 ethane 0.92
ethylene 0.01

- 1.02% by volume of molecular hydrogen
- 2.03% by volume of steam and
15 - 51.15% by volume of dehydrogenation cycle gas (product gas mixture A
substream 1 or cycle gas 2)

Residual gas (cycle gas 1), fresh propane, steam and hydrogen are combined in the
sequence specified to give the motive jet mixture stream and brought to 500°C, 2.3 bar
20 by indirect heat exchange with product gas mixture A substream 2.

The resulting product gas mixture A substream 2 has the following contents:

% by volume

25 H0 11.84
isobutene 0.01
propane 14.32
propylene 7.52
ethane 1.21

30 ethylene 0.26
CO; 2.61
N2 58.41
0O, 0.23
Ha 355

35

The propane and propylene present in product gas mixture A substream 2 is removed
absorptively by absorption in PKWF 4/7 af technical-grade tetradecane from
Haltermann, Germany as the absorbent (alternatively, it is also possible here to use
LINPAR 14-17 from CONDEA Augusta S.p.A. {ltaly)}), and siripped by means of air to
40 free it therefrom (the procedure is as described in DE-A 10 2004 032 129) to obtain the
following charge gas for the partial oxidation which has the following contents:



pr.opane 98.91 isobutane 0.05 propylene 0.1 10 ethane 0.92 ethylene 0.01

1. 02% by vBF ®188%f nol ecul ar hydrogen 2.03% by vol une of steam and 15 -

51. 15% by vol une of dehydrogenation cycle gas (product gas m xture A
substream 1 or cycle gas 2) Residual gagy(cycle gas 1), fresh propane, steam
and hydrogen are conbined in the sequence specified to give the notive jet
m xture stream and br otdtvaWNE00C, 2.3 bar 20 by indirect heat exchange

W th produptogas m xtupggA substream 2. The resulting product gas m xture A
substream ?elga_g[%atr%e fobloqwi ng contents: % by volune 25 H20 11.84 i sobutene
0.01 propartl .32 propylene 7.52 ethane 1.21 30 ethylene 0.26 CO2 2.61
N2 58.41 ®gbgerg H2 8085 35 The propane and propyl ene present in product
gas m x4 ur propafelbst reans 25i s renoved absorptively by absorption in PKW 4/7
of technic |lo-p o ge tetfsgecane from Haltermann, Gernmany as the absorbent
(alternati elg 't is al'So possible here to use LINPAR 14-17 from CONDEA
Augusta S. pthAne (|1taly)J-10and stripped by nmeans of air to 40 free it

t her ef rom éthiglenpr ocedup@oi s as described in DE-A 10 2004 032 129) to obtain
t he folloglgng char ge g@/g for the partial oxidation which has the follow ng
contents: *57283 57 "% by vol ume H20 2.39 tetradecane 0.01 isobutene
0.01 5'®roPane 15.15 P88yl ene 7.95

o} 15.16

This charge gas mixture (it lies outside the explosion range) is used to charge the first
partial oxidation reaction stage described. The propylene ioading on the fixed bed

15 catalyst charge is selected at 185 | (STP)/I-h. The pressure at the entrance to the first
reaction stage is 3.1 bar. T, = 322°C; Tg = 328°C.

The product gas mixture leaving the first reaction stage has the following contents:

20 % by volume
acrylic acid 0.46
acetic acid 0.14
H,O 10.65
1-butene 0.01

25 acrolein 6.99
propane 15.16
propylene 0.17
ethane 1.10
ethylene 0.20

30 CO, 1.62
CO 0.23
N, 57.02
O, 6.25

35 CP, the propene conversion at the end of reaction zone A, is 64.5 mol%.
CPs, the propene conversion at the end of reaction zone B, is 94.9 mol%.

Sufficient air (25°C) is metered to the product gas mixture of the first stage that the
molar O,:acrolein ratio in the resulting mixture is 1.25.

40
This mixture is then used directly to charge the second reaction stage (T = 231.7°C).
The acrolein loading on the fixed catalyst bed is 152 | (STP)/-h.



etthane 1.10 et hg/l ene 0.20 CO2 1.05 10 N2 56.99 02 15.16 This charge gas
m xture (i PFIS7@83out si de the expl osion range) is used to charge the first
partial oxidation reaction stage described. The propyl ene | oading on the
fixed bed 15 catalyst charge is selecteggat 185 | (STP)/Ih. The pressure at
the entrance to the first reaction stage is 3.1 bar. TA = 322C;, TB = 328C.
The producilc §283rfixkout 869°€avhe grasgarefattize enteance to thestegged reastieretageis owi ng
contents: 23%d0 by volune acrylic acid 0.46 acetic acid 0.14 H20 10.65
1-butene 0.01 25 acrolein 6.99 propane 15.16 propylene 0.17 ethane 1.10
ethylene 0.20 30 CO2 1.62 CO 0.23 N2 57.02 02 6.25 35 CPA, the propene
conver si on TB¢ PEasIckgrs rpixture Bdeawno thesecond reactin ftagihag the fpRwinthe pr opene
conver s§onc@iteite end of reaction zone B, is 94.9 nol% Sufficient air
(25C) is netered to the product gas m xture of the first stage that the

nmol ar O2:acrolein ratio in the resulting mxture is 1.25. 40 This mxture is
then used directly to charg®YtREM$econd reaction stage (T = 231.7C). The
acrol ei n | gaglidgeion the fig@Exd catal yst bed is 152 1 (STP)/1h. PF 57283 58

Tc = 263C g’ |c=ac%690' The J£ssure at the entrance to the second reaction
stage is TE The product gas m xture B | eaving the second reaction
stage h@s the following H1¥ntents: % by volume acrylic acid 6.72
formaldehyde 0.14
acrolein 0.05
formic acid 0.03
maleic anhydride 0.06
15  benzene acid 0.01
propane 14.62
propylene 0.28
ethane 1.02
ethylene 0.18
20 CO, 2.03
CO 0.52
N, 59.86
0O, 3.20
propionic acid 0.0032

25
CAc, the acrolein conversion at the end of reaction zone C, is 68.1 mol%.

C*p, the acrolein conversion at the end of reaction zone D, is 99.3 mol%.

30 In both reaction stages, the reaction gas mixture flows through the two catalyst tubes
from the top downward.

The contents are analyzed by means of gas chromatography analysis.

35 The acrylic acid is removed from the product gas mixture as in the exemplary
embodiments of DE-A 10 2004 032 129 and the residual gas comprising the molecular
oxygen is recycled into the heterogeneously catalyzed dehydrogenation as the cycle
gas 1.

40 The process may also be carried out as described, but with the difference that each
catalyst tray in reaction zone A is only charged with the same amount of
dehydrogenation catalyst, i.e. without additional use of inert material for dilution



acetic acid 0.22 10 H20 11.06 fornal dehyde 0.14 acrolein 0.05 formc
acid 0.03 Pif7@88 anhydri de 0.06 15 benzene acid 0.01 propane 14.62

propyl ene 0.28 ethane 1.02 ethylene 0.18 20 CO2 2.03 CO 0.52 N2 59.86
02 3.20 propionic acid 0.0032 25 Owc,sé he acrol ein conversion at the end
of reaction zone C, is 68.1 mol% CAD, "The acrol ein conversion at the end
of reactiopuporses.D, is 99.3 nol% 30 In both reaction stages, the reaction
gas mxture flows through the two catalyst tubes fromthe top downward. The

| d f h hy.. is. 35 Th
Cory T e B3 5oah FBR dndhndth O G 2 e B
embodi ment nceFasing-the amoR0f ar3neter=yl intadhe prpduetgaguniktugef the fipt partiay t he

nol ecul 81  oQYNERsthGe f00RIE laAGxiaht that TR doRieRt B0BNRQPISHVEt 68 AlitdRd rises

dehydr ogenat,i an, a cycle gas 1. 40 The process may al so be carried out
as descri bgﬂt'aﬂﬁﬁq x[)“re1byt‘%If’iurﬂ‘?'fference that each catalyst tray in reaction

zone Ais only charged with the same anount of dehydrogenation catalyst,
i . e. W t hotrhe agkildiidl BXRentBAtedt of N20% bYRbRIMeSh préductbdinb@ite Becan®83 59
pur poses. Thc% s%ea% ogeer atllnlﬂ Sé?r% eschl bfd TS (o] S”{ﬁt gd for .thE duration
of 2 m nut ESTFY ANASHRTEGURAM, HRTERSS,AUNBE e ¢ MiRPe AISURIGN 40 PREIAHOREYCt gas
m xt ur 0of incressinigrtbe apeuni ofifresh prareae tothegeagiontgas suistirainpebatieam fohat t he
%ﬁ”t ent. gf r%%tibrﬁlzmmuﬁ?erg?ﬁergmggt%oﬁ/aﬁgerd @ﬁamoh@w frafnl w1c€mt033/mb:aseaogum

e residual ,oxygen content of. . 3. 0 vol une,.i n_progduc s.m xture B can
b r oot or 20 MR AR B repoidh R R R R I S BRGRY Lt o 1o
oper ati on kstaingd (ynsopegeding t he amount of fresh propane to the reaction gas
m xture i nput stream for

15 With application of the inventive regulation principle, long-term steady-state operation
is possible, which always deviates only slightly from the ideal line.

Example 2
20 | General experimental setup of reaction zone A and its operating mode.

The heterogeneously catalyzed partial propane dehydrogenation is carried out in
straight pass (i.e. without loop mode) in a tray reactor described below. A vertical
tubular reactor (internal diameter: 80 mm) is encased in a support heater (enables

25 substantial adiabaticity of the tubular reactor), provided with thermai insulation. The
temperature of the support heater is 500°C. In the center of the tubular reactor is
disposed a central tube (external diameter: 20 mm) which comprises a sleeve for a
continuous thermocouple and a sleeve for a staged thermocouple. In addition, it
comprises lines leading into the tubular reactor, through which reaction gas samples

30 can be taken from the tubular reactor, and lines leading into the tubular reactor,
through which air can be injected into the tubular reactor.

The tubular reactor comprises three trays arranged in succession, which consist of

three identical beds placed on a stainless steel wire mesh (arranged in the sequence
35 specified in flow direction) of inert material (bed height: 26 mm; steatite spheres of

diameter 1.5 to 2.5 mm) and a mixture (bed height: 174 mm) of dehydrogenation

catalyst and steatite spheres (diameter 1.5 to 2.5 mmy) in a bed volume ratio of 1:3. The

total bed height is thus in each case 200 mm. The dehydrogenation catalyst used is the

dehydrogenation catalyst from example 1. Upstream of each catalyst tray is disposed a
40 mixing element.

The loading on the total amount of catalyst (calculated without inert material) of all trays



reacti on zone A under otherw se unchanged conditions by from 1/100 to 3/100
(based onPFd2BHitial value). The reaction tenperature in reaction zone A
is substantially retained (unchanged). 15 Wth application of the inventive
regul ation principle, long-term steady-g¢ate operation is possible, which
al ways deviates only slightly fromthe 1deal |line. Exanple 2 20 |. General
exper i nent #ith peapape & 13WAdETBH 'Pone A and its operating node. The

het er ogeneously catal yzed partial propane dehydrogenation is carried out in

t rai ght I ..e. Wth L t. r rj hel ow. A
cert oa "I0RshiaRealbipY b heeeBAGhs ke g o 9% G eARRRREA L0
heat er (enddlkas. Botenpgeatagts 4P0°5dTES REGssUtRydrep overdhe deydseganatien eractor

provi deg Wstdpprdie B0Bmbah BHferei (ach k@se befdrethatmikifg efenidh®) dumposdonfieat er is

500C. In th I . i e . tube
(external aﬁsﬁgﬁeﬁ?%#ﬁ? tﬁ%?‘?ﬁ@&%&?ﬁé@@” Q&g Idﬂg_ég’%? ‘oﬁ?r @0%%%"8%%

t her nocoupPEesawe) i§ iRipeted &0 therreactionagysigra. Hoe METvIDpissUch ahihe highast it

conpri ses tdnesatupraielithe dowidreaRecdtalpstibat i ea¢H cdse id iorAETS tyBBOIT r eacti on gas
sanpl es 30 can be taken fromthe tubular reactor, and lines leading into the
tubul ar reactor, through which air can be injected into the tubular

react of® THe t (psnerat exneaipiestal selp of eheterparnaously satahzan guersiage Padidbssi on,
whi ch consi st efidationrcf@rdpitaniite akryedad ahatedpaativg moaenl ess steel wire nesh
(arranged in the sequence 35 specified in flowdirection) of inert materi al
(bed height: 26 mm steatite spheres of dianeter 1.5 to 2.5 nm and a

m xture (bed hé&pghexamptalmm) of dehydrogenation catalyst and steatite
spheres (dianeter 1.5 to 2.5 M) in a bed volune ratio of 1:3. The total
bed height ,js i . . T r o6 lyst used is
the adfyalboe Pt s BRERET BF A el Hhm Cat e REER BT BRI o7 oy
i s di sposed a d9a®riRedi ng el enent. The | oading on the total anount of

catal yst (calculated without inert material) of all trays PF 57283 60 wth

propane is . 2 | = h. : I f reactiqn._.gas

Tt are 1 npUERdicp B kprd ol sRETOIER AT f@@%’“ﬁbﬁ%&‘ﬁtg%tfsﬁr&ebﬁsﬁw%te s
450C. The prlalystikad efitoptray mactanas dessrtred deh dteiyrvolusabased op tpial gapii ox. 400
nbar. Before (in each case before the m xing elenment) of the second catal yst
bed and before the thi rcL/Ucogtv?{ yst bed (in flow direction), air (500C,
reaction pressure) is injectéd to the reaction mxture. The anmount is such
that the h?@fh{ktfs@(;'dterrper(hé?@re in the downstream catal yst bed in each case is
fromb575 tacédtBQeid 10 I1.0.8meral experinental setup of the heterogeneously
catal yzed %‘lstage partdf._% oxi dation of propylene to acrylic acid and its

ratin in ex 1. 15 111. Pr for pr rin ryli i
P om R pandUATe St each 8 ating state o o Preparing acrylic acie
isobutane 0.008
formic acid 0.0005
acrolein 0.024

propionic acid 0.0001
30 methacrylicacid 0.0001

furfural 0.0001
propane 32.93
propylene 0.19
ethylene 0.035
35 ethane 0.18
N, 51.33
0, 2.97
CO, 1.7
H, 0.09
40 CO 0.38

It is obtained (it comprises) from (in the sequence of cycle gas 1 (23°C, 3.1 bar), fresh



described) A reaction gas m xture input stream which has the foll ow ng
contents | EFf¥@880 the first catalyst bed of the tray reactor as descri bed
inl. (%by volune based on total gas): 20 %by vol. acrylic acid 0.033
acetic acid 0.017 water 9.23 25 n-butapge 0.0004 isobutane 0.008 formc
acid 0.0005 acrolein 0.024 propionic acid 0.0001 30 nethacrylic acid
0.0001 f upfapaae (26°608 bar)pstepa{@O&L, 83 bashopyl ene 0.19 et hyl ene 0.035 35
ethane 0.18 N2 51.33 02 2.97 CO2 1.7 H2 0.09 40 CO0.38 It is obtained

i i i h f | 3 3.1.b ot h
14 ST 203 020, L BROMEASE 1 58 B 35 ol R
of residual dsfollowingrchetepisiti al oxidation (cycle gas 1) which has the

follow gg contents: 5 % by vol. acrylic acid 0.038 acetic acid 0.020 H20
2.99 10 n-butane 0.0004 ,

Aib?;qfl?nl"t ane 0.0052 formc acid 0.0006 acrolein
0. 028 '

acrylic acid 0.038
acetic acid 0.020
H0O 2.99

10 n-butane 0.0004
isobutane 0.0052
formic acid 0.0006
acrolein 0.028
propionic acid 0.0001

15 furfural 0.0001
propane 30.4
propylene 0.21
ethylene 0.037
ethane 0.14

200 N, 598.32
0O, 3.43
CO, 1.98
H, 0.1
CO 0.44

25
- 6.75% by volume of fresh propane which has the following contents:

% by vol.

n-butane 0.0007

30 isobutane 0.045
propane 98
propylene 0.1
ethylene 0.014
ethane 0.92

35

and
- 6.64% by volume of steam.
40 Residual gas (cycle gas 1), fresh propane and steam are combined in the sequence

specified and brought to 450°C, 3.1 bar by indirect heat exchange with product gas
mixture A or by means of electric heating.



pr.opi onic acid 0.0001 15 furfural 0.0001 propane 30.4 propylene 0.21

et hyl ene OPPF728%t hane 0.14 20 N2 59.32 02 3.43 002 1.98 H2 0.1 COO0.44
25 6. 75% by vol une of fresh propane which has the follow ng contents: % by
vol . n-butane 0.0007 30 isobutane 0.04@2 propane 98 propylene 0.11
ethylene 0.014 ethane 0.92 35 and - b6.64% by volune of steam 40 Residual
gas (cycle gas 1), fresh propane and steam are conbined in the sequence
speci fied FRgrdyipingiProdut §adMixtFeA ﬁ)@dthbhﬂo%gr@ﬁterh\@@fat@nﬁ@b@ggeluwnet)h
product gas mxture A or by neans of electric heating. PF 57283 62 The
resul ting product gas m xture A has the follow ng contents (data in % by
volune): %by vol. 5 HP®bIV845 n-butane 0.0003 isobutane 0.0051 1-butene
0. 0001 s5i sephot ene 0.0022) 84 propane 29.07 propylene 6.84 ethylene 0.037

ethane 0.13 ) iane 0.0003

isobutane 0.0051
1-butene 0.0001
isobutene 0.0022

10 propane 29.07
propylene 6.84
ethylene 0.037
ethane 0.13
N. 48.72

15 0O; 12.43
CO. 0.806
H. 0.1

The propane and propylene present in product gas mixture A is removed absorptively

20 by absorption in PKWF 4/7 af technical-grade tetradecane from Haltermann, Germany
as the absorbent (or alternatively, it is also possible here to use LINPAR 14-17 from
CONDEA Augusta S.p.A. {Italy)), and stripped by means of air to free it therefrom (the
procedure is as described in DE-A 10 2004 032 129) to obtain the following charge gas
for the partial oxidation which has the following contents (data in % by volume):

25
% by vol.
H,O 25
tetradecane 0.006
n-butane 0.0003
30 isobutane 0.0051
1-butene 0.0001
isobutene 0.0022
propane 28.57
propylene 6.73
35 ethylene 0.037
ethane 0.13
N 479
0, 12.22
CO, 0.88
40 H; 0.097

This charge gas mixture (it lies outside the explosion range) is used to charge the first



N2 48.72 15 02 12.43 CO2 0.806 H2 0.1 The propane and propyl ene present in
product ga®Fra7@88re A is renoved absorptively 20 by absorption in PKW 4/7
of technical -grade tetradecane from Haltermann, Germany as the absorbent
(or alternatively, it is also possible ggre to use LINPAR 14-17 from CONDEA
Augusta S.p. A (ltaly)), and stripped by°neans of air to free it therefrom
(the procedtiakoidatias sthgeciesbrtsbd. Mh&pRropykOe MAthg03Ptht 2i%9ed tatalybt lsech t he

fol | owi ng ?Sgéjéﬁt nx j ' ' i ng
contents ata in % od 5{01 u )TWQE&; ?/4'1?3%"3%% Qﬁagovegﬁéh%gtarti%@gg%bﬁy%%

(3 o Y. VOLUNR) & 29,00
n- but ane 0SGE8H 33031 Sgiutshé s 598% - but ene 0.0001 i sobutene 0.0022
pr opane : propyl ene 6. et hyl ene 0. et hane 0. :

28. 57 I 6.73 35 hyl 0. 037 h 0.13 N2 47.9 02
12.22 2 1Re BRocht & MR 16H0ing thd AsORaBfch St HEStHE bidWi Lkde the
expl osi on rqa%ge o) sé% erc’i‘gj_l?o echgége tﬁe fai rstgﬂaPéé E?Z@% %wlﬁﬁﬂﬂal oxi dati on
st age descf4a} .Aﬂé’oﬁwbﬁyl ene | oading on the fixed catalyst bed charge is
selected at 145 (STP)/ | h . The pressure at the entrance to the first
reaction stage is 3.1 barg b}%of 324C, TB = 328C. 5 The product gas m xture
| eaving the fjrst reactio § age has the following contents (data in % by
vol une): 9@RYIG8%d acryli%33cid 0.33 10 acetic acid 0.026 steam 9.28

n- but aneé 0ab&@3acid 0.026
steam 9.28
n-butane 0.0003
isobutane 0.0051
acrolein 5.90

15  propionic acid 0
methacrylic acid 0.0002
propane 28.52
propylene 0.38
ethylene 0.037

20 ethane 0.13
N, 47 .89
0O, 5.1
CO, 1.3
CO 0.18

25

CP,, the propene conversion at the end of reaction zone A, is 64.5 mol%.
CPs. the propene conversion at the end of reaction zone B, is 94.9 mol%.

30  Sufficient air (25°C) is metered into the product gas mixture of the first stage that the
molar O, : acrolein ratio in the resulting mixture is 1.22.

This mixture is then used directly to charge the second reaction stage (T = 231.7°C).
35 The acrolein loading on the fixed catalyst bed is 121 | (STP)/ I'h.
T, = 265°C; Tp = 269°C. The pressure at the entrance to the second reaction stage is

2.1 bhar.

The product gas mixture B leaving the second reaction stage has the following
40 contents (data in % by volume):



i sobutane 0.0051 acrolein 5.90 15 propionic acid O nethacrylic acid 0.0002
propane 28P6A72B3opyl ene 0.38 ethylene 0,037 20 ethane 0.13 N2 47.89 02
5,1 CO2 1.3 CO 0.18 25 CPA, the propene conversion at the end of reaction
zone A, is 64.5 nmol% CPB, the propene, onversion at the end of reaction
zone B, is 94.9 nmol % 30 Sufficient air fZSC) is netered into the product
gas mxture of the first Sbhageothat the nolar 02: acrolein ratio in the
resulting mxture is 1.22. This mxture is then used directly to charge the
second reaction stage (T = 231.7C). 35 The acrolein | oading on the fixed
catal yst b@8Vi%a4%1| (STHP21 h. T, = 265C, TD = 269C. The pressure at the
entrance t ecetiteackbcond redction stage is 2.1 bar. The product gas mxture B
| eavi ngst hg,gecond reacti gqustage has the followng 40 contents (data in %
by vol une); PE 57283 64 W@vpgvol. acrylic acid 5.52 acetic acid 0.11 5
H20 9. 44 ni'BYf&l¥e 0. 0003 q) utane 0.0047 fornic acid 0.0063 fornal dehyde
0.044 10 awsecblutane 0, 025 Er@Fi7onic acid 0.0029 nethacrylic acid 0.0002
furfural OfRi’acidPenzal delpygp30. 0008 15 mal ei ¢ anhydride 0.043

formaldehyde 0.044
10  acrolein 0.025
propionic acid 0.0029
methacrylic acid 0.0002
furfural 0.0017
benzaldehyde 0.0008
15  maleic anhydride 0.043
propane 26.47
propylene 0.19
ethylene 0.034
ethane 0.12
20 N 51.89
0, 3
CO; 1.6
H; 0.09
CcO 0.39

25
C?c, the acrolein conversion at the end of reaction zone C, is 68.1 mo!%.

C*,, the acrolein conversion at the end of reaction zone D, is 99.2 mol%.

30 In both reaction stages, the reaction gas mixture flows through the two catalyst tubes
from the top downward.

The contents are analyzed by means of gas chromatography analysis.

35 The acrylic acid is removed from the product gas mixture as in the exemplary
embodiments of DE-A 10 2004 032 128 and the residual gas comprising molecular
oxygen is recycled as cycle gas 1 into the heterogeneously catalyzed dehydrogenation.

The process may also be carried out as described, but with the difference that each

40 catalyst tray in reaction zone A is only charged with the same amount of
dehydrogenation catalyst, i.e. without additional use of inert material for dilution
purposes.



pr.opane 26. 47 ropyl ene 0.19 ethylene 0.034 ethane 0.12 20 N2 51.89 02 3
C® 1.6 HPF®7@83 CO 0.39 25 CAc, the acrolein conversion at the end of
reaction zone C, is 68.1 nol% CAD, the acrolein conversion at the end of
reaction zone D, is 99.2 nol% 30 In bo% reacti on stages, the reaction gas
m xture flows through the two catal yst bes fromthe top downward. The
contents are anal yzed by neans of gas chromat ography analysis. 35 The

acrylic acirfle kfeab{ BRSHNd §tatl ddieritdd Wishudas fomtnd dirgticHofl Tminutestyenpl ary
enbodi nents_of . DE- A 10 4. 03% 159 anﬁl thg res dugl gﬁz c? r%rgl ng

mol ecul ar FESKSHAMS ampuRa el rlersayup e retuctials SrE ddee Mghawdalial

cat al yzed destthnojageatoi stish anEprtenpinat tecontent of Goinipeodit gasaixdure Eatalls

descri bed, iRy ¥4 2 Bodehsy Wifhé€r ence that each 40 catalyst tray in reaction
zone Ais only charged wth the sane anbunt of dehydrogenation catal yst,
i.e. Wthout additional use of inert material for dilution purposes. PF
57283 65 The rasidumtigxygescattentofs. 20% byesimebagrodiictipas mjxturd B ean hehe durati on

of 2 m nut esitdi¥g ah@ dusddadehtlamaiRRiHYY Riring ke ﬂ%iﬁft@@isﬂﬁt?@n&@@pé}bﬁ&%* gas
m xture of  the first an exient .that the

artial . oxi dat{oH Stage to such
content of [T e bt of fesh propanetopfip &74con 895 RPELTRITRHE SESa 4806 by
vol umel10 Thesactien zers A orgerartherviseamchariges. @adsibys nofromd /109 tpr3dtiicibaged

mxture B gateditial Bhied! Tk RBBHHABRPEFREE Y rmRticH fdridesl ishibsRatidlye 2- m nute
di sruption_to ogfrahl on by lowering the anount of fresh propané to the
reacti on gFREAAPYEIHACB2R9GGt stream for 10 reaction zone A under otherw se
unchanged conditions by from 1/100 to 3/100 (based on the initial value).

The reacti Vﬂth{ﬁiﬁﬁ@dt@h%ﬁ%éiﬁvérﬁ%@é?é MtiA Pendiple SloRgRs hedtbady-dtdte b Rioned
(unchangedg %Fgl%atl (;41 of t Fﬁ |In\{_| né_l vg reo%\t%hatl on principle,

| ong-t &% m @éair/’-es C8 PR HEVEES 9By B9 ﬁ)b amghe 9e@hieh al ways devi ates only
slightly fromthe ideal line. US Provisional Patent Application No.

60/ 732, 6585f phogidioRBl PE¥RMEMMication 3D B0/7133 658 "MIEd BRNBV&HLEMS, @20bBgs Pr esent

pat ent applicatiqn b blgterat re reference. 2f th regard to the
P boverent | BRGPOILEL Mo te PrrHAL PaIsEl SiRIFRES by TiEabls HHER 1 ¢ om
20  With regard to the abovementioned teachings, numerous changes and deviations from

the present invention are possible.

It can therefore be assumed that the invention, within the scope of the appended
claims, can be performed differently from the way described specifically herein.



the present invention are possible. It can therefore be assuned that the

i nvention, PRi%7R8A the scope of the appended clainms, can be perforned
differently fromthe way described specédically herein. PF 57283 66 Wat is
clainmed is: 1. A process for stably operating a continuous preparation
process for obtaining acrolein or acrylic acid or a mxture thereof from
propane, i MVhgiscHlaimen)siin a first reacti on zone A, propane is subjected in
t he presence of nol ecular oxygen to a heterogeneously catal yzed

dehydr ogenati o teal ! ISl ! ne and
propyl ene, qlo %ér?fgéa%'ﬁtg]lr%[%@?’gkggugé_ 8&%@@1@§tp}n§rp%f@rog%g&ire§(lf:%%)gg‘%@g into a
first separati @roleipaeagylicad ecd mxduredhereel fomp erapass, IBWhiIRlY e of
constitgents other than propane and propyl ene present in product gas

m xture A theregfro bt.al T A ] re A
conprising pr o%‘ neimaan 91 r%?%{%nlztgﬁ%?\, E@Jp%?gEr%@gﬁgéﬁéﬁ%?%écﬁ%&%}#%duct
gas mxture A is Q¥8ENtha heleergsngousieertalyzsf gelydrRenatigHaraheaing predust one
oxi dation reactor gahmixtute A@nirisingasbpanettdprbsiaddrieon reactor, propyl ene
present in product gas m xture A or in product gas mxture A® is subjected

to a selective heterogeneously 20 catal yzed partial gas phase oxidation with
nol ecult@r oxygdh tibapgproeriate, Ripest e8s FudungiAisroaderted e A rshgeraratidnei n or
acrylic acid or a zongtAlineordéfterembvers pphiontoar@ed obcordtitents wittpiver ted
propane, excess no r f ' In a
second separation érgﬁéﬂ'eg%nq éﬁ%@? H%E%%ﬁ@tq Xﬁlfgégjgwa%i rb\&g]rr%éﬁg%/ﬂegg@ anéﬁ)r(\ %r e B
is renpved and, frigrabtaie aremainiogoducs pasExtyad comMprsieg AWPape epdne,

mol ecul ar oxygen amdpgseye unconverted propylene, at |least a portion
conpri§gng unconverted propane, nol ecul ar oxygen and any unconverted

propyl ehe is recycled as cycle gas 1 conprising nolecular 30 oxygen into
reaction zone &)i nPregest@agayxtiigdd or ppdustasns mixiapands used B $&$9PAe cont i nuous
preparation procesgattich ftinel BRSdhafiteat |€dst bAE oxigaesh reaaoT AlE P [eR0Pr i Si ng

eaction zone & SRRt atAER ER5, fop SBIAEN ANRUBLBREBEIRIRY 20T ®

at a feed rate whic as a 3 0 ] i value In the stable
operating state ofPPHECt 936 EHLHER A dhsieriedto a seiactive hekEoga®eERlY of nol ecul ar
oxygenzon product gasyradpartis gis iphastedadationedth meletulausuygerly tagive aonpared to

the steady-state t&%@&ét g%?%ﬁl]?e chorqB"iﬁﬁé’E@rBlein or acrylic acid or a mixture
thereof as the target product, unconverted propane, excess molecular
oxygen and any unconverted propyiene,

25 D) in a second separation zone B, target product present in product gas
mixture B is removed and, from the remaining residual gas comprising
propane, molecular oxygen and any unconverted propylene, at least a
portion comprising unconverted propane, moiecular oxygen and any
unconverted propylene is recycled as cycle gas 1 comprising molecular
30 oxygen into reaction zone A in cycle gas mode,

E) fresh propane is fed to the continuous prepafation process via at least one
of the zones from the group comprising reaction zone A, separation zone A,
reaction zone B and separation zone B at a feed rate which has a
35 predefined steady-state value in the stable operating state of the
preparation process, and

F} the content of molecular oxygen in product gas mixture B is determined
- continuously and compared to the steady-state target content of molecular
40 oxygen in product gas mixture B predefined for the stable operating state of
the preparation process,

wherein



40 oxygen in product gas m xture B predefined for the stable operating state
of the pr85553§30n process, wherein PF 57283 67 - in the case that the
content of nol ecul ar oxygen determ ned at one tinme in product gas m xture B
is greater than the steady-state target.gontent, after this tinme, fresh
propane is fed to the preparation proceSs at a feed rate 5 which is greater
than its steady-state value, and - in the case that the content of nolecul ar

oxygen det erni ned jatth®Bfsel thaEthe BontBAOsHidle s oXygdrid&teBnihd hesite firhan t he
st eady-state target ane is fed to the

tent. aft th t h
preparation proc es%roéﬁcq&%g gBHﬁFea[?rés %ﬁ%"‘%h”\ab r{ﬁélﬁte%@z?agw% qt fe:gntgpte,g ¥-state
val ue. 2. The pr oclbisdtineg destiprapane islediterthe, preparatiompropesscalia feed cate

determ gation of tREich &OgteaRf tHah iRty stite 04ME84hd N product gas mixture B
is based on obtaining a signal which is correlated to the oxygen content of

product gas mixture B. 15 3. The process according to claim2, wherein the
si gnal is obtai-nednige paassthalthe eprient of maierlarexyaet datemninedg ong tmewivel engt h

at whi ch nol ecul arpRuY@eAs NS BT I85SHhh BEPGBELY-Safeadigat EomehthafdtdhisPr oduct
gas mxture B and

measuring the un orbed fraction of the electrgmagnetic
radi ati on. 20 4. .Iiﬁge,?regbgggpa 8&%%&3&3"% %rgg?rgflﬁq ér,o%%se?tea] r?efjﬁ%te\ﬁg{} 'Bngt his
from7%0.5 nmto (eeBthamitssteaphistale saldes according to claim 2, wherein the

determ nation of the content of 25 nolecul ar oxygen in product gas m xture

B is based,on o) rativel [ ar.a netic susceptifili of

nmol ecul ar 8Xyg HS F’%’.ngﬁa&&%ﬁ%?sg%@‘%r eﬁﬂntﬁie?%?{@mﬁ?usc eigﬁgnaiﬁopg%f;e wherein
the steady- st atcenteat gfdnoleedan @ygenin produst gpamidypdeis Hasep oo obtainigas m xt ure
Bis fromO.1 tsgynaliviigh dcorldis®to the oXyRnoRfeRS 5f Fo60dt Ghd ehiktQre®y of cl ai s
1 to 5,.wherein the steady-state target content of nolecul ar oxygen in

producpsgas m xture Bis fromO0.5 to 5% by volune. 35 8. The process

accordi ng Bo anhegrocepapensrding to gaimphevherein thecsignal ixdgbtaingd by Pasyed cont ent
5 57 She o ooarEStral Seislogtag s ifofi o foRnrbiieds dgly el o
cteady-state i apars espaiordc et Frilolhyand s pHTRE fliSarurgre & i s
from0.5 to 5%tigunabsorbed fraction of the electromagnetic radiation.
20
4.  The process according to claim 3, wherein the wavelength is from 759.5 nm to
768 nm.

5.  The process according to claim 2, wherein the determination of the content of
25 molecular oxygen in product gas mixture B is based on the comparatively great
paramagnetic susceptibility of molecular oxygen.

6.  The process according to any of claims 1 to 5, wherein the steady-state target
content of molecular oxygen in product gas mixture B is from 0.1 to 8% by
30 volume.

7.  The process according to any of claims 1 to 5, wherein the steady-state target
content of molecular oxygen in product gas mixture B is from 0.5 to 5% by
volume.

35

8.  The process according to any of claims 1 to 5, wherein the steady-state target
content of molecular oxygen in product gas mixture B is from 0.1 to 6% by
weight.

40 9.  The process according to any of claims 1 to 5, wherein the steady-state target
content of molecular oxygen in product gas mixture B is from 0.5 to 5% by
weight.



wei ght. PF 57283 68 10. The process according to any of clains 1 to 9,
wherein fr &P7E88pane is fed only via reaction zone A 5 11. The process
according to any of clainms 1 to 10, wherein the heterogeneously catalyzed
dehydrogenation in reaction zone Ais c§§ried out in atray reactor. 12.
The process according to any of clains to 11, wherein the heterogeneously
cat al yzed dehydrogenation in reaction zone A is operated adiabatically. 10
13. The prQeesThagededs BEcdr@ing kY ay of iiing td ot @hdréin LS BbParichs fed only

het er ogeneously. catal yzed dehydrogenation in reaction zone A is perforned
aut ot her mal | y. V3% dtess according to any of clains 1 to 13, wherein
the feed rate of fresh 15 propane is changed directly into reaction zone A

15. Thespr q4esghagrdeds B8cdr@ing Y ayf of g™ & 1b9~ﬁé’rein%@h@ieﬂog{éﬂ%oﬁ§?d rate of
fresh propane is chan ﬁd di re%_tly into the reaction Oqj?s n}x ure,input gas
fed into r eactqafﬁlnyzfar‘i’g ydrogenation n reaction zone A'is carried in a tray reactor.
12.  The process according to any of claims 1 to 11, wherein the heterogeneously
catalyzed dehydrogenation in reaction zone A is operated adiabatically.

10
13.  The process according to any of claims 1 to 12, wherein the heterogeneously
catalyzed dehydrogenation in reaction zone A is performed autothermally.
14. The process according to any of claims 1 to 13, wherein the feed rate of fresh
15 propane is changed directly into reaction zone A.

15,  The process according to any of claims 1 to 14, wherein the feed rate of fresh

propane is changed directly into the reaction gas mixture input gas fed into
reaction zone A.



