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25 d} if appropriate lowering the temperature of the product gas mixture 2 leaving the
' second reaction stage by indirect and/or direct cooling and if appropriate adding
moleculfar oxygen and/or inert gas to product gas mixture 2, and
e) then subjecting it, as a starting reaction gas mixture 3 which comprises acrolein,
molecular oxygen and at least one inert gas and comprises molecular oxygen
30 and acrolein in a molar 0,:C;H,0 ratio of 2 0.5, to a heterogeneously catalyzed
partial gas phase oxidation of acrolein comprised in starting reaction gas mixture
3 to acrylic acid in a third reaction stage charged with a fixed catalyst bed 3
whose catalysts have at least one multimetal oxide comprising the elements Mo
and V as an active composition to obtain a product gas mixture 3, and
35 f) removing acrylic acid in a separating zone A from the product gas mixture 3 and
recycling at least the unconverted propane and propylene comprised in product
gas mixture 3 to an extent of in each case at least 80 mol% based on the particu-
lar amount comprised in product gas mixture 3 into at least the first of the three
reaction stages. '
40
Acrylic acid is an important monomer which finds use as such or in the form of its alkyl
esters for obtaining polymers suitable, for example, as adhesives.



40 Acrylic acid is an inportant nononmer which finds use as such or in the
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102 43 625 and DE-A 102 35 847.
30 _
The condensed phase which comprises acrylic acid and is obfained in the basic re-
moval described may then be further purified, for example, by extraction, rectification,
desorption and/or crystaliization to the desired degree of purity of the acrylic acid. For
. example, the further purification may be effected as described in the documents WO
35 01/77056, WO 03/041832, WO 02/055469, WO 03/078378 and WO 03/041833.

A common feature of the basic removals described is that a residual gas stream (cf.
also EP-A 11 80 508) normally remains (typically at the top' of the separating column
which comprises separating internals and is used for the basic removal), which com-
40 prises substantially those constituents of the product gas mixture whose boiling point at
standard pressure (1 bar) is < -30°C (i.e. the constituents which are difficult to con-
dense or else highly volatile). The residual gas constituents are primarily reactants un-
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for the acrylic acid preparation is ndrmally propylene having a comparatively high purity
(for example polymer-grade or chemical-grade propylene; cf. DE-A 101 31 297), which
has normally passed through a separation from the other hydrocarbons, for example
30 propane, which accompany it as a result of the preparation.

For this reason among others, very high propylene conversions are therefore pursued
in the first reaction stage (cf. WO 03/029177). The same also applies to the acrolein
conversion in the second reaction stage. This is the case additionally because acroiein
35  which has not been converted in the second reaction stage becomes noticeably disad-
‘vantageous, for example, in the removal of acrylic acid from the product gas mixture of
the partial oxidation (undesirably promotes the polymerization tendency of acrylic acid
(cf., for example, DE-A 10 2004 021 764 and DE-A 10 2004 021 708)). in order to ob-
tain the aforementioned high conversions, the prior art even recommends the use of
40  postreactors (cf., for example, DE-A 10 2004 021 764 and DE-A 10 2004 021 706).
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configured in such a way that the temperature is constant over a certain length, then

30 changes abruptly and maintains this new value cver a further length, etc. In that case,
reference is made to a fixed catalyst bed (fixed bed catalyst charge) having more than
one temperature zone (or else reaction zone), or disposed in more than one tempera-
ture zone (or else reaction zone). Catalyst-charged reactors which implement such
temperature zones (or else reaction zones) are correspondingly referred to as ane-

35  zone or multizone reactors (cf., for example, WO 04/085369). In common with the tem-
perature of the reaction gas mixtures, the effective temperature of the fixed catalyst
bed likewise passes through the hotspot value in flow direction of the reaction gas mix-
ture.

40 ltis possible to make use of the possibility of lowering the hotspot temperature by op-
erating the partial oxidation process at reduced reactant conversion in the conven-
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30 molecular oxygen and/or inert gas to product gas mixture 2, and
e)  then subjecting it, as a starting reaction gas mixture 3 which comprises acrolein,
molecular oxygen and at least one inert gas and comprises molecular oxygen
and acrolein in a molar O,:C;H,O ratio of 2 0.5, to a heterogenecusly catalyzed
partial gas phase oxidation of acrolein comprised in starting reaction gas mixture
35 3 to acrylic acid in a third reaction stage charged with a fixed catalyst bed 3
whose catalysts have at least one multimetal oxide comprising the elements Mo
and V as an active composition to obtain a product gas mixture 3, and '
f) removing acrylic acid in a separating zone A from product gas mixture 3 and re-
cycling at least the unconverted propane and propylene comprised in product
40 gas mixture 3 to an extent of in each case at least 80 mol% based on the particu-
lar amount comprised in product gas mixture 3 into at least the first of the three
reaction stages, wherein
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not been seakaion ihioltheqpropylene source) of a reduced propylene conversion in the first reaction
stage, accompanied by a subsequent very comprehensive propylene recycling pro-
ceeding with propane in the iniegrated system without additional cost and inconven-
ience, into the overall process has, however, not been seen to date.

30
According to the invention, it is therefore advantageous to carry out the process ac-
cording to the invention in such a way that '
C" < 99.0 mol% and C* = 96 mol%, or
35 better
CP < 98.5 mol% and C* = 96 mol%, or
better
, CP £ 98.0 mol% and C* = 96 mol%, or
. better
40 - CP=97.5mol% and C* = 96 moi%, or
better

C" < 97.0 mol% and C* 2 96 mol%, or
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30 According to the invention, it is therefore advantageous to carry out the
process ac- pF@edepg to the invention in such a way that CP <_ 99.0 nol % and
CA > 96 nol% or 35 better CP <_ 98.5 nol % and CA z 96 MD1% or better CP
< 98.0 nmol % and CA > 96 nol% or better 40 CP s 97.5 nol % and CA>_ 96
mol /o, or better CP < 97.0 nol % and CA?>_ 96 nol % or PF 56390 7 better
CP <_ 96.5 ppk&pand CA ? 96 nol % or better CP 5 96.0 not% and CA ? 96

mol % or 5 better CP.5_095. % apg 2 96 mol % or better CP <_ 95.0
mol % and CA ? 96 nol % 8%'%@5@%?”%@ é&g@@lf".'grrmt%and CA ? 96 nol % or
better CP 5beifler0 nol % and CA.? 96 nol % or better CP <_ 93.5 nol % and CA ?

96 ol % or 15 bett eg® s m8B Bndieh YomHoI@AC? 96 nol % or  better CP <_
92.0 noloan%tCA ? 96 nol % or better 20 CP < 91.0 nol% and CA ? 96 nol %
r

or bett % 90.0 rrpl % and CA > 9§ mol % or better CP <_ 85.0 nol % and
CA ? 96 mol % or C" £ 95.5 mol% and C" = 96 mol%, or :
better '
C" < 95.0 mol% and C* = 96 mol%, or
: better ‘
10 C" < 94.5 mol% and C* = 96 mol%, or
better
CP £94.0 mol% and C* = 956 mol%, or
better ' '
C" £ 93.5 mol% and C* = 96 mol%, or
15 better
' CP < 93.0 mol% and C* = 96 mol%, or
better ‘ : '
CF £ 92.0 mol% and C* = 96 mol%, or
better
20 CP £.91.0 mol% and C* = 96 mol%, or
better
CP < 90.0 mol% and C* = 96 mol%, or
better
- C" < 85.0 moi% and C* = 96 mol%, or
25  better '
' CF < 80.0 mol% and C* = 96 mol%, or
better

CP < 75.0 mol% and C* 2 96 moi%.

30 Ingeneral, C" in all of the aforementioned pairs will be = 50 mol%, preferably =
60 mol%, advantageously = 70 mol%.

Of course, CF may also be = 75 mol%, or = 80 mol%, or = 85 mol%, or = 90 mol%. In
other words, a possible inventive C” range is any possible combination of an aforemen-
35  tioned CP jower limit with an aforementioned C” upper limit.

According to the invention, it is also advantageous when C* in each of the aforemen-

tioned CP, C* pairs is 2 96.5 mol%, better 2 97 mol%, better 2 97.5 mol%, better 2

98 mol%, better = 98.5 mol%, better = 99 mol%, better = 99.5 mol%, better 2 -
40  99.6 mol%, better 2 99.7 mol%, better = 99.8 moi%, better = 99.9 mol%, better =

99.91 mol%, better = 89.92 mol%, better = 99.93 mol%, better = 99.94 mol%, better 2



25 better CP < 80.0 nmol % and CA ? 96 nol% or better CP <_ 75.0 nol % and
CA z 96 nolpg 5880 n general, CPin all of the aforenentioned pairs will be
50 nol % preferably 60 nol% advantageously ? 70 nmol % O course, CP may
also be-a 75 not% or ? 80 nmol% or > 85 nmol% or > 90 nmol% In other
words, a possible inventive CP range is &ny possible conbination of an
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Accordi ng té@ %s_tﬂe lopvention, it is also advantageous when CA in each of the
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97.5 nmol % better 98 nol % better=" 98.5 nol % better? 99 nol % better _
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~aforenenti Q;p@diﬁgmﬁtnygg YedurrmtLRBy be emipladeded, for exanple, when the third 5

reaction stage conprises at | east one postreactor according to DE-A 10 2004
021 764 or DE-A 10,2004 021 7063. Alter nativel§a gr ocess variants according
to the pri dp ggperal el pe sd 00MnelHe seneiseatenthan REYIB & hplnd)@l. casgSdener al
CA wi | [M10be will bO& 9809 Mol9t, dratooesembies, drxe08. SBmens orsl #5939 molany otteses, CA
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of an af or drelRWEBIHBEWiteAN EiRfementaned Gy uPRealimibRingsendiibhe 1CAPIRTSES | mit .
Si nce CP aratc@Aingtotiheinpeivessay e adjusted indepetidently ni/emd arartharply iskedsad) ust ed
!“depef‘de“tﬁo\é?ﬁei BEcstl _d%%itmﬁwé ilvenfidr® fre%@éédn?clh’?e ih% raﬁ%%rfe@@emwtﬁéﬁ t he
invention to freely,copbine t ranges for th the 15 ranges. for, CA
Advant deoU8NGeEs 13" (i APPiages Uiy @ FEFTeBrangedant, Reambined Vi BRETRL  r ange
for CA Parmhgafoatf’y advantageous in accordance with the invention is a CP
of from80 to 98 nmol % with a sinultaneous CA of from99.0 to 99.9 nol %

Anot her condipation pre- 20 ferred in accordance . with fhe . inv ion is a CP
o °f rom 50 R RacbEGipaRous S ReaThe W08 BREISTHEar 68 5 B9 ol 56 of
nore, or frafmeig, vithe IBuBanesledC of from 28.t 9%9 oaifh| Andther colbinatioo gss:

accor dizng. tierrédR dcd¥RBhEORith tHe iRvEMEBH VL CObf frdn a0do 68 moldih@th a Sikfuanéhe

nthe uncottoetcaaept B na e gRE e W R ontte: Thas i wture 3
are recycled to an extent of in each case at |least 85 nol% better to an
extent of ilfisepRfaveans feiné prRsbsPEJIRIiNG tokRé IrvEnfich, RrespiétRBlof of ahA cPach
case at | e%ﬂen?gﬁ%hg/?elﬁoe\}é & thé (e):c:rylic écid from product gas mixture 3 in separation
25 zone A, the unconverted propane and propylene present in product gas mixture 3 are
recycled to an extent of in each case at [east 85 mol%, better to an extent of in each
case at least 90 mol%, better to an extent of in each case at least 92 mol%, better to
an exient of in each case at least 94 mol%, better to an extent of in each case at least
95 mol%, better to an extent of in each case at least 95.5 mol%, better to an extent of
30  in each case at least 96 mol%, better to an extent of in each case at least 96:5 mol%,
better to an extent of in each case at least 97 mol%, better to an extent of in each case
at least 97.5 mol%, better to an extent of in each case at least 98 moi%, better to an
extent of in each case at least 98.5 mol%, better to an extent of in each case at least
- 99 mol%, better to an extent of in each case at least 99.5 mol%, better to an extent of
35 ineach case at least 99.75 mol% or at least 99.9 mol% and at best quantitatively
(based in each case on the particufar amount of propane or propylene present in
product gas mixture 3) at least into the first of the three reaction stages. According to
the invention, the aforementioned propane and propene recycling is advantageously
~ effected exclusiveiy’into the first reaction stage. However, it may also be effected partly
40  (for example to an extent of up to 50% by weight, or to an extent of up to 30% by
weight, or to an extent of up to 20% by weig‘ht, or fo an extent of up to 10% by weight,



an extent of in each case at least 94 nol % better to an extent of in each
case at | epgtse39p nol % better to an extent of in each case at |east 95.5
nol % better to an extent of 30 in each case at |east 96 nol % better to an
extent of in each case at least 96:5 nol % better to an extent of in each
case at |least 97 nol % better to an extéht of in each case at l|least 97.5
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extent of ip each case east 9 etter to an extent of in each
case at |e8%9 99 nol % better to an extent of in each case at |least 99.5
nmol % better to an extent of 35 in each case at |east 99.75 nol % or at | east
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dard pressure (1 bar) is < -30°C (their total portion in the oxidation residual gas is gen-
erally = 70% by volume, frequently = 80% by volume and in many cases 2 90% by vol-

30 ume).

In the process according to the invention, product gas mixture 3 is generally composed
substantially of the acrylic acid target product, unconverted molecular oxygen, propane,
unconveried propylene, molecular nitrogen, steam which has formed as a by-product
35 and/or has been used as a diluent gas, carbon oxides which have been used as a by-
product and/or as a diluent gas, residual amounts of acrolein, and small amounts of
other lower aldehydes, 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. phfhalic anhydride and benzoic acid), and in some
40  cases further hydrocarbons and other inert diluent gases.



These are, as already stated, generally those conponents whose boiling point
at stan- darki5@3%ssure (1 bar) is s -30C (their total portion in the
oxidation residual gas is gen- erally ? 70% by volune, frequently z 80% by
vol une and in many cases -e 90% by vol - 1 O une). In the process according to
the invention, product gas mxture 3 is 'denerally conposed substantially of
t he acryl i cAaording frtbat whitlobsscheenudesoriveer dlete bk exidbion o)cleogas, ingudesane,
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propane an sent r.constituen or ehand
and thus td" %%R?I EOTP H@rﬁ’"?@esél%’ﬁ%rd&g tp the iRueniion b HUEPYRL f ewer secondary
conmponent s i nt othe first reaction stage. In the latter case, there would
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t he process accor ntion_at t poi nt
pr opané and‘”%‘r%ﬁ?ﬁ?% r@i@n@m&ftsgtﬂ’wﬂd?“%ﬁ%?ﬁw%ﬂt "?Hﬁeéﬁ's%h'ﬂt"lt@ﬂ'”g 25 with
subsequent hydsphpbit argamivcdodiens (o 4. peiradecans)dFadisn sbpmbtisremsens ang atlsorp-

hi gh-boi I i 3n, rectification, membrane processes and partial condensation. Preference is given
to performing the separating processes mentioned at elevated pressure.

30  When dehydrogenation catalysts are used which are sensitive toward oxygen or oxy-
~ gen-containing ‘compounds, these oxygenates will be removed from the propane and
propylene before they are recycled. Such an oxygen removai may also be sensible in
order to prevent combustion of propane and/or propylene at the recycle point into the
dehydrogenation stage. The dehydrogenation catalysts of DE-A 19 837 107 are not
35 sensitive toward oxygenates (especially those according to example 1 to 4 of the DE~
A).

Another removal means is offered by fractional distillation. Preference is given to carry-
~ ing out a fractional pressure distillation at low temperatures. The pressure to be em-
40 ployed may be from 10 to 100 bar. The rectification columns used may be columns
having random packing, trays or structured packing. Suitabie tray columns are those
having dual-flow trays, bubble-cap trays or valve trays. The reflux ratio may be, for ex-
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hydr ophobi ¢ organic solvent (e.g. tetradecane). Further separation nmeans are
adsorp- tiqEsgzeatification, menbrane processes and partial condensation
Preference is given to performng the separating processes nentioned at

el evat ed pressure. 30 Wien dehydrogenation catal ysts are used which are
sensitive toward oxygen or oxy-- gen-confhi ning conpounds, these oxygenates
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For - exaap ahd Bladliy Bhe Rl Qi ¥ilifin o836 pBIAFBARAL IR ARG et nec
rectificat PARt ETORMenes | BeseANSHIuEtsYN PRI 58 N eaTBeh PYRR SOAT Semoved 20
and drawn ehfl akb unbenvedpd okydeneandddtiwienanans endtieinel athape@and Ny dn ltleseet-t han t he

boi ling PRt RiIBERAPRLGASa MR Boif A SihttHEN bopYehd aRd | htY¥ndyd he carbon
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et hane and™®°%h the bot- tom constituents having a higher boiling point
t han pedpyl ene and propane nmay be renoved. 25

When, in the first reaction stage of the process according to the invention, a heteroge-

neously catalyzed oxydehydrogenation of propane is employed, a discharge of secon-

dary components other than propane and propylene may always also be carried out

when removals of molecular nitrogen are undertaken as in the documents DE-A

30 19837520, DE-A 19837517, DE-A 19837519 and DE-A 19837518.

The above-described oxidation cycle gas forms (based on the amount of propane and
propylene present therein) the majority (normally at least 80% by weight, or at least
90% by weight, or at least 95% by weight or more) of all C; cycle gases of a process

35 according to the invention, which is why it and the cycle gas streams which comprise
propane and propylene and may be obtained therefrom by secondary component re-
moval are also referred to as main C; cycle gas.

Especially when the acrylic acid is condensed by absorption by means of an organic
40  solvent, generally at least one second residual gas comprising unconverted propane

and unconverted propylene is generally obtained in separation zone A and is likewise

advantageously treated in accordance with the invention as C; cycle gas. Based on
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chemical reaction. in general, it will be crude propane (which preferably fulfills the
30 specification according to DE-A 102 46 119 and DE-A 102 45 585) which also com-
prises small amounts of components other than propane.

In this document, the starting reaction gas mixture 2 for the propylene partial oxidation
to acrolein appropriately likewise fulfils the specifications recommended in DE-A
35 10246 119 and DE-A 102 45 585,

In contrast to the exothermic, homogeneous or heterogeneously catalyzed oxydehy-
drogenation which is forced by the presence of oxygen and in which free hydrogen is
neither formed as an intermediate (the hydrogen pulled from the propane to be dehy-
40 drogenated is pulled out directly as water (H,O)) nor is detectable, a heterogeneously
catalyzed dehydrogenation refers to a (“conventional’) dehydrogenation whose thermal
- character, in contrast to the oxydehydrogenation, is endothermic (an exothermic hy-



25 invention. However, it may also be recycled into reaction stage 1 al ong
t he dehydr 56398t i on conversion, as recommended by DE-A 102004032129. In
this docunent, fresh propane refers to propane which has not yet taken part
in any chemical reaction. In general, (t will be crude propane (which
preferably fulfills the 30 specification according to DE-A 102 46 119 and
DE- A 102 45irag@s)conthustioningy be insluded ins the heterbgeneeusiy catatyzed delipusinegana- ot her
than propatign akR suBbSqUEREEBEENd ih Mbichtfrde BB clISaR/dreyindaformiy btle@stZad or the
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will b wever, the inventive procedure is advantageous

g >_240/g2y/ vol ynme. Ho
especi ?I y Wha %%"%Y'Bﬁyl ene content of starting reaction gas m xture 25 2
is ? 7% by vol une. _

Normally, the aforementioned propylene content will be £ 15% by volume. Preference

is given in accordance with the invention to propylene contents of starting reaction gas

mixture 2 of from 7 to 12% by volume, more preferably from 7 to 11% by volume and

30  most preferably from 7 to 10% by volume or from 7 to 8% by volume. The propylene
content, preferred in accordance with the invention, of starting reaction gas 2 is 8% by
volume.

It is also generally advantageous for the process according to the invention when the

35  molar ratio V, of propane comprised in starting reaction gas mixture 2 to propylene
comprised in starting reaction gas mixiure 2 is from 1 to 4. Preferably, V, = from 1 to
3.5, more preferably from 1 to 3.0 or from 1 to 2.5, and most preferably V4 = from 1.5 to
2.2

40  Itis also generally advantageous for the process according to the invention when the
molar ratio of molecular nitrogen comprised in starting reaction gas mixture 2 to mo-



Normal |y, the aforenentioned propylene content will be s 15% by vol une.

Pref erence PF8633%en in accordance with the invention to propyl ene contents
of starting reaction gas mxture 2 of from7 to 12% by vol une, nore
preferably from7 to 11 % by veolume and ,30 nost preferably from7 to 10% by
volunme or from7 to 9% by vol une. The propyl ene  content, preferred in
accor dance letulér axdygen narepiisedrin siaftingtraadtion gas edxtiieahisdesn 2.t¢ §, @ebehpgbly vol une.

It is also ﬂﬁﬂ%&awsvnﬁﬁyaf&&gwm%n{%téh% al@{d%@aﬁi%r@é@grydfdﬁgsfsqowmwentl on
when the 35 nolar ratio V, of propane conprised in starting reaction gas

mxture 2 to propylene conprised in starting reaction gas mxture 2 is from
1 to 4. Prefuthtabhyre, Vs generallynativandagedus fortbe prosess ascatding fortbennventior3. 0 or
from 1| ]‘Ep Zwian ?@%d@%tl@f/%ﬁﬁél@b&‘ia%x genh E&HD rlselél ik Qtart@}ga'ea&f%n{gfas'nﬁmﬁot )
general Iy adyvant ageous cess_.accor I on. when the
R 4 T S m?@ﬁe;? s ENEBOR T8 i xt ur e
2 to no PF I@fsﬂgm T4 to 2.8cmbeer profeyajinireroipt tosk tl ahe mostiprefengbly &awt 1.610 gds

m xture 2 i& #fgn®mM73o0b0; &1 preferably from3 to 4.5, nore preferably from
3.5 to 4.5 and nost preferably from3.5to 4 or 3.73. Furthernore, it is
general | y advant ageous for the process according to the invention 5 when the

mol ar ré i Poassike inventive statingoiepeiénn arspikiusrs? PeMBAISEr ti ng reaction gas
mxture 2 to propylene conprised in starting reaction gas mixture 2 is from

1.3 to 2.4, f 0 2.2, nore preferably from1.4 to 2.1

and nost prf@%%tﬁp t?yr‘éérfrlimlég%%pg S or from 1.7 to 2.1 or 1.9. 10 Possible
i nventive sftargitad %efafc\tqlldﬁﬁ ghmolsPenewse conprise from6 to 9% by vol une
of propyl erfeom BreOBO%H Byovolffie byprepang@ndof nol ecul ar oxygen, from 6 to 30% by

| | f nol ecul ar ni
wner o VO = TER2 3% b3l OBk I ® 2P O 18 fo 2.4 o

Preferred inventive starting reaction gas mxtures 2 conprise 25 from7 to
9% by vol unghedé propylene, from9.8 to 16% by vol une of nol ecul ar oxygen,
from9 to 25% by vol une of propane and from 35 to 65% by vol une of nol ecul ar

nitrogen, 30 where V, =from1 to 3.5 V2 =from3to 4.5 and
V, =from 110 4,

20V, =from 2 {0 6 and
V3 =from 1.3t0 2.4.

Preferred inventive starting reaction gas mixtures 2 comprise

25  from 7 to 9% by volume of propylene,
from 9.8 to 16% by volume of molecular oxygen,
from 9 to 25% by volume of propane and
from 35 to 65% by volume of molecular nitrogen,

30 where

V, = from1 to 3.5,
V, = from 3 to 4.5 and
V3 =from 1.4 to 2.2.
35
' Very particularly preferred starting reaction gas mixtures 2 comprise

from 7 to 9% by volume of propylene, 7

from 9.8 to 1.5% by volume of molecular oxygen,
40  from 10.5 to 20% by volume of propane and

‘from 40 to 60% by volume of molecular nitrogen,



V3 =froml.4 to 2.2. 35 Very particularly preferred starting reaction gas
m xtures 2 ROAI¥se from7 to 9% by vol ume of propylene, from9.8 to 1.5%
by vol une of nol ecul ar oxygen, 40 from 10.5 to 20% by vol unme of propane and
from40-to 60% by vol une of nol ecul ar ni1 rogen, PF 56390 15 where V, = from
1.5t0 2.5, V2 =from3.5to 4.5 and 5 V3 =from1l.4 to 2.14. The starting
reacti on gaghamexture 2 which is npst preferred in accordance with the in-
vention conprises 10 from7 to 8% by vol une of propylene, from11l.9 to 15.5%
by vol une qf r Ie%\%mxygen, from11l.9 to 15.5% by vol une of propane and
fromb50 to GDorW ' » of nol ecular nitrogen 15 where V, = from1l.7 to
2.1 V2 = fr"eR Bos Aptod.Bandd V3 = from 1.7 to 2.1. 20 In principle, the
acrol ei i copteptmofs ®fR41 ng reaction gas mxture 3, fromthe point of view
of satisfactory space-tine yields, will be z 3% by volunme. However, the
inventive procedure is especially advantageous when the acrolein con- 25
tent of st akhe sigrting ermctiomggmmidirg 2uvhictBisirgost preferaslimastendanceaowith-thegs by

vol une, or vanii&Yeohyrisegl une. Nornal Iy, the aforenmentioned acrol ein content
will be < 15%by volunme. Preference is given in accordance with the
invention to acrolein contents of starting reaction gas mxture 3 of from®6
to 11 %Oby fromn dre 8% wlwnepbprapylend,rom 6 to 10% by vol une and nost

preferably g9 © t6 a539%0by V610 &f MRI2UPYxygehune. | nstead of the 30 nunber
6, 5.5 may .als the af orenentioned acrolein content limts. The
ac- rolein fﬁ"&ﬁﬁé‘%ﬁogg%ﬁ@Y‘%]H'Egroggapﬁ %aﬁ%s m xture 3 which is preferred in
accor dance fian RO ta Be%ibywelkimeoel melequamsytragsinune. It is al so general ly

advant ageous for the process according to the invention when the 35 nolar

ratio %%_of ecul ar oxygen conprised in starting reaction gas mxture 3 to
ac- rolein conprised in starting reaction gas mxture 3is ? 0.5 and <_ 2,
advantageously z | and s 1.75, nore advantageously > 1 and 5 1.5 and npst

advant ageous|¥yfrom 117 a1 <-
V, =from 3.510 4.5 and
V3 =from 1.7 to 2.1.
20 ‘
In principle, the acrolein content of stariing reaction gas mixture 3, from the point of
view of satisfactory space-time yields, will be 2 3% by volume.

However, the inventive procedure is especially advantageous when the acrolein con-

25  tent of starting reaction gas mixture 3 is =2 4% by volume, or =2 5% by volume, or =2 6%
by volume. Normally, the aforementioned acrolein content will be < 15% by volume.
Preference is given in accordance with the invention to acrolein contents of starting
reaction gas mixture 3 of from 6 to 11% by volume, more preferably from 6 to 10% by
volume and most preferably from 6 to 9 or from 6 to 8% by volume. Instead of the

30 number 6, 5.5 may also be one of the aforementioned acrolein content limits. The ac-
rolein content of starting reaction gas mixture 3 which is preferred in accordance with
the invention is 7% by volume. ' |

it is also generally advantageous for the process according fo the invention when the

35 molar ratio V, of molecular oxygen comprised in starting reaction gas mixture 3 to ac-
rolein comprised in starting reaction gas mixture 3 is = 0.5 and = 2, advantageously = 1
and < 1.75, more advantageously = 1 and < 1.5 and most advantageously 2 1 and <
1.25.

40  ltis additionally advantageous for the process according to the invention when the mo-
lar ratio Vs of propane comprised in starting reaction gas mixture 3 to acrolein com-



1.25. 40 It is additionally advantageous for the process according to the

i nventi on Rrebb3Me no- lar ratio V5 of propane conprised in starting
reaction gas mxture 3 to acrolein comPF 56390 16 prised thereinis froml
to 4, preferably from1.5 to 3.5, nore éeferably from1l.5 to 3  and nost
preferably froml1l.5 or 2 to 2.5. Possibl'®g inventive starting reaction gas

m Xt ur es 3pcrembthesan isSrdni oo 4, frefepatBfron NDIodB, mbregquefetabiynirothrioio3 25 or

4.5 to 9% hy Afygﬁf%éwywoﬁppF%rz% gen, from6 to 30% by vol une of

pr opane, from une o nmol ecul ar nitrogen and 10 fromb5 to
15% by vol une of steam Preferred i nventive starting reaction gas mxtures 3
conpri se fRossbk.ibventiv@$tating\reddlior gab naxtuelsa comptflsef rom 2. 75 or 5.5 to 9% by
vol une @gf nol ecul ar oxygen, from 10 to 25% by vol une of propane, from40 to
70% by vol yne of rrgl ecul ar {ja en and from5 to 15% by vol une of steam
20 Very paremthPie Mw@*wre ‘ir%%'ntr ve starting reaction gas mixtures 3
conprise fimon?.85bo4 3% 996 by)wmraeofmlercuﬂaeoxygeﬁr om3 or 6 to 9% by vol une of

nmol ecul ar Q g&, 30%rb§rrbgjg1 5&%@.‘ y vol une of propane, 25 from 50 to 65% by
made

vol ume of e rom7 to 13% by vol une of steam
Accor di ng ﬁgqa;r%}; 4 B' mer W@@F%P@aﬂﬂien a possible starting

reacti dfl gér:omrﬁtdtﬁ%byﬂolarméaist&msr ble starting reaction gas mxture 3, or a
preferred starting reaction gas 30 mxture 2 and a preferred starting

reacti on gas ver artic re ferred starting reaction
gas m xtur r%mﬁﬁéj'rﬂevté’ﬁf?ﬂg?q ?[%{'Eﬁﬁ'ﬁ ?&aﬁgf'%%t. ng reaction gas

m xture 3, are enployed in conbination in the process according to the
oncti gp g oo SRSy A oD Gl | on T The comst i tuents | st o
in theﬁbo%@”ﬁﬁr@ﬁgﬁ 2 /%bﬁ@HrB§°@@P%°@ﬁeoxy§P8f erably s 8% by vol une, nore
pr ef er abl y from S%4olR5% by Mtbrgmamﬂpmpsne,pref erably s 3% by volune of other
consti tuenrnem 4R W@b?@élum@%ﬁ'hrdlébul%frﬁftrfob@ﬂaﬁ@ac'f' on gas mixture 2 and in

starting. re of methane and/or ethane will generally
be <_ 8% b JO $8’n¥5qﬁ§¥ﬁglﬁmois"e@% by volume and typically <. 3% by vol une
ors 2% by volume. Frequently, it will, however, advanta PF 56390

20  Very particularly preferred inventive starting reaction gas mixtures 3 comprise

from 6 to 8% by volume of acrolein,
from 3 or 6 to 9% by volume of molecular oxygen,
from 10 to 20% by voiume of propane,
25  from 50 to 65% by volume of molecular nitrogen and
- from 7 to 13% by volume of steam.

According to the invention, it is favorabie when a possible starting reaction gas mixture
2 and a possible starting reaction gas mixture 3, or a preferred starting reaction gas
30 mixture 2 and a preferred starting reaction gas mixture 3, or a very particularly pre-
ferred starting reaction gas mixture 2 and a very particularly preferred starting reaction
gas mixture 3, are employed in combination in the process according to the invention.

in general, both starting reaction gas mixture 2 and starting reaction gas mixture 3

35 . comprise, in addition to the constituents listed in the above frameworks, < 10% by vol-
ume, preferably < 8% by volume, more preferably < 5% by volume and most preferably
< 3% by volume of other constituents.

The content, both in starting reaction gas mixture 2 and in starting reaction gas mixture
40 3, of methane and/or ethane will generally be s 8% by volume, usually s 5% by volume
and typically < 3% by volume or £ 2% by volume. Frequently, it will, however, advanta-



|

17 geously (both constituents are substantially inert and have favorable
heat conducHFI $390) be ? 0.5% by volume. Particularly advantageously, the
total content in starting reaction gas mxture 2 and 5 starting reaction gas
m xture 3 of .carbon oxides (C02, CO in,the process according to the
invention is 5 5% by volune, particul arl'y advantageously 5 3% by vol une or
2% by vol @eeusly (oadh constitueptsrale sybstantiady jnertfenddiase faverablebeaticondyiigityyi xt ur e
2 conpri sesbes@5%c%p\|;c|u,.;,9 dance with the invention, wth advantage <_ 5% by
vol une of water nt ageously <_ 3% by vol une of water, nore

advant ageously <_ 2% by vol une of “water and general ly 2 0. 5% by vol une of
wat er . The Redlipuaflyaduamiageauslyi thg tg@twnb&ntum@taﬁmgéeaqivaﬂsaymxtw'@oe ancind on the

; IC ég?dgﬁtc 2'5\1;’“éi§|rp1d)?féct4&59é’s MAiktrd 8 oP@érbbﬁ ukuaés Oc% Ofr@e;ﬁb%es@ 2886r ﬁ,tol n
(STP)/1 h or"h%’SP’%”t"’?’H%%f by § qE’Bg f@%ﬁ‘%mdv 9‘?1°” i %"???”J% ? q’é’t bed 2

and on the Yluged cat al yst bed 3 of the particular reactants (propyl ene or
acrolein) is normally ? 70 I (STP)/1h, advan- 20 tageously a 90 | (STP)/I1h

? 120 | P
gcrzlvanta eodé? }ré%%d[ﬁg r@q%;%)l %ﬁé ?@ﬁ%éﬁ-egctgpjgﬁg riﬁggoé:éérrjgﬁs'%ghe?% Eéract ant
hour |y pa@@”%W&Emﬁ '@‘sée"tilpé- with glygniage ST% by Nolume gfayajerc advastageoygp1
(STP)/ I h anrtB%fnyeslunte of afler mof RIvahtageddsiBaths bywdlive dsewated ane gehérally st age
and in the ;@Ecr/dng@ﬁgﬁé g \wskage, the reaction pressure ‘is generally in the

range from0 preéference being given to the range from1l to 3
bar. The tenperature of the fixed catalyst bed 2 in the second reaction
stage i s gdmerrmuty spa@ vietority Bﬁlﬁ dnthd (4d catéipsttbed2earat o e diked batafyisiiest

cat al ysi b%dof:t%hé Baﬁ %\.ﬂallé?ér'il ﬁéﬁ ﬁé& is :h%g&gﬁn&e\ﬂiﬁ{ﬁlel@/fefﬂﬁ &?Qfgr 350C.

When the firs enat| on ane, 1I't may be
carri ed oﬁrtomaé 09 H&QBBQF\@ '@ﬁa)/blﬁ hE’PE?r ogeneousl y catal yzed

oxydehydr ogenati on of pro- 35 pane to propylene with nol ecul ar oxygen in the

gas phase. TFE%oﬁﬁy §5aeafeldity E@tﬂ o?uQHé fifod SRsly é’(%\éd@ea 'Jn thQ‘ﬁ&@d ERLESU

R R O R S@W&\%&?Sﬁ“es
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331. An appra®prli(@iR)ldxygen PF 56390 18 source is air. The tenperature of
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is generally in the range from 0.5 to 3 bar, preference being given to the range from 1
to 3 bar.

The temperature of the fixed catalyst bed 2 in the second reaction stage is generally
30 from 300 to 400°C. The temperature of the fixed catalyst bed 3 in the third reaction
stage is generally from 200 to 350°C.

When the first reaction stage is an oxydehydrogenation of propane, it may be carried
_out as a homogeneous and/or heterogeneously catalyzed oxydehydrogenation of pro-
35 pane to propylene with molecular oxygen in the gas phase. The molecular oxygen
source used may be air, pure molecular oxygen or molecular oxygen-enriched air. Use-
- ful alternative oxyg'en sources are also nitrogen oxides such as NO,, N,Oy, etc.

When the first reaction stage is configured as a homogeneous oxydehydrogenation,

40  this canin principle be carried out as described, for example, in the documents US-A
3,798,283, CN-A 1 105 352, Applied Catalysis, 70(2)1991, p. 175-187, Catalysis Today
13, 1992, p. 673-678 and in the application DE-A 19 622 331. An appropriate oxygen
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30 V. Cortés Corberan and S. Vic Belidn (Ed.), New Developments in Selective Oxidation
| I, 1994, Elsevier Science B.V., p. 305-313, 3rd World Congress on Oxidation Cataly-
sis, R.K. Grasselli, S.T. Oyama, A.M. Gaffney and J.E. Lyons (Ed.), 1997, Elsevier Sci-
ence B.V., p. 375ff or in DE-A 19837520, DE-A 19837517, DE-A 19837519 and DE-
A 19837518. It is also possible to use air as the oxygen source. However, the oxygen
35  source here frequently consists to an extent of at least 90 mol% of molecular oxygen,
and in many cases at least 95 mol% of molecular oxygen.

The catalysts suitable for the heterogeneously catalyzed oxydehydrogenation are sub-
ject to no particutar restrictions. Suitable oxydehydrogenation catalysts are all of those
40  which are known to those skilled in this field of the art and are capable of oxidizing pro-
pane to propylene. In particular, it is possible to use all of the oxydehydrogenation cata-
lysts specified in the aforementioned documents. Suitable catalysts are, for example,
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19 oxydehydr ogenatl on catal ysts which conpri se MoVNb oxi des or vanadyl
pyrophos- [prasgsogi f appropriate with pronoter. One exanple of a favorable
oxydehydrogenation catalyst is a catalyst which conprises a mxed netal

oxi de having Mo, V, Te, 0 and X as essential constituents, X being at |east
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sui tabl e sou of their elenmental constituents and calcining it at
tenperatures of from450 to 1000C. Useful sources for the el emental
constifidents of the general formula may be conpounds which are al ready

oxi des andMgMeqiegiinds whi ch can be converted to oxides by heating, at

| east in the presence of oxygen. These are in particular halides, 40
nitrates, fornates, oxalates, citrates, acetates, carbonates, amm ne conpl ex
salts, am{ofl®m salts and/or hydroxi des. The starting conpounds for
preparing the nul- timetal oxide conposition may be intimately mxed in dry

form Her frang q\haﬁ' aZﬁ'l\ﬁ'@EHle §6390 20 divided powder, or in wet form
for exanple wt r as vent. The resulting nul -

M2 =W, V, Te, Nb, P, Cr, Fe, Sb, Ce, Sn and/or La,

a=05-15
25
b=0-0.5

and

30 x=anumber which is determined by the valency and frequency of the elements in the
general formula other than oxygen.

in principle, suitable active compositions of the aforementioned general formula can be
prepared in a simple manner by generating a very intimate, preferably finely divided dry
35 mixture having a composition corresponding to their stoichiometry from suitable
sources of their elemental constituents and calcining it at temperatures of from 450 to
1000°C. Useful sources for the elemental constituents of the general formula may be
compounds which are already oxides and/or compounds which can be converted to
oxides by heating, at least in the presence of oxygen. These are in particular halides,
40 nitrates, formates, oxalates, citratés, acetates, carbonates, ammine complex salts,
ammonium salts and/or hydroxides. The starting compounds for preparing the mul-
timetal oxide composition may be intimate!y mixed in dry form, for example as a finely
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_ selectivity of propylene formation is from 50 to 98 mol%, more preferably from 80 to
98 mol%, the term “selectivity” referring to the number of moles of propylene which are
obtained per mole of converted propane, expressed as a molar percentage.

35 Ingeneral, fhe starting mixture used in the oxidative propane dehydrogenation com-
prises from 5 to 95 mol% of propane (based on 100 mol% of starting mixture). in addi-
tion to propane and oxygen, the starting mixture for the heterogeneously catalyzed
oxydehydrogenation may also comprise further, especially inert, constituents such as
carbon dioxide, carbon monoxide, nitrogen, noble gases, other hydrocarbons, for ex-

40 ample secondary constituents comprised in the crude propane, and/or propylene. The
heterogeneously catalyzed oxydehydrogenation may also be carried out in the pres-
ence of diluents, for example steam.
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into two gr%rt?ps, into those 35 which are of oxidic nature (for exanple
chrom um oxi de and/or al um num oxide) and into those which consist of at
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6‘% 4A 788 37%ke ubEHuAR e urdcke; ad¥h A, P2 AmpleSTrbning @Bcidnts Wo A 5 430 220,

03/076370, WO 01/96271, EP-A 117 146, WO 03/011804, US-A 3,161,670, WO

01/96270, DE-A 33 13 573, DE-A 102 45 585, DE-A 103 16 039 and from the German

application DE-A 10 2004 032 129.

30
All dehydrogenation catalysts known for this purpose in the prior art are likewise useful.
Advantageously, dehydrogenation will be effected in a fixed catalyst bed.

The dehydrogenation catalysts can be divided roughly into two groups, into those

35 which are of oxidic nature (for example chromium oxide and/or aluminum oxide) and
into those which consist of at least one generally comparatively noble metal (for exam-
ple platinum) deposited onto a generally oxidic suppbrt. Dehydrogenation catalysts
which may be used include all of those which are recommended in DE-A 102 19 879,

: WO 01/96270, EP-A 731 077, DE-A 10211275, DE-A 10131297, WO 99/46039, US-A

40 4788 371, EP-A-0 705 136, WO 99/29420, 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 and DE-A |
199 37 107, and also the catalyst according to example 4 of DE-A 102 19 879. In par-
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exanple in ?‘FH'%erﬂocument and those recommended in DE-A 199 37 107
(especially the exenplary catalysts of this DE-A)) are such that they are
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conbustl on uation
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in conpari sembtydrdriné toléDyrn)o tebieds {poefersblythe same . diremsidriscaspier theraxtrndatesf t he

het er ogeneoysd/yr g&mg@' é}ﬁa%rﬁgemoo@ﬁ&m B5ch ddde tgﬁcﬂy'fﬂam @?@ al |

reactor typ aoce nown, 1.n rior a use De-
scriptions §$"mehgp%'eabyﬁ@&?&‘&ﬁ?iﬂ%f@ﬁ%ﬂﬁﬁm%ﬁfo ‘f%'in”b?é BMi%h i | prior
art docZ@ n8mrg).cited with regard to the conventional dehydrogenati ons and
acconpanyi ng de- hydrogenati on cat al ysts 35 It is characteristic of the

partial het catal yzed dro n ane _that
P bceads. onlTAErH e P sdet FosS Y R e reran daee pelbPEYRY PLOTHTRE or the
attai nment tis ddremestand thdse exomimanded itpBE 18R3ANA7 (espetiblly the aseinplanhas t o
Pﬁ fﬁgm ' 5??’@95’:& Rt BEIA Pﬂrers%@ﬁma@fh@aé?e Blaﬁgb‘l{af & cht ﬁ%otﬁtﬁfeg&@r{}lﬁlnmsgprg/ or
cases. £he Penten 8Ep@aenwé Y e R A L
required frpatition silidtionPresiBe 8otalysts, the hydrogen combustion proceeds very much

more rapidly in comparison to the dehydrogenation of propane.

For the performance of the heterogeneously catalyzed propane dehydrogenation, in

30 principle all reactor types and process variants known in the prior art are useful. De-
scriptions of such process variants are comprised, for example, in all prior art docu-
ments cited with regard to the conventional dehydrogenations and accompanying de-
hydrogenation catalysts.

35 Itis characteristic of the partial heterogeneously catalyzed dehydrogenation of propane
that it proceeds endothermically. This means that the heat (energy) required for the
attainment of the required reaction temperature and for the reaction has to be supplied
to the starting reaction gas mixture 1 either beforehand and/or in the course of the het-
erogeneously catalyzed dehydrogenation. In some cases, the reaction gas mixture 1

40 has to draw the heat of reaction required from itself.



23 In addition, it is typical of heterogeneously catal yzed dehydrogenati ons
of propanePF3@%fg to the high reaction tenperatures required, that smal
anmount s ‘of high nol ecul ar wei ght organi c conpounds having a high boiling
point, up to and including carbon, are %orned and are deposited on the
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t he i nvent comducsectthamghﬁm‘ dehydegehation cattaigst st dleadted tdnsyeratates Higredemeous| y

catal yzed pgy, héﬂuo %@%ng M&’aﬁ’&gFe@ ft Rl M@r&tf&n ifgralsoPane conversion

Is from20 t 30 rm based on sl ng e pass 09 resh propane through the
dehydroge 30 nation). However, particularly favorabl e heterogeneously
cat al y2ed pheteiiabf grurseaaieo tr@qivﬁdlbtﬁg/mfaﬁi:ibga raigture atsteam astl almeduiarfhyt he

process acggy, @h@&tﬁecbrwa%e't%@r&reh%oeér%ted hRRe Pb{éra&ynseué Bﬁat r&mmrf' oned

pr opane con ion | er a- to 55 mol %
and nore pPﬁ (%%'Fﬁlhﬂr?ﬂﬁ”?g tg%hgftgro,gﬁp%us%(nc%tﬁge ﬂ?iht’%i)égfén% @’rpéf"?)n range
i s from 25alsp réfuces thEOQuntekived BEM BN ofedleneeqirdpeaidanen pocbpymaandfaoew!matasoned
propane COBy%F&!u%SPaﬂtlbl dx‘?dafné?-{‘af ﬁ}arsgérpadzéenyth,&w&y isMRe gl REOATOBOUE.Y
cataly 6&??5 ?fe enatlon at a working pressure of fromO0.3 to 10
bar, ad jﬁéb Srp%c PB AYjigd. is also favorable to dilute the propane
to be dehydrogenat ed under heterogeneous catalysis with steam Thus, the

heat ca 40aRagkdnfiaPlalfi®otiBE Gvehiidrik kiat RRERNEESi M tadesPPAki dMb ﬁgtetroB@ ef f ect
of the end%g]uesﬁyr%a?alyged gartlal propane dehydrogenations in which the propane conversion
is from 20 to 30 mol% (based on single pass of fresh propane through the dehydroge-
30 nation). However, particularly favorable heterogeneously catalyzed partial propane
dehydrogenations as reaction stage 1 of the process according to the invention are
those in which the aforementioned propane conversion is from 30 to 60 mol%, prefera-
bly from 35 to 55 mol% and more preferably from 35 to 45 mol%. Another suitable con-
version range is from 25 or 30 fo 40 mol%.
35 |
' For the realization of the aforementioned propane conversions, it is favorable to carry
out the heterogeneously catalyzed propane dehydrogenation at a working pressure of
from 0.3 to 10 bar, or advantageously to 3 bar. It is also favorable to dilute the propane
to be dehydrogenated under heterogeneous catalysis with steam. Thus, the heat ca-
40  pacity of the water firstly balances out a portion of the effect of the endothermicity of
the dehydrogenation and the dilution with steam secondly reduces the partial reactant
and product pressure, which has a favorable effect on the equilibrium position of the



t he dehydrogenati on and the dilution with steam secondly reduces the parti al
reactant afff §638@uct pressure, which has a favorable effect on the '
equi libriumposition of the PF 56390 24 dehydrogenation. In addition, the
use of steam as already nentioned, has ? advant a- geous effect on the.
onstreamtime of dehydrogenation catalys conprising noble netal,

especi al | y dahydiegaratien.dih addifon, dite beegdl steawp aasaalready mesiianesl, hag am aduantaed,
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con- version and dilution. Presence of steamas a heat carrier also becones
noti ceably bdprincipnd, agetersgéncously Retapabd patil propanedetydraa@nativnt functionthg.  Lower
reaction teHP?éa%’éiJEH %9%5 n’?éeﬂ% Earhé’d‘gﬁ[g QR bhEARd ”E@d 9f tht REmEaA ¥ido-Ped
used. Higher reacfion“{enperatures s Bport o ncre_a%e CONVEr si ons, ,
Appr opr i at efEricai: dhthisAse cHeiting rerstinn 98s mixte, 1 ia hpated 9shislibies? {Ptat al yzed
pr opane20 debywtuog ehiadii GO0 &s 70E&cior romES5ade 66090 (fot Bearpple be sirectditiog df thg t o

the inventi ?&réfﬂr#dlnlg%ugﬁﬂtHee@eIsleZo?QdibBaﬁé;?asF%Hh@ th att'ie%%ét 55@5&9&5t bl S
appropri ateey cong iseS nmore than one catalyst bed cat%é%}}m naiﬁt e

dehydr ogena®aciyhIasmepHe it oyl €iga ce'Rvdrem fRRUt 3% Gitg €60 PROFBE P ERY- be from
| to 20, appersipniaat efilytionf Poavelcd of Searons alleeat farden 8sd beddmdsnotieestdyagt opane
conver si 0”5%&{1‘5%&?:%? R @égﬂin‘t Bf view %¥ Sﬁ%giﬁgé% ﬁl@@é?'Llo%eWetaeti%'Wé Fdtf@snumber
of tray$. T ebg%ta ZSt eds are prefera \yhe arrani_%]e I n radial or axi al
successton. SRERIEICHH "a?fﬁ"?%'ﬁtt’i”lﬁﬁog egatyystibedwsed.(Higherpartigp iemPeieRIes use

t he cat al yssupped increadee doaversiohs.a fi xed bed in such a tray reactor. In the
sinmpl est case, the fixed catalyst beds in a shaft furnace reactor are

arranged 40 _ axi al.l r in the annul ar gaps of concentric .cy|indrical grids.
Hovvevgr i tApé(rlcaaq@élyg@gg?lbg%o icationupoint o? vi%w, a heterogeneouély cat)alllylzec&i prlopane g . ! :

dehydrogenation as réaction stage 1 for the process according to the invention will be
30 realized in the form of a tray reactor.

This appropriately comprises more than one catalyst bed catalyzing the dehydrogena-
tion in spatial succession. The catalyst bed number may be from 1 1o 20, appropriately
from 2 to 8, or else from 3 to 6. Increased propane conversions can be achieved in-

35 creasingly readily with increasing number of frays. The catalyst beds are preferably
arranged in radial or axial succession. From an application point of view, it is appropri-
ate to use the catalyst bed in the form of a fixed bed in such a tray reactor.

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

40  axialty or in the annular gaps of concentric cylindrical grids. However, it is also possible
to arrange the annular gaps in segments one above another and to conduct the gas
after it has passed radially through one segment into the next segment above it or be-



to arrange the annul ar gaps in segnents one above another and to conduct the
gas after ARR58889 passed radially through one segnent into the next segnent
above it or be PF 56390 25 Ilowit. Appropriately, reaction gas mxture 1 is
subjected to intermedi ate heating in thg tray reactor on its path from one
catal yst bed to the next catalyst bed Br exanple by pass- 5ing it over
heat exchamgelt. surfaces (e.g. ribs) heated by hot gases or by passing it

t hrough pi pes heated by hot conbustion gases. Wen the tray reactor is

ot herwi se qgperated adi abatical | it is sufficient for Rane conver si ons
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pr opane deﬁ{}' @82’?1‘3?‘?@#"%1%}9&’”%% hegré:agﬁe ed to reaction gas mixture 1 (in
sone cases acconpanied to a mnor extent by propane conversion) (it my

al so begapRpli®eVdrathref éleBrﬁfb SR} duk &l %v@@uﬂlhe@fnté’ﬁﬂﬂlat@héﬂm'g%ﬁrcﬁreéiat al yst
beds in the tr react

Party spechey EalehSRtamabters Fietd, Ajdued Shiotof Hflubriar Gy oy hrisdsed
(exanpl es &f reastignugas roixtuag | sitsen hefdra ddlomisdbreugli thelfssidatalyst hed (ltuﬁm 788, 371,
fUSr 4, 886, |9E§se $irting Fetid? Bas mideure, PsHdub/cbmpdse %déé’c? m%%u@ﬂﬁl ydrSgen)>63, flf i
al ternat | of 98T %weﬁﬁﬁy%{l&ﬁﬁ%mﬁa?’%%ﬁsoé&@s R ?%%nea?'fvsﬁ%a'v ! heat
of rea@bi ohy ihe deyddgehationalatatysds thenmsabes)ytoibsiog beoutsl lintiedrcatboatiorodf t he
het er ogenegistdayilaf Aldb %{ér?ﬂ/hi&h %Oéd?ﬁpr%%BYrﬂjféAGﬁd}?éésorﬁ|xtd?e 4 ﬁﬁéab?éeh%ﬁﬁédﬂﬁr mal
manner (t h& gr 0ss 5%? Ret m Ci %’ ?sisent g‘&aﬁéaﬂz% 80 A%o 2 eI ect ed
resi dence PIEnEUSE OfeRnFIgLgENeRYS L}’a%a yredipg EPEErOgRPICE § H b&8ed,
propane dehggir adpaddo ireactios gas mixtpest (in some cases accompanied to a minor extent
by propane conversion) (it may also be appropriate from an application point of view to
30 insert catalyst beds in the tray reactor which are charged with catalyst which particu-
larly specifically (selectively) catalyzes the combustion of hydrogen (examples of useful
catalysts include those of the documents US 4,788,371, US 4,886,928, US 5,430,209,
US 5,530,171, US 5,527,879 and US 5,563,314; for example, such catalyst beds may
be accommodated in the tray reactor in alternation to the beds comprising dehydroge-
35 nation catalyst). The heat of reaction released thus allows virtually isothermal operation
of the heterogeneously catalyzed propane dehydrogenation in a quasi-autothermal
manner (the gross exothermicity is essentially zero). As the selected residence time of
the reaction gas in the catalyst bed is increased, propane dehydrogenation is thus pos-
sible at decreasing or substantially constant temperature, which enables partiéularly
40 long onstream times between two regenerations (in the extreme case, to ensure auto-
thermicity, it is also possible to only combust propane).



sible at decreasing or substantially constant tenperature, which enables
parti cul ar Ipr gg39gong onstream ti nes between two regenerations (in the
extrene case, to ensure auto- thermicity, it is also possible to only
conbust propane). PF 56390 26 1n general, oxygen feeding as descri bed above
shoul d be undertaken in accordance witR6the invention in such a way that
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catal yst beds in the tray reactor. These internals conprise suitable solids
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as desdPi b&ave faverably. batnot negessarilybagn-avasyrtedbefara flijng in kg snacesbas an
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pane in thé"@a‘%h%ﬁagée%%a‘iu%éﬁ Bﬁ“)‘ﬂéh'ﬁé@@'ﬁi eAndepsgyaoain anghingrehyeleage
starting réaatti on gas mxture | which conprises the propane which is to be
30 dehygrogenated is fed continuously to a dehydrogenation zone, - starting
reaction gas mxture 1 is conducted in ;A1e dehgdro%ﬁ ation zone through at
| east one finESeIogeReQHs Calfaded HIRRANGKERYFrRGRNANED W Sﬁpb?j'éﬁc%ﬁ‘oetaﬁ)érti al ly)
propyl ene aaeof munsdalby be adadized a<dekehpel mgeErat 16111 27 Baslac'ep varientfas
conpri si ng:nmh (@régéq i .aptng reaction gas 35 mxture |
bef ore and/ or g?rltfﬁes?éneﬂt y ?ﬁ??fﬁﬁgﬁﬂgﬁ%ﬁg@%gh on zone, - the nolecul ar
oxygen oxi di zes the nol ecul ar hydrogen present in reaction gas mxture 1
partly25o #teathen wordshbisdebhsrdagapendbn tha praees according to the invention that a

process for the continuous heterogeneously catalyzed partial dehydrogenation of pro-

pane in the gas phase can function as reaction stage 1, in which

- astarting reaction gas mixture 1 which comprises the propane which is to be
30 dehydrogenated is fed continuously to a dehydrogenation zone,
- starting reaction gas mixture 1 is conducted in the dehydrogenation zone
through at least one fixed catalyst bed, over which molecular hydrogen and
(partially) propylene are formed by catalytic dehydrogenation,
- at least one gas comprising molecular oxygen is added to starting reaction gas
35 mixture 1 before and/or after entry into the dehydrogenation zone,
' - the molecular oxygen oxidizes the molecular hydrogen present in reaction gas
mixture 1 parily to steam in the dehydrogenation zone

and
40 _
- aproduct gas which comprises molecular hydrogen, steam, propylene and un-
converted propane is removed from the dehydrogenation zone, and wherein the



and 40 - a product gas which conprises nol ecul ar hydrogen, steam propyl ene
and un- conRES563%0 propane is renoved fromthe dehydrogenation zone, and
wherein the PF 56390 27 product gas vmthdravvn fromthe dehydrogenati on zone
is divided into two por- tions of identi conposition and one of the two
portions is recycled into the dehydroge atlon zone as dehydrogenation cycle
gas (preferably mdactcgaasﬂﬂwt!mwne‘rttm trfe cﬂhadﬂogemtmeaohemdlgasd mtcxlwmmrl) as
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25 from 15 to 25% by volume  of propane,
from 2 to 6% by volume of propyiene,
from 5 to 20% by volume  of steam,
from 2 to 10% by volume  of molecular hydrogen,
from 40 to 75% by volume  of molecular nitrogen, and
30 from > 0 to 3% by volume  of molecular oxygen.

The conversion of propane (based on single pass of the aforementioned starting reac-
tion gas mixture 1 through the tray reactor operated in loop mode) and the ioop cycle
gas ratio (amount of dehydrogenation cycle gas based on the total amount of product
35 gas obtained in the dehydrogenation zone) are selected with a view to the two-stage
heterogeneously catalyzed gas phase partial oxidation of propylene which follows in
accordance with the invention advantageously (for example in a tray ioop reactor as
the dehydrogenation zone) in such a way that the product gas formed in the dehydro-
genation zone comprises unconverted propane and desired propylene in a molar pro-
40  pene to propane ratio of from 0.25 or 0.3 to 0.5 (in some cases to 0.66). At a loop cycle
gas ratio of 0.5, this corresponds to a conversion of the propane comprised in starting



40 pene to rogane ratio of fromO0.25 or 0.3 to 0.5 (in some cases to 0.66).
At a | oop 9({;as ratio of 0.5, this corresponds to a conversion of the
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source for Jififsy. Wﬁ‘d&tlo\ﬁec&{sﬂﬂbéh%%s%rﬁdn@lheCB&'idé%h Bftle bfs mbliafoq¥ e, the
requi renents, of’. DE- 275 shoul’d be observed.” This rehoval offers a

further di soéfﬁﬁ?ﬁbsrﬂ@a?{go'f%? secondary conponents other than propane and
propyl ene in the process according to the invention. 35 Advantageously in
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removed befRffal blidtonti fbpylene to acrylic acid which follows in accordance with the inven-

tion to remove at least a portion of the constituents other than propane and propylene

comprised therein from the propylene-containing product gas of the first reaction stage

30 before it is used as the propene source for the inventive propylene partial oxidation. in

this context, the requirements of DE-A 102 11 275 should be observed. This removal

offers a further discharge means for secondary components other than propane and

propylene in the process according to the invention.

35 - 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 propylene which are
comprised in the product gas of the first reaction stage will be removed before it is used
as the propylene source for the inventive partial oxidation. This is especially true when

40 the first reaction stage is a heterogeneously catalyzed partial propane dehydrogena-

' tion. v



as the propylene source for the inventive partial oxidation. This is
especi al | y frrsgzophen 40 the first reaction stage is a heterogeneously
catal yzed partial propane dehydrogena- tion. PF 56390 29 One neans to this
end which is appropriate for the inventive requirenents consists, for
exanple, in contacting (for exanple by 8nply passing it through) the
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exanpl e,

e subjected agai,n tp.a pressure.sw ng, adsorpti on and/.or, nenbrane
ceoarat ] on ot SPures fordie BaRa bR BrER ol i SRy aoeding b e Moqui roq.
t he hydbogeampanativeexazme 1af the Gemaseapplicaioniddedel0, 20044323 28y, dihecdigbons/ C4
hydr ocar bogssshia Asbflioh AGIBmaycdrisrisalBsI8ERA-hydrdRAEaR SBAERINMES, th ocess 1S
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pressure swisa®headsar ption or a pressure rectification for the 1inventive
pur posseg. Sui t abl e absorbents for the above-descri bed absorptive renoval are
in prinCiple all ab- 30 sorbents which are capabl e of absorbi ng propane and
propyl ene Howevérethednhbydrearbens/G4hbyrrpearbons sarefaiing fagier iBthsRfPEREetmy al so
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absor bent fegq‘?lgr%@?ﬁtrs:o%?%?bgﬁ%gﬁggﬁﬁQ?{_‘%B\l‘%nt which is preferably hydrophobic
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inventive purposes.

Suitable absorbents for the above-described absorptive removal are in principle all ab-
30 sorbents which are capable ¢f absorbing propane and propylene (in the manner de-
scribed below, propane and propylene may aiso be removed from oxidation cycle gas
and then recycled as C; cycle gas into the first reaction stage (and optionally further
reaction stages)). The absorbent is preferably an organic solvent which is preferably
hydrophobic and/or high-boiling. Advantageously, this solvent has a boiling point (at a
35 standard pressure of 1 atm) of at least 120°C, preferably of at least 180°C, preferen-
tially of from 200 to 350°C, in particular of from 250 to 300°C, more preferably of from
260 to 280°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 which préferably do not contain any externally active
40 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 proepane and
propylene. Examples of absorbents include aliphatic hydrocarbons, for example Cg-Coo-
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wei ght. - geously be lowered by rectification and/or adsorption before the use described and
30  suppressed to values significantly below
1000 ppm by weight.

The performance of the absorption is subject to no particular restrictions. It is possible
to use all common processes and conditions known to those skilled in the arf. Prefer-

35 enceis given to contacting the gas mixture with the absorbent at a pressure of from 1
to 50 bar, preferably from 2 to 20 bar, more preferably from 5 to 15 bar, and a tempera-
ture of from 0 to 100°C, in particular from 20 to 50 or 40°C. The absorption may be
undertaken either in columns or in quench apparatus. !t is possible to work in cocurrent
or (preferably) in countercurrent. Suitable absorption columns are, for example, tray

40  columns (having bubbie-cap and/or sieve trays), columns having structured packings
(for example sheet metal packings having a specific surface area of from 100 to 1000,
or to 750 m*m?®, for example Mellapak® 250 Y) and columns having random packing



The perfornance of the absorption is subject to no particular restrictions.
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and have structured packings, random packings or appropriate internals can be used.
30  Preferred conditions in the distillation or rectification are a pressure of from 0.01 to

5 bar, in particular from 0.1 to 4 bar, more preferably from 1 to 3 bar, and a tempera-

ture (in the bottom) of from 50 to 300°C, in particular from 150 to 250°C.

Before it is used to charge the partial oxidation, a propylene source which has been

35 obtained from the absorbent by stripping and is suitable for the subsequent partial oxi-
dation stages may be fed to a further process stage, in order, for example, to reduce
the losses of entrained absorbent (for example separation in demisters and/or depth
filters) and to thus simultaneously protect the partial oxidation stages from absorbent or
in order to further irriprove the separating action between C3/C4 hydrocarbons. Such a

40 removal of the absorbent may be effected by all process steps known to those skilled in
the art. In the context of the process according to the invention, an example of a pre-
ferred embodiment of such a removal is the quenching of the outlet stream from the
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stripping apparatus with water. In this case, the absorbent is scrubbed out
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fresh propfmsh propeeaitreactioststage 1 (férfeamplainphehetardgeeedustyesadajereciquret vy
catal y3ed BESQe dehydrogenation) may be dispensed with fully when this feed of fresh propane is

effected, before the inventive partial oxidation of propylene is carried out, fully into

starting reaction gas mixture 2 or 3, whence it is then added to starting reaction gas

mixture 1 (or generally to reaction stage 1) for, for example, the heterogeneously cata-

lyzed propane dehydrogenation as a remaining constituent in the oxidation cycle gas

35 only after it has passed through the inventive partial oxidation. '

Fresh propane may also be fed partly or fully into starting reaction gas mixture 3 (how-
ever, starting reaction gas mixture 3 is sometimes already not explosive when this
qualification was acfually true for starting reaction gas mixture 2). This is advantageous
40 in particular because an undesired side reaction of propane to propionaldehyde and/or
propionic acid starts in particular from the first reaction stage under its conditions. lt is
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30 pane dehydrogenation) may be dispensed with fully when this feed of fresh
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nonexpl osive in this document. Wen starting reaction gas mxture 2 or 3 1is
nonexpl 0si Meig df Bhigrs@ b8 pRBAbIL &S ali@tHe! 1 op SRt SN pidBENY r¥quitsdli§Sthe phitdssd
formed in the %ourtsiho.f ‘té%e |n|}/§nt{?ve artial oxid tlﬁg"Of%f)rﬂEgl ene (cf. 15
WO 04/ 0074050 dNg P dheinvegiondlvde § IEPHRIOD 935 "WEYTS e BVRYFEARS PresEEh
propane) r dongintien alsorelates tp adetageods embaiimgnisoofttiepionessnadcordingilolthe t o
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enti rety) ?@&‘@ﬁaﬁﬁit ol o Scrlsel s BooddiE P B == ReP R PEL | on
gas mi »bur &18617 es an integsalraddh this apglicalioras described in WO 25

01/ 96170 which forms an integral part of this application. The two-stage
nat ur e of I nventi v r l.ene .partial oxidation.to.acrylic.acid is
based on t HOS AR o Rk B biseley Pafal 9o s ShIARaR £ &
oxi dati on dRsegppo ferdhaidhabelpragenacisly edtellizerogascutiase pestipbendatioocdeds in
principl e iglopyeheIt @EEHS b¥I8 with molecular oxygen proceeds in principle in two successive

30 . steps along the reaction coordinate, of which the first leads to acrolein and the second

from acrolein to acrylic acid.

- The implementation of this fact in two reaction stages opens up-the possibility in each
of the two oxidation stages of adjusting the fixed catalyst bed to be used and preferably
35 also the other reaction conditions, for example the temperature of the fixed catalyst
bed, in an optimizing manner. ~

Particularly suitable multimetal oxide catalysts for each of the two reaction stages 2
and 3 have been described many times before and are well known to those skilled in
40 the art. For example, EP-A 25 34 09 on page 5 refers to corresponding US patents.
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fact in two reaction stages opens up the possibility in each of the two

oxi dation stages of adjusting the fixed %at al yst bed to be used and
preferably 35 also the other reaction nditions, for exanple the
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Particularly advantageous catalysts for the particul ar oxidation stage are
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954, DE-A 103 U(I)3 50 822.

ot e U0 dE e SRS saEvtewgnwgfi%sg@rﬁé%aw afuifred gas
phase part |tla1etal@xmaapmonsmmmoownsmé\ﬂm ®Bigod &eei n, useful active
conpositions are in principle all nul- 10 tinetal oxide conpositions
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conposi t i or‘u'sarlﬁ’fmloﬁ@Eg‘éF\%T a1 695, shermuifingtal oxideactive sampgsitons Af ti\g@e@sraizls and
t he mul ti médradulaexi denadt dMEE-OTHI04E 24804181 the muitineetglendteadctile tompasitidns 11 and
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specified in SO sult or thi's reaction stage are the
mul ti net al aS‘Bk‘f%"é’”&%’F%QPQ%?%“*‘CEt? Bi and Fe which are disclosed in
t he do@Onents DE-A 100 46 957, DE-A 100 63 162, DE-C 3 338 380, DE-A 199 02
562, EP-A k%oi%ﬁ g‘?oct‘hug %%@ Z@%E E’Pe@ g'glg Qg &Es t§1 % glép?%{%g% A 330 00
44, EP-A 57589 A 4356717 g % %f‘ 829 f 197 46
210 (t hos e b Fie WRhera AISFBHSAND ¢ pcumeninDE 1 36098857, RIpAOOES 6% and

EP- A 700 7DE-CB338 m@pDEetsw@lObéBElER}lAa'rS 565, DIEeCM@ﬁIG&r&P-ﬁe&ﬁMBBEm sin
Lhese docuERni 37 037, BENNGS) hegs jBaS u@meiﬂsggﬁq; ss those of
EP- A 12865 (SP-/ %ﬁ% %E i& . ?gﬁ gﬁ ] / §§él cul ar ‘
enphas WA PG &Rt (th[06 &G O&@H@r B ?e% le 1c
from 30 EPER-AR95884 amﬂEELﬁsﬁOO 814 Thaet pjiss mtpmrﬂmllarm@ﬂmreaoémpmm correspondi ng
manner  but gmbodiments in these documents, and among these particular preference is given to
those of EP-A 15565, EP-A 575897, DE-A 197 46 210 and DE-A 198 55 913. Particular
emphasis is given in this context {o a catalyst according to example 1¢ from
30 EP-A 15 585 and also to a catalyst to be prepared in a corresponding manner but
whose active composition has the composition
Mo1zNig sZnzFesBiiPo o0ssKo.0s0x ¢ 10 SiO,. Emphasis is also given to the example
having the serial number 3 from DE-A 198 55 213 (stoichiometry:
M0'1 2Co7Fe;Bin sKo0sSi1 60y} a@s an unsupported hollow cylinder catalyst of geometry
35 5mm x 3 mm x 2 mm (external diameter x height x internal diameter) and also to the
unsupported multimetal oxide I 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 3
mmx3.5mm,orS5mmx2mmx2mm,or5mmx*3mmx2mm, of '
40 6mmx3mmx3mm,or7 mmx3mm x 4 mm (each external diameter x height x
internal diameter). Further possible catalyst geometries in this context are extrudates
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whose active conposition has the conposition

Mo12Ni 6. 5Zipgsgd801Po. 006sKo. 060x 10 Si Q2. Enphasis is also given to the
exanpl e having the serial nunmber 3 from DE-A 198 55 913 (stoichionetry:
Mo, 2Co7Fe3Bi 0. 6Ko. 03Si 1. 60x) as an unsuggorted hol | ow cyl i nder catal yst of
geonetry 35 5 nmx 3 nmx 2 mm (externabadi anmeter x height x internal

di anet er) C"H’cb? eﬁérﬁﬂetléhgttmﬁ 7 RSB RIS &Er TTHIN: I RIrgth ©%inSlR ahb didhaby St
accordi ng I” of DE-A 197 46 210. Mention should al so be nade of

t he rrultlrrét()? Xi de catal ysts of US-A 4,438,217. The |latter is especially
true when these holl ow cylinders.have a georretry of 5.5 Mmx 3 mmx 3.5 mMm

or 5 mMm X A wiitudé dife rﬂDltﬁefHFb%ldé aBﬁUe&oa'ld"@gitto@é sdt@bfe foFthg s??wﬁ(;@ﬁﬁ 3t mn) or 7
rnal di ameter
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35 (for exarrple length 7.7 nmand dianmeter 7 mm or length 6.4 mm and

di anet er mmg,@:egxﬂcxﬁdxqﬁ@fopf the nultinmetal opyde active conpositions
sui tabl e for the step from 5 propylene to acrolein can be enconpassed by

the general fornmula IV Mf2Bi aFebX1cX2dX3eX4fOn (1V) in which the variabl es
are each déT whieh thesvariables\ese eadpdelined apfdlews: and/ or cobalt, X2 = thal lium
an al kabi nmetal and/or an alkaline earth netal, X3 = zinc, phosphorus,

arsenic, bqnaqn, cerium Iead and/ or tungsten, X = silicon,
al um num ?{tannﬁcgng'aéﬁgln%rcoééipcom um 15 a =from0.5to 5 b =from0.01 to

5, preferabfy f thakium, @ akali neetal andiman aﬂ@‘"l@eafﬁ‘r oetlably from3 to 10, d =
from0 to X =preferpisphéiuerarberie, Hotor? anffiomy, tinf depom) idad aBd/optefgetemh! y from

0 to 5, éafrequendyt?ﬂjgﬂjg‘t"ﬂnﬂamum FHHQP&‘&]@?' ch is determ ned by the

val ency _an e ele s in ot her than oxygen. 25 They are
obtaindBle in a manner known per se (see, for exanple, DE-A 4 023 239) and
are cust omar k£l y frehapetb 6n subst ance to give spheres, rings or cylinders or

el se used i “ﬂ%w (?Emoo‘fs p?&@ g/fp&ﬁgl gts i.e. preshaped inert support

bodi es coat ed vvlt e active oSi |on They may of course al so be used

as cat al ysts=i n ROV 1S ereferably f"°H‘ pt3 Hi pl e, active conpositions of the
general fodmal afroM G, lpeefprablydroed0i02 ta2si npl e manner by obtai ning a very

intinmabg, Rref ershl yidd prékraBlyHigied slsy nixture having a
f = fromOto 10 and
n = anumber which is determined by the valency and frequency of the elements in
I\ other than oxygen.

25 They are obtainable in a manner known per se (see, for example, DE-A 4 023 239) and
are customarily shaped in substance to give spheres, rings or cylinders or else used in
the form of coated catalysts, i.e. preshaped inert support bodies coated with the active
composition. They may of course also be used as catalysts in powder form.

30 In principle, active compoesitions 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 fo 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 exampie mixture of inert gas, NH;, 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 |V are those compounds which are already oxides and/or those

40 compounds which can be ¢onverted to oxides by heating, at least in the presence of

. OXygen.
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assi st ant s canghosiiombp compactmgéntie dasirbd astalyst 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. Examples of

30 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 unsupporied catalyst

can of course also have spherical geometry_, and the spherical diameter can be from 2

to 10 mm. ' '

35 _
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.

The pulverulent active composition or its pulverulent precursor composition which is yet
40 to be calcined and/or partially calcined may of course also be shaped by applying to

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

coated catalysts is generally performed in a suitable rotatable vessel, as disclosed, for



Ly PR oP Sl adiie Yohts e Aoy dlidus i B SR

m crofi bers of glass, asbestos, sili.con carbide or potassiumtitanate.
Exanpl es of Pﬁﬁﬁgﬂﬂ tabl e unsupported catal yst geonetries include solid
cylinders or hollow cylinders having an external dianmeter and a | ength of
from2 to 10 mm In the case of the hollgw cylinder, a wall thickness of
froml1l to 3 mmis advantageous. The unsupported catal yst can of course al so
have spher i @@mpedyRE-H 2 06T hEPsHRES iB6alr BPaEt4r0& div deat fheeupgortt o 10 nm

35 A parti cddid, mé‘@awealebr% E'QﬂdrPth%YElg el fs ABRIRLLY ﬂné.séngabﬁd%naan X 2 mm

t | d t f
(extor nal Sl Sh apelcatR or TS Prieats of o S Soaig Pighnest of B8 ©8€ ©

pul ver ul ent pgwdet gpmpositemarmiied othewupport bedyierpaoptiatelysetestad within thed/ or
partial ly Cn%h TS w 1@6099%:%&91%5@%% HBIRSE PO BORS BOO I hd MbRshaped
i nert catal st%{pglq 2 coa é&%ﬂ%ot he support bodies to produce the
coated cat a r? oly withip %?'éﬁnlg? rBE‘r iH"a suitable rotatabl e vessel, as
di scl osed, for PF 56390 37 exanple, by DE-A 2 909 671, EP-A 293 859 or EP-A

714 700. T0U§é¥altsub|3&t ﬁ'lém?%lstarebl@bt%ﬁéomé ommhoﬁwm%ammm sx.a@s applied
i s appropri at ely |l cat. hon Li|or exanpl e
[0) |

appl i ed1@ o mBgnesiym etieaty gogluminuap pificaie.i Thexiognerallebelayesiubsirntially énestiy ange
from10 to \ﬂtﬂoﬁégﬁfﬂtoﬂﬁ@fa‘?éé!bééthﬂhbhwmdhhﬁe FItESs édscsuﬂanﬁ@tdmemnmn gnd nore
preferably lg\ﬁzseg' Phég-'%g#)ﬁ,?gﬁf 5’59[8@3%?%%?% %Hﬁ)&% r| als are

the customary "porou icon “t hori um
di oxi de, zi 'FWGW%U@EW@@PQ@I $'-IP@©H b@d'leﬁlhé‘én@F’lsﬁmtlséé@‘@sm%'&mﬁséstf 10

magnesi um sglampké Spharebriblion Tyiiidets: Sukabld BaypdEstiedl dry shisdtameligubst anti al |y
I nertl yqqu trhbr{pSHa%dan%gE 'F%%Fm&%pﬁ%%gﬁé&%gor@m%% SPstES*tﬁe o AIbRLE Aanfiidi IS ding to

the i nvent o) Ug( I rregul ar
shape, al t H&RIGH tpIBMEP ORERS My pﬁfeablwffpm é@%ﬁ@amynga\ﬁécp abisSHPPYbdI es
havi ng di sthotids are afsacglindangivhesslengtalis frenianpl1@ rephexieshose ektermalw cyl i nder s.

Sui tabl e Sucﬁ%&%{e{ Fé%n‘?it@ﬁ@nﬁHQﬁE@é‘&éﬁ%'dem%ésmgi%% %Eéorgéwef@ﬁ%éoughe”ed

spherical su S made 10 rmor to
8 mm pref e‘F“éFtﬂ“?”?FéHPQPW bpdiesyifie wallibickpessdy pleg iyricadly Fpoy 1 to Hm- O8I al so
cyli ndexts véuppert bedigs to bes udadomittPpreferdiiterimaacudavivassthetke @nveafion kbiveret er i s

from4 to 30, iMaf frmt ﬁqeaﬁ’fextreH}?ﬁaaﬁ’hé‘tér%?lfrﬁnq'tf‘toaé: m%gﬁraW‘tlf gknf%rgom 1 to

ckness 1s i.cal

i nvention as Su
4 mm  Annul® QBP%%BB'H “@Bﬂfti@g'ﬁﬁSﬁ'éat\fs@c?cﬁﬁ’rfjﬁmﬁ?r@'abﬁ@d@@“ﬁ'ﬂ”a iBr dance
with the i rpmmmanralshamsaf geamegfnh? ofm kr3anm2x 4 onrd (erternalrdiaxreter mdgngth anet er of

fSL?{“aﬁl tOI ﬁnt@?ﬂa@? n%té’?‘?l'ﬂhetfmbﬁé‘é%f'oz\?henﬁtaggt’d&w dcth@ o%d%”&o Eﬂ@ﬁ% ;sobééjo r: ﬁ;s of
Geonet 3 7 SRS S RSSO L tdoke PP e dasied Fraing
di anet er) . thickndssiefnERsA Bf4 T0B. catal ytically active oxi de conpositions to be
25 applied to the surface of the support body is of course adapted to the
desired Coa}\tlllhlﬂl%etal oxide active compositions to be used for the second reaction stage are also
compositions of the general formula V

30 _

[Y‘{a'Yzb‘Ox']p[Yac'Y4d'Yse'st'Y-fg'Yzh, Oy']q (V)

in which the variables are each defined as foliows:

35 Y'= only bismuth or bismuth and at least one of the elements tellurium, antimony, tin
and copper,
Y? = molybdenum or molybdenum and tungsten,
- Y® = an alkali metal, thallium and/or samarium,

Y* = an alkaline earth metal, nickel, cobalt, copper, manganese, zinc, tin, cadmium
40 and/or mercury,

Y® = iron or iron and at least one of the elements chromium and cerium,

Y®= phosphorus, arsenic, boron and/or antimony,



t hi ckness (cf. EP-A 714 700). Multinetal oxide active conpositions to be
used for t e 58390nd reaction stage are al so corrposi tions of the general
formula V 30 EYla' Y2b' Ox7 1P[ Y3c' Y4d' Y5e' Y6f' Y7Q' Y2h, y }a (V) in which
the variables are each defined as follows: 35 Y = onIy bi smuth or bismuth
and at |least one of the elements tellurd®m antinmony, tin and copper, Y2 =

m)lj}/bdenumyér_ féﬂbbé@b@!h%@ﬂﬂténﬂiﬁﬁ%tr@cﬂ?umY@oblumntaﬂtdf@rl rhBBiUA, {uthé’tﬂuhl um
and/ or samariu | ear e opper,
manganese, zi ngp‘“fﬁﬁﬂ 'ngﬁi"g [u%g‘ug}u?)a&'m 388} l'g% g’g"?“%@ﬁ'l“ I,eag‘r gﬁ and at

| east one of t Weorkimeansherairaniu®ni um and cer | um Y6 phosphorus, arsenic,
boron and/ or antlm)ny 1 PF 56390 38 Y' = a rare earth netal, titanium
zi rconi ym ni o ig\qn alum rhenium ruthenium rhodium silver, gold,
al um nugh Fal'l i@ | P m silicon, germanium |ead, thorium and/or
urani um 5basF ﬁmun@mtcmo,to 8, b =from0.1to 30, ¢, fromO to 4, d, =
fromO to %O,_ fr%mé{o >0 to 20, 10 f, fromOto 6, g, fromO to 15, h' = -
from8 to nurrbers whi ch are determ ned by the val ency and
frequency 6f tl‘ff@ﬁefpt@r@ats in V other than oxygen and 15 p,q = nunbers whose
p/q ratio igs=f KM Dplo b@ 10, conprising three-di nensional regions of the
chem cal corrp05| tion Y 2Y2b-0Ol. which are delinmted fromtheir |ocal
envi r onffent’ owi rﬁ@"QB’Q heir different conposition fromtheir | ocal
envi ronnen ==a|ﬁdnwmn>sﬁs maxi-mum di aneter (longest direct |ine passing through
20 the center_ ? té]F Léi‘gl on and connecting two points on the surface
(interface}' "PHREC 19 gion) is froml nmto 100 pm frequently from 10 nmto
500 nm or Txr,wrﬁ humiretsonttich are deggrmimad Bathe ivelehey ayd fretywentyngetbaslémandain ve
nul timetal oxide/ &REMASH bkyRRH a¥dar e those in which

15  p,g = numberts whose p/q ratio is from 0.1 to 10,

comprising three-dimensional regions of the chemical composition Y*,Y?, Oy which are
delimited from their local environment owing to their different composition from their
local environment, and whose maximum diameter (longest direct line passing through

20  the center of the region and connecting two 'points on the surface (interface) of the
region) is from 1 nm to 100 um, frequentty from 10 nm to 500 nm or from 1 um to 50 or
25 um.

Particularly advantageous inventive multimetal oxide compositions V are those in which
25 Y'is only bismuth.

Among these, preference is given in turn to those of the general formula Vi

[Bia”zzb"ox”]p” [2212230”24(!"[: ee”zsf“zsg”zvh”oy“]q" (Vl)
30 | |
in which the variables are each defined as foflows:

Z*= molybdenum or molybdenum and tungsten,
Z® = nickel and/or cobalt,
35 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, '
Z" = copper, silver and/or gold,

40

= from0.1to 1,
b = from 0.21t0 2,
- ¢" = from 3to 10,



25 Y is only bisnmuth. Arong these, preference is given in turn to those of
t he general P¥(553|Qﬂa VI [ BiaZ2b' OK 1p [Z212Z3cZ4d, , Fee' Z5r 26927 h. Oy.]q,

(VI) 30 in which the variables are each defined as follows: Z2 = nol ybdenum
or nol ybdenum and tungsten, Z3 = nickel and/ or cobalt 35 Z4 = thallium an
al kali metal and/or an alkaline earth ma3t phosphorus, arseni c,

boron, antidoryfromiOi2 fo i um and/ or | ead, 26 = si licon, alumnum titanium

and/or Zi I’CQ'nl:meé7o1—toG:)OB%rabiglﬁlom1%1§/0I’ gold, 40 a" =from0.1 to 1,
b" = from0,2 t rom3 to 10, PF 56390 39 d* = from0.02 to 2, e"

- from 0. 01 t® Somﬁrtgt%erablyfromo 1to3 f' =from0Oto5 g" =fromO
to 10, 5 hy = foMio 100 1, x",y" = nunbers whi ch are det erm ned by the
val ency gandpf r-_-.e[%fe@qwof the elements in VI other than oxygen p q =

nmb whose.,.p"/ q" f
o very paf v 2 sl b e S0 00 G PR 5 ek B0 e o
Z2b' (t ungst enVllwtherdarzexyggn= (nol ybdenum 12. It is al so advant ageous when
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100 nol 99 of the total proportion of [Yla’ Y2bOX-]1P ([ Bi a' 22b’\0< ]p-) of the

15 mul timetal oxide compositions V (rrul timetal OXI de conposi tions V1)
sui t abl B i nargbysoy gaticanpreferense is givemtd thase cormpesitians Ml inewvhich oxi de

conposi ti ong? \ (iRgstdnBhad Z9XEdRolybsm@sit i ons VI) suitable in accordance
with the invention is in the formof three- di nrensi onal regions of the

chem cal conposition YlaY2bOx [Bia"Z2bOx- (1/ which are delinited fromtheir
| ocal envi rlbterRish adyaniageews whes at least 26 mait (sreéerabliiat PRl MOl% ANG0MF? om

t hei r | ocal prefavailpateadt 108 AshiwnostBe tal proporiorRofYEIY 1.6, ]| NBILEE,.O,aM06f the om 1
nm fSO 0 rﬂ[ﬁn \é[atl QXIB ﬁoélﬁoqtsl\yaEﬁ@ﬁﬁ%%&?gm&@g?r%f%t%ﬁg MI) ssﬂ?gig uﬁ or t he

rrult e conp

conposi ti OrAOORSNES yvﬁtt e pwenting inihe e slahorie PRIRaSHONE (@wlta@etabw%
conposi t i onsompdsiiode ¥hrsubsisle if ycorieat®ith theinvention is in the form of three-

dimensional regions of the chemical composition Y'yY?%,0, [BixZOx] which are
delimited from their local environment owing to their different chemical composition

20  from their local environment, and whose maximum diameter is in the range from 1 nm
to 100 pm.

With regard to the shaping, the statements made for the multimetal oxide co'mposition
1V catalysts apply to multimetal oxide composition V catalysts.

25 '
The preparation of multimetal oxide active compositions V is described, for example, in
EP-A 575 897 and also in DE-A 198 55 913,

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

For the third reaction stage, the heterogeneously catalyzed gas phase partial oxidation
of acrolein to acrylic acid, useful active compositions are, as already stated, in principle

35  all multimetal oxide compositions comprising Mo and V for the required catalysts, for
example those of DE-A 100 46 928.

A multitude thereof, for example those of DE-A 198 15 281, can be encompassed by
the general formula VI
40
Mo 1,V X XXX XX, 0n (VIE)



EP- A 575 897 and also in DE-A 198 55 913. The inert support materials
recomendegradggeg are al so useful, inter alia, as inert 30 materials for. the
dilution and/or delimtation of the appropriate fixed catal yst beds, or as
a prelimnary bed which protects themand/or heats the gas mxture. For the
third reaction stage, the heterogeneous#) catal yzed gas phase parti al

oxi dation Ofyhidh e @riablel a?&éé(éH @efrﬂEHGs fdipREul active conpositions are, as
already stated, in principle 35 mul ti metal oxide conpositions
conprising M and V for the requi red catal ysts, for exanple those of DE-A
100 46 928X'A& MM, {Tad6r and/peGé, for exanpl e those of DE-A 198 15 281, can
be encorrpas@e.d Ni, i Feemaraab/of ghul & Vi1 40 MI12VaX1bX2eX3dX4eXsf X6gO'
(VII) I;JE 0d40 in which the variables are each defined as fol | ows:
Xi = w5 M&or ce, x2 = cu, Ni, Co, Fe, M and/or zn, 5 X3 = Sb
and/ or Br , X)‘(E ﬁn@@érr@re alsalemataleal i netals, X5 = one or more al kal i ne earth
rret al's, X&5= Bhe oPAmord bikaMd/@ithAetalid0 a = from1l to 6, b =from0.2 to 4,

c = from 0. romO to 40, e =fromO to 2, 15 f =fromO to 4,
= from O’&E %(ﬁgn-a aﬁrd/org 'nunber which is determ ned by the val ency and

frequency of the elenments 1in VII other than oxygen. 20 Enbodi nents which
are prapered K@anArfos dance with the invention anong the active nultinetal

oxides VI .are r%nfigté(\%' ch are enconpassed by the follow ng definitions of
t he vari abl'es (f) neral formula VII: X =W Nb and/or Cr, 25 X2 = Cu,

Ni, Co andfoF lffém05($0188b X4 = Na and/or K, XS = Ca, Sr and/or Ba,
d = from0to 40,

= fromOto 2,

= fromOto4,

= from O to 40 and

= a number which is determined by the valency and frequency of the elements
in V1l other than oxygen. -

15

S Q@ ™ o0

20 E_mbodiments which are preferred in accordance with the invention among the dctive
multimetal oxides VIl are those which are encompassed by the following definitions of
the variables of the general formula VII: '

~ X'= W, Nband/or Cr,

25 X*= Cu, Ni, Co and/or Fe,
X® = Sbh,
X*= Na and/or K,
X®= Ca, Srand/or Ba,
X% = Si, Al and/or Ti,

30
a = from1.5to05,
b = from 0.5to 2,
¢ = from0.5%0 3,
d = from0to 2,

35 e = from0to0.2,

f= from0Oto1and

n = anumber which is determined by the valency and frequency of the elements

in VIl other than oxygen.

40  However, multimetal oxides VII which are very particularly preferred in accordance with
the invention are those of the general formula Vili



X6 = Si, Al and/or Ti, 30 a=froml.5to5 b =from0.5to0 2, ¢ =from
0.5to0 3, pmFseFogom 0 to 2, 35 e = fromO to 0.2, f =fromOto 1l and n = a
nunber which is determ ned by the val ency and frequency of the elenents in
VIl other than oxygen. 40 However, nmnultinetal oxides VII which are very
particularly pr.eferred in accordance wi #h the invention are those of the
gener al forrrula|\)|6 \PFY25§§9®041 quVa Y1b' Y2cY5rY6eg' Of (VIIIl) where 5 Y1
= Wand/ or Nb, dr 'Ni, 5 Ca and/or Sr, Y6 Si and/or A, 10
=from2 to 4, b froml to 1.5, c¢ =fromlto 3, f = fromoO to 0.5
g'= fromOwher8 and 15 n' = a nunber whi ch' I's determ ned by the valency and

frequency of the elements in VIII other than oxygen. The nulti netal oxide
active Mﬂ ) gV‘jl) which are suitable in accordance with the
|nvent| ﬂ BPe’in a manner known per se, for exanple disclosed in.

20 DE-A 43 5 @L&ir@ﬂorlm EP-A 714 700. In princi ple, nultinetal oxide active
conposi ti ons =s\@d sh& gror the "acrolein - acrylic acid" step (the third

reaction stgage ecially those of the general formula VII, can be
pr epar ed |hﬁ ?%‘?’g ’&anner by obtaining a very intimate, preferably finely

di vided dry 25 m xture having a conposition corresponding to their

st oi chi1grretary o2 (g4 t abl e sources of their elenental constituents and
cal cini ng ?r He{rﬁae{igt ures of from350 to 600C. The cal cination may be
carried ou R inert gas or under an oxidative atnosphere, for
exanpl e ai € '\‘mfrﬁfm?@%f I nert gas and oxygen), and al so under a reducing
at nospher e f(f ofrog¥@fyd.8 M xtures of inert gas and reduci ng gases such as ‘30

H2, NH3, C@ mﬁlbn‘aé'l&‘) @qué or acrolein or the reduci ng gases nenti oned

t hemsel ve
n'= anumber which is determlned by the valency and frequency of the elements

in VI other than oxygen.

The multimetal oxide active compaositions (V) which are suitable in accordance with
the invention are obtainable in a manner known per seg, for example disclosed in
20 DE-A 43 35973 orin EP-A 714 700.

In principle, multimetal oxide active compositions suitable for the “acrolein — acrylic
acid" step (the third reaction stage), especially those of the general formula VII, can be
prepared in a simple manner by obtaining a very intimate, preferably finely divided dry

25  mixture having a composition corresponding to their stoichiometry from suitable
sources of their elemental constituents and calcining it at temperatures of from 350 {o
800°C. The calcination may be carried out either under inert gas or under an oxidative
atmosphere, for example air (mixture of inert gas and oxygen), and also under a
reducing atmosphere (for example mixtures of inert gas and reducing gases such as

30 Hj, NH;, CO, methane and/or acrolein or the reducing gases mentioned themselves).
The caicination time can be from a few minutes to a few hours and typically decreases
with temperature. Useful sources for the elemental constituents of the muitimetal oxide
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

35 presence of oxygen.

The starting compounds for the preparation of multimetal oxide compositions Vil can
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
40  to calcining after mixing and, if appropriate, compaction. However, preference is given
to intimate mixing in wet form.



The calcination tine can be froma few mnutes to a few hours and typically
decreases PFsB3genperature. Useful sources for the elenental constituents
of the multinetal oxide active conpositions VII include those conpounds
whi ch are already oxides and/or those conmpounds which can be converted to
oxi des by heating, at least in the 35 prd@sence of oxygen. The starting

conpounds s lhgpiBIgRABNE LY AxiRg tHELEtAHIAB b8t pSUH ddaithiASHROMotHP Bth¥lfbrneam  be
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or its pulverulent precursor conposition which is yet to be calcined can of

e ar i SoTREUERABR Ve ERRAYIIHIA o s BLREAAR Brdclich cfApabiich wiith RUBPOT LS.
T s ol "o 2k chiinet <BR ok baiisd &igh £° SRRt PRI H e SlErgn L URLAYS or
exanpl &5 bﬁumor-tsﬂﬁe eosting Ak the Empmmﬁiesw p@pat&yth_El@a@tgd tatahd.is _@enenaﬂu t he
support bocﬂe%rmé&‘ﬁ aoé?.}ﬂgﬁié_ rSRERRSIdss8Na Qisa_@s&f? %r'e?@m'pfe, %? BER DI gtiged M .30

g})ir?t‘erﬂgd aéﬂA'Z%S%%'Q%?b?%?—"—R??Et?SB._appl | cation, for exanple by neans of hot

_ To coat the support bodies, the powder composition to be applied is appropriately

30 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
from 50 to 500 pum and more preferably within the range from 150 to 250 ym.

35 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

~ irregular shape, although preference is given to regularfy shaped support bodies having
distinct surface roughness; for example spheres or hollow cylinders with grit layer.

40  Suitable support bodies include substantially nonporous, surface-roughened, spherical
supports made of steatite, whose diameter is from 1 to 10 mm or to 8 mm, preferably
from 4 to 5 mm. In other words, suitable spherical geometries may have diameters of



coating thickness of the powder conposition applied to the support body is
appropri at ey 5689ected wthin the range from 10 to 1000 pm preferably
within the range from50 to 500 pm and nore preferably within the range
from 150 to 250 pm 35 Useful support materials are customary porous or
nonpor ous al um num oxi des, silicon diod3de, thorium dioxide, zirconium
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the case. dPEEIRRLE éqhgg B SO Quboltolle o PRk dhabBo M AR s ool
from1l to 40#Hg J ﬁ?pibé’ﬂf’f 788Mi es to be used with preference have a
length@f from2 to 6 mm an external 5 dianmeter of from4 to 8 m"nand a
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particular rings meter” x | ength
X internal aFdhsarte thrrqahé‘3 ipreplage) AP alsecormeaitions efdhe genrral foenigaille

conpositions to be applied to the surface of the support body is of course

~adapted to the desired coating tEBr@EEess (cf%)é)EP-.A 714 700). 10 Favorable

mul tinetal oxide active conpositi 0 be used for the "acrolein -> acrylic
aci d" s1t5ep (the third reaction stage) are al so conpositions of the general
formul a- 1 Xin WBlgpthd garidbis k6 enth dbfiredl dsliellowar | abl es are each defined as
follows: D M12Va"Z' b" ZZceZSd Z4e ZSr Z1g"OX* E = Z'12Cuh-H .0y , 20 22 W
Nb, Ta, Cr and/ or Ce, Z2_= Fe, Mh and/or Zn, Z3 = Sb and/or Bi,
Z = Li. NaPK TRo, WeuNudkdre %Ze%azss% Ca, Sr and/or Ba, 25 76 Si, A, Ti
and/ or Zr, Z7 = Mo, ZWCWH,0p, and/ or Ta, preferably M and/or W a" = from1l

to 8, 20 z' = W, Nb, Ta, Crandfor Ce,

Z® = Cu, Ni Co, Fe, Mn and/or Zn,
zZ¢ = Sb and/or Bi,
AR Li, Na, K, Rb, Cs and/or H,
Z° = Mg, Ca, Srandor Ba,
25 728 = Si, Al, Ti and/or Zr,
' FARE Mo, W, V, Nb and/or Ta, preferably Mo and/or W,
a = from 1 to 8,
b = from 0.2 to 5,
30 ¢ = from 0 to 23,
dr o= from 0 to 50,
e’ = from O to 2,
' = - fromQ0to5,
g = from O to 50,
35 h =  from4io 30,
"= fromOto 20 and _
Xy = numbers which are determined by the valency and frequency of the

elements in IX other than oxygen and
numbers other than zero whose p/q ratio is from 160:1 to-1:1,

P9
40 _
and which are obtainabie by separately preforming a multimetal oxide composition E



b' from0.2 to 5 30 c" =fromO to 23, d" fromO to 50, " e" =fromO to
2, f' fronPB568®, g" = fromO to 50, 35 h" = from4 to 30, i" = fromO to
20 and x,y nunbers which are determ ned by the val ency and frequency of the
el enents in | X other than oxygen and p,qh- nunbers ot her than zero whose p/q
ratio is from 160 1to 1:1, 40 and whi are obtai nabl e by separately
prefornmng a mJthg(}mHaﬂ)y oxi de conposition E PF(B6390 44 Z'|2Cuh-,H)"Oy' (E)
in finely divided form(startl ng conposition 1) and subsequently

i ncorporatin d. solid startjn ositjon 1 in agueous
ol ut | on. o taEcBE-Eogn GHnES srmaeiian b o RORERp ol Radaote fsc ur oo
sources of mrla@rmbéaelnt staitibg cnp@sitiorzR into Zaadyed's sollontsncddyueondr i ses t he
abovenens i of)adeRdiENBNLS, éfhélﬁ‘&v@é@ﬂ%&f{ﬁé Bi’sdarcé\é[)cﬁf%el@ﬂa'éﬁ%]m@aﬂ@ezz rZ8g'

T B g L M e

conposi tion before or after drying at tenperatures of from 250 to 600C to

gi ve the desi re[qo&atznl z Iz ggopeyey. Pr eferenceém)s given to the nultinetal
oxi de conp05|t|ons i ch 't he preformed 15 solid starting conposition 1

IS incor por at ed into an a%ueous starti ng corrp05| tion 2 at a tenper ature of
< 70C. W defstartingdcatennsitiop ) drthe desiras! gia egsior devingrihe Aaneausimistuss woieh deay

conposi ti onreWi, %H@bm thé réitingidAe Prechi@br SorasaRitRNn befor&Br Atdtaftying4t DE- A

ora oS e hRR ?’H%%Q et ¢§7vr?§8%‘3’?8fedt%%ﬁ?%%§ V ontde T

conposition VII catalysts apply to nultinetal oxide conposi t lon I X
cat al ysts. Mafdremaetiaives tsletaliihy¥il sxiadtshpayitng UX 1 whidh B preuntabl e for

the " |

e 56 Al SRR b S
fornul a | ot\emtpﬁf Uré@éﬁr?grﬁ; A@\?&?ﬁ@%ﬁ?ﬂﬂ WOftE'ﬁ]@'@ﬁB@t'P@z&f'@éﬁ*ﬁl%lox‘tdlangs are
used for thengicstioh M oatalyeR)d entaihed, fa:c:éxalnqjlm irnBEH-A 668 ¢04, CH-Al1PFt36r1085gs f or

the step frgm Aaﬁtﬁiéeéihtdéﬁcl@)‘lzlgq',g%%'ng Q.,‘glge%sl%l enentation of the second
y

reaction stage, e partial oxidation propylene to acrolein, may be
carried out in a single-zone nultiple catalyst tube fixed bed reactor wth
the catdl ysivih cermed tdtad shéming, eastateendnigimide €t ties miultiynetal okidb eolmpoditien

reactors; apgcatalysts apply to multimetal oxide composition [X catalysts.

Muitimetal 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
25 compositions of the general formula | of this document.

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

30 The implementation of the second reaction stage, the partial oxidation of propylene to
acrolein, may be carried out in a single-zone multiple catalyst tube fixed bed reactor
with the catalysts described, for example (quite generally in tube bundle reactors; ap-
propriately from an application point of view, the number of catalyst tubes accommo-
dated in the tube bundle reactor is at least 5000, preferably at least 10 000, frequently

35 from 15000 to 30 000; a number above 40 000 is usually exceptional; within the ves-
sel, the catalyst tubes are normally arranged in homogeneous distribution, the distribu-
tion appropriately being selected in such a way that the separation of the central inter-
nal axes of immediately adjacent catalyst tubes (known as the catalyst tube pitch) is
from 35 to 45 mm (cf., for example, EP-A 468 290); suitable heat exchange media are

40  in particular fiuid heating media; these may be melts of salts such as potassium nitrate,
potassium nitrite, sodium nitrite and/or sodium nitrate, or of low-melting metals such as
sodium, mercury and alloys of different metals), as described by DE-A 4 431 957. In



propriately froman application point of view, the nunber of catalyst tubes
~accommp- daPE&6890 t he t ube bundl e reactor is at |east 5000, preferably at
| east 10 000, frequently 35 from 15 000 to 30 000; a nunber above 40 000 is
usual Iy exceptional; within the ves- sel, the catalyst tubes are normally
arranged i n honogeneous distribution, t¥® distribu- tion appropriately being
sel ect ed | nthislgzise arevetiontdzdtmikdnes Bep@haatlcfamemf(héd’nexﬂmmgeaiedmh)emay bal axes of

rom 36 (o de hard] SR St M @R AR UL o ot exchans

media are 40 in particular fluid heating nedia; these may be nelts of salts
such as pot'ﬁmiaanﬁmi presduee is tpoitallysn the mnge frbm, 1 to@harand ithe fota haady snraceodi um

015 o g A S ) o008 R gl o,
glafs]eerreggct 30 15400835 560 5 TR Hermpree e AEYIERE R W aPYER DY Dimy be
conducted i space@alpcle,nmn e flxed catalysilani) is tgpitally feone 80 v 200 k(8@ P)/ehot tor . The

reaction prggs SFPeh bY b Pk ﬁg%“&%véﬁ@ﬁ] gswf ot?%rm@n(ésﬂsﬁmot al
hourly space F L on ﬁi’:@r cat al e startin eactl on
gas m xture®Z ¥ iﬂé étﬂp arteda rlgrpr% i %ngflgf‘ﬂ eWtr rore.

The proilyl ¢he m\reat:hm gince rdm ipveiye etaetingoneattion @sametume?. aod the iovertine pfa-xed
catal yst beé@dul‘ébﬁdgpétfb% #aVorfabférﬂ ot Bel?é%br'(a!( of tha ég&éqiis& %J_Ipllégﬂﬂesﬂagaja )/ 1h or

nore. Propylene | oad [ -.h or or a 1501
(STP)/ 1 h, pyt}"f I%‘?’ﬁ?PFt'W %{?(ge%%[sqeg)deg gtPy- préf erred in accordance with

10 the inventlon SI nce the inventive starti ng reaction gas mxture 2 and
the 'nvent'%ﬂH\nPtbtﬁé‘iMQ% ﬂnb%iﬁ&@uataryms@hm Mr%ﬂ&br@ﬂhé%h%e(g@%' of the
above E(Iles {enrslpg]e z.‘% F}E %R fic . sel eed on o a%elflxed bed
ot ore OABEHS Bprble R apie- 8r oAt prenpnee Baplim et Ben PP e
reactor of Saltenehareferagysongisting oftbdleby weightedfaotassiynt nitsated Sbi(s) arché0%heat
exchange nagi tht&ﬂ@odlam&ﬁﬂﬁf@malwz,|0Yoﬁ53%<'ﬂytw| digttlof ptasdien dtate qmes)stl ng of

trire (ereesy WBRER b E GOy PR By M el kB R, 1,
wei ght of sodi um nitrite (NaNOZ) and 7% by wei ght of SOdI umnitrate (NaNG3).

20 Viewed oyiewed b%rrtﬁ@t‘éa@fo,r #5al@htipsdied bat eIt a8ardacibh jasindktliredCiapbe gas
mxture 2 Rydfified 8%‘# &Br%h{&% cbiERGHERCThe Sl it EQWEEBQ%%B@%n The

salt nelt con- uct ed r’around the
catal yst t ubeted 'V\Hé’ﬂeqrﬁ@r“ﬁg Eﬂﬁnﬂ%’ Qrﬁ@%’@?éﬁwf MPE%S is from top to bottom
it is appropriate to charge the 25 catalyst tubes with catalyst from bottom

to Lo 5 "hboHS (ELAL B QN ELITHRR BT hoorh 9Rs sbhBRliRIgENSERYENCE |

appropriately revers Tro 0% of
the cat?® y$@ atmﬁéﬂqeéwg eatalyst frem kot toden a&r {pdews (forthaiflewiram bettematal yst and

i nert mat ertbglthe thargb abdirince Reggilogatdifn evidieed): 30 ture, making up a
proportion by weight of up to 20% by wei ght (section C); - following this,
to a length of from20 to 50 or to 40% of the total tube |length, ei- ther
only catal yst dirstatong lengiheof fronc4it i1 8psar tafE% ¢idhe catalyslitiibe 'enQ%bel“%ﬁftOQW, based

on : . catalyst or a mixture of catalyst and inert material, the latter, based on the mix-
30 . ture, making up a proportion by weight of up to 20% by weight (section C);

- following this, to a length of from 20 to 50 or to 40% of the fotal tube length, ei--
~ ther only catalyst or a mixture of catalyst and inert material, the latter, based on
the mixture, making up a proportion by weight of up to 40% by weight (section
35 B): and '

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

40 v
Section C is preferably undiluted.



the m xture, making up a proportion by weight of up to 40% by wei ght
(section &F $83%0and - finally, to a length of from 10 to 20% of the total
“tube length, a bed of inert mate- rial (section A) which is preferably
-sel ected such that it causes a very smal% pres- sure drop. 40 Section Cis
preferably undiluted. PF 56390 46 The 4P or enent i oned charge variant is
especi al | y Thpmfopmeafiemedivhargehariant ia bysdcialy sppropeate viHendke astalysdiusgdt o

exanpl e 1 gfe %‘sé‘aw?iﬂg g@%?an%le A& PEJA Ao %8 %z%ﬁé&réﬂgfo exdrifls 3Q9 46 957

and the iner erl ed |s.steatite rings having tl eonetry 7 mmx 7
T x4 CEeAJCRA S ARG 8s INerHRATGHA! Uged Isr et MRGSAATBIS ORPRIY egar d t o
5 the salt 7hamhx T enpedahor @xtetriad diatraternemdight afintBinafdidmésst). 98th repatdto

However g t fﬁ‘ga éé@%ﬁ%&%ﬂ% mﬁ gt%nﬁg&o&%qﬁ%ﬁg%%féwbpt he inventive

partial ~oxi da- om propyl ene to acrole ropriate acrylic
acid), may also be carried out wth the catal ysts described, for exanple,
in a two-zdolosvenat, gléqdhwlmmétMtofthm&cbhdge:hcﬁadsﬂa@zc,rtaﬁtrtventi\@qaadm@Ridlaeﬂ by
DE-A 199 1Q,R%8 Wé‘@%ﬁ i (Al REGSBERE Scilid Boidy ﬁ'la%/ Isoiidrfll olith®

i nventive pa tig\ oxidation o éro ene to acrofein ['§ effected as described
in EP-A 1%5%@10%{%8%@?0%6@@ sﬁ%p*asm@ég'eﬁoawq'fwlwta'wda%%%seda?ﬁﬁi in WO
04/ 085362, réadorcissimsuribeg MyHRE-AMANTD 5eS. Bavardageousiyrinatdwmdenceavith@Re irt5 The
docunent s @ﬁtﬁn}%ﬁ@%ﬁg@%@ﬂ(%@ﬁ o@g@ﬁg\g %&&éﬁiﬁeﬁé&ed £98éiRg.@m being

CTage, - ho EERA (1 SPARAHHTPS R r s AeSRHoee SO BHAE 503 B3 WO oy 1 o

carried out
parti cul ar 0¢/08896% batelesting thednvemtive keuhdaat cingitiondéd GYavi ng in 20 creased
propyl ene hourly space velocity and at | east two tenperature zones. In other

css i n18ni dRSEPERTFRS P eds riaones he pBErd SH WoL BARR B e TP Aoy
fi xed cat abgiwy anbetegral parbskthiscttcumesionposition i s at | east one nultinetal
oxi de conprising the ele 25 nments M, Fe and Bi, with the proviso that the

| i ng d dt | f CP
D ot ned 1 MELEBE.AE s o RRR N e o e RS oS oMo dePor e
formati on &adberamiedwut rartiellarvadveniagaeus!y ovaratiixed catakehbacbapvingsin- wil |
regul apby Berade®prompleh@ haidl yirebBcBParm atliéfst ARddmpesatarezoanetoci ty on fixed

catal yst bed 2 of propene present in starting reac- tion gas mxture 2 is ?
140 or > 1601 (STP) of propene/l of fixed catalyst bed 2 h, b) fixed
cat al yst bBUOTQet‘M?rSiEsQrSad)@htﬁQéOtﬁS,R@Eodjﬁlﬁa’i gfdhhe prapnd regqtian glageiina pigs-
Zm}3 i al | Y. és@maﬁﬁctwgtaﬁmg%adﬁen Zas aixtive, 2 Btonduitted 6V ¢hadughpa Bked @a’tﬁlgistpn zone
* bei ng : L he, t ction - _bel ng

from 305 tégg;d%%g\%%gﬂ%f%ﬁp%g ﬁ'g}] %aﬁégﬁﬁégéﬂthe%lto& E% %Ob"ﬁJ\BE @ﬁ@e grrper ature
of read®i omentindo e and Bi, with the proviso that the propylene conversion on singie pass

does not exceed the value of CF predefined in accordance with the invention (the se-

lectivity of acrolein formation and of acrylic acid by-product formation taken together

will regularly be = 90 mol%) and wherein

30 a) the hourly space velocity on fixed catalyst bed 2 of propene present in starting reac-
tion gas mixture 2 is = 140 or > 160 | (STP) of propene/| of fixed catalyst bed 2 « h,
b) fixed catalyst bed 2 consists of one fixed catalyst bed 2 arranged in two spatially
successive reaction zones A*, B*, the temperature of reaction zone A* being from
- 300 to 390°C and the temperature of reaction zone B* being from 305 to 420°C and
35 at the same time at least 5°C above the temperature of reaction zone A*,
c) starting reaction gas mixture 2 fiows through reaction zones A*, B* in the time se-
quence “first A*, “then B* and -
d) reaction zone A* extends up to a conversion of propene of from 40 to 80% of the
value of CP pursued in accordance with the invention in the second reaction stage.
40 o |
Otherwise, reference is made to EP-A 1159244,



C) starting reaction gas mxture 2 flows through reaction zones A*, B* in
the tine sefsgpgpce "first A*, "then B*" and d) reaction zone A* extends up
to a conversi-on of propene of from40 to 80% of the value of CP pursued in
accordance with the invention in the second reaction stage. 40 O herw se,
reference is made to EP-A 1159244. PF 56890 47 in other words, a

par i cul ar iy oftePlugfdscd paRAghyTERferly drifodi YA ikPindefiB dec Rk Stage i s

al so a process .in whic artlh eaction., gas mxture.?2 i s conducted over a
Tixed cat alREE a0 3 RIPkSS MWhEY stariia sarian @S e 7 SGanoHRed BUPR 3 met al
oxi de conpffixed catalyst ies Z2Wboseradiivévbompaesitionds B leasl arle milémptabukide comptis-5 fi xed

catal yst bl RelcferMit@NBEHe hAd BYithRRE pAvisy t9atccessi ve tenperature zones A,
B, - both the tenperature of tenperature zone A and the tenperature of

tenperature 10 zone B are a tenperature in the range from 290 to 380C, -
fixed cat alysfixasechtglystbrdi2ds srrafigest in twaspatialiy suqrassivg tepnpanatoreszinee fi xed
catalyst bed azgnes, the volunme-specific activity within one fixed catalyst.
bed zone being sub- stantially constant and increasing sharply in flow
direction of reaction gas mxture 2 15 at the transition fromone fixed

cat al yst bed pethdhe iempesaivrenefternperetire zond A end wdtemperaiure-of tempriaiarair e zone

- A extengs up bénePBeRNY einspratult inRR® RiNge MRnPRod o840, t o 80% of  the val ue of
CP pursued in accordance with the invention in the second reaction 20

stage, - the propene conversion in single pass of starting reaction gas

“mxture 2 thr g\&ﬁjfﬁatQ'Yﬁé bef 2i qopsipis)ad at leastdwy spatirlly sHecsssive fiyed catalgst kedd t he

Zgl fﬁ“ ;/! ty OboR! Peiolima§patifictdciitydfitRtomnieanseije Bepzomepsing sul> 90 nol %
e e S 5 . (0] :

Comperat ure - SORCAS RohdallyFlngERG0 Bbrdlh B hitdef ot Lol B4 e 2

t enper dBur e zahbs transitionefrers ok fixep aatalysidasiaons iMa anpthetfiesicatajyst bedd 2 of

propyl ene conpsiesed in starting 30 reaction gas mxture 2 is >_ 90 | (STP)
of propylene/l of fixed catalyst bed 2 h, and - the difference TrmaxA -
TmaxB fornmed fromthe highest tenperature TnaxA that reac tion gas m xture 2
has wi t hi n-t elfFieAtHEEZPE feeXendsan e Fanyarsion of erepyieae of EOmT‘]’Pat)?%Otyhﬁﬁ
reaction gas thextalueesf Z"rassusiitit beoréaee vathithe inventorbn ittse secofCreddfiomnd

wherei By in agdition, the transition fromtenperature zone Ainto .
tenperature zong B in fixed catal yst bed 2 does not coincide with a
transition fromone fixed catal yst bed

: - the propene conversion in single pass of starting reaction gas mixture 2 through

the entire fixed catalyst bed has the value C and the selectivity of acrolein forma-
tion based on converted propene is 2 90 mol%,
25 :
- the time sequence in which reaction gas mixture 2 flows through temperature
zones A, B corresponds to the alphabetic sequence of the temperature zones,

- the hourly space velocity on fixed catalyst bed 2 of propylene comprised in starting
30 reaction gas mixture 2 is 2 90 1 (STP) of propylenefl of fixed catalyst bed 2 « h, and

- the difference T™* — T™*E formed from the highest temperature T™* that reac-
tion gas mixture 2 has within temperature zone A and the highest temperature
T™® that reaction gas mixture 2 has within temperature zone B is = 0°C,
35
and wherein, in addition, the transition from temperature zone A into temperature zone
B in fixed catalyst bed 2 does not coincide with a transition from one fixed catalyst bed
zone into another fixed catalyst bed zone.

40  Further details of this procedure can be found in WO 04/085362 which is an integral
part of this document, and also in the further course of this document in the description



zone into another fixed catal yst bed zone. 40 Further details of this
procedur e @&n58890f ound in WO 04/ 085362 which is an integral part of this
docunent, and also in the further course of this docunment in the description
PF 56390 48 of the particularly preferred sinultaneous configuration of the
second and third reaction stage of the §rocess according to the invention.
The per f or mtreepapficutdry préfierred sierattbheousdoaligurationeof thdsedqoatitandlihiakiedationron of

acrolein tqi, cﬁ??ﬁe\’ﬁﬂoﬁ%s%%{cgordgﬁ%o% ﬁ’r@ér” ﬁd out with the catal ysts descri bed

(quite generally in reactors appropriately froman application
poi nt of view, the nunber of catalyst tubes acconmodated in the tube bundl e
react or i s Tat pedashart@@dihepthied evaahidrystage,lieathe ph&rsweﬂdatidhem:flaemléry téd rom 15 000

to 30 080; Rnf HHP@er{PB%%ar‘F@d%Bpwhﬁthlﬂésdé?ala}s‘{’s &é%%ijﬂed %ﬂ%%ner‘é@ bé he

vessel , the es are nornmm |s- 10

‘tribution, bPH e JPAOTSIRRATRR @ freraﬁna%p@rsﬂﬂsa.p%@t %‘f'%sttﬁa NHR euefrpaaa ¥y that
t he di st ancbrdaersfactbmrrmdaﬂedat therttis badieweastoofs ataast b0 Ipyefarchblycat teast at al yst

tubes (knovg %; f’r‘bﬁ‘rsrts dol{B%obebCé‘?rurhEerfe{H&%ig do@ ré‘ésdm}é%e for
%t

exanpl e, EP—A 45 ex- are 1 n i cular
fluid heat fRGAINE ‘ff-‘é%@ H&tb% AT NQYBY léa%‘&? 48 05‘89%'5%‘?%&'% trate,
pot assil0m diikiution ghe slnthhuhmmapproprmtdmbémg selediedrin sudhr atvay that thef distance &f

QSH 'OB?I gfttr?el éerﬁr‘é?iﬂtér‘ﬁai%QQé Hmnn{@:l" %é!?%dj%@éht%la a‘%?td?:fes @kri‘so?ﬁrragﬂg? gg{g?er ated in
such tube E‘ﬂ%@ﬁt@ gré)m ?%fosﬂ%omf"bépe@ﬁ “é"? ‘%@ %‘%ﬂé Pr%ﬂ NBAkSXat al yst
t ube fi xed chanbe wadiaare inpatissitar fbiddeating DEdiA; ﬂnesennagm melts thaﬁs gleeicas on

stage, r ea%bia@@ruﬁﬁﬁtrﬂb Xﬁd!éér&’m ﬁﬁw’ce h&ﬁﬁun@ ﬁﬁr‘r‘té %ﬁdféﬁ@o&?@m n‘i’c%ﬁ'@ WloBbui-n
cocurr t.he, product

Vi
oo o B ISR sy B sEa ol AL Rad b el M P rop AL ooF o
acr ol ei n migth the speandangitee Bérddeantion stagesse sprratedi i saqzlmubprbuadle redg-er
i nt er medi at@sg mlelxaepretrﬁb%ne%neﬂnur@‘ré @@ca@@t tiifieRdddre fétolad @sdckivedi for
comonent - Pnbddiot P RS edtoh staBE. E8kan dacyutis Jard ke bEFRE B0 o o
partial oxcerductas inzgcarreat wewed averthe ssasiar. Aegidingtp theinveption. the Elfoéitiétp t he
acrol epo pagss hintturexd fahé precedBy invahiiveaship ecmrlo&radtubmtotdrworemﬁay ing
react N SPAndhiE LBl of Bien q?\sﬁgroprsr RRF bl SReaRl A8 (haGnay 6BY! ene

partral on to acro erred N accor
i nvent i on) effegeRingirectiyior giggctly] tyoforﬁexeraﬂlédsqyan@ary alyradiipn)theieedict¢-ywitho t he

product gasuBékcBhddrycempomdnt tdreoval, ietb thieemat reuttish 8gge(itdiirgo ik gurelkrr abl y
effected 'EarttQFO)&c?artrghOf (secon- dary) air, but may al so be effected in the
formof pure oxygen or of m xtures of |nert gas or oxygen). As in the
second 5eact|on stage, the reaction pressure in the third reaction stage too

is 35 typiraahdedutsr bRgyehaagerddionhs thirl Sepake apdicirgartisitoxidabionrhay space
vel oot Y, Olpkidi s S8 el ke B RbolcH BEhRRle 5 R PeARE Bhildn © 3 1S
stage 2 (the propylene partial oxidation to acrolein) (this is preferred in accordance with
the invention). However, it may also be added partly or fully directly to the product gas
30 mixture 2 of the first reaction stage (this is preferably effected in the form of {(secon-
dary) air,' but may also be effected in the form of pure oxygen or of mixtures of inert gas

or oxygen).

As in the second reaction stage, the reaction pressure in the third reaction stage too is

35 typicaliy in the range from 1 to 3 bar and the total hourly space velocity on fixed cata-
lyst bed 3 of (starting) reaction gas mixture 3 is preferably from 1500 to 4000 or 6000 |
(STP)/I*h or more, The acrolein loading (the acrolein hourly space velocity on fixed '
catalyst bed 3) is typically from 90 to 190 | (STP)/Ih, or to 290 | (S8TP)/I*h or more. Ac-
rolein loadings above 135 | (STP)II-'h, or 2 140 | (STP)/Ish, or 2 150 | (STP)/I*h, or

40 = 160 (STP)/I*h are particularly preferred, since the inventive presence of propane in
starting reaction gas mixture 3 likewise results in favorable hotspot behavior.



(STP)/1h or nore. The acrolein |oading (the acrolein hourly space velocity
on fixed cgfaﬁwp bed 3) is typically from90 to 190 | (STP)/lh, or to 290
| (STP)/Ih.or nore. Ac- rolein |oadings above 1351 (STP)/Ih, or _ 140 |
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acrol ein to acr YPRYSLY; FMXELESL Faipi '?"gﬁ‘a i@k Jretenen ﬁﬁ‘ﬁdgﬂ'bt &7 xed

cat al ys20bed 3 #uve, hakjhg sp aanepolitrebit weight of artg 80 gasp bd 408 bytwaight3yec-sect i on
B may al so consijgh B?fangwo successive catalyst dilutions (for the purpose of
m nim zi ng hotspot tenperature and hotspot tenperature sensitivity). From

bottomto top, first with up to 20% by weight of inert material and
subsequent | y wi fihallyr tora tengib%f from Snisi 2% of theSataidubea Brigthy awed ghinedfmatesalt
material. Secti pqpchord A) WhieR iirefepAsiPbeledtBdlsacH HbGlcades BYenf 4t fraséhie

cat al yséstubes dgo%rn bottomto top, the catal yst tube charge is appropri-

Section C is preferably undiiuted. As is quite generally the case for the heterogene-
ously catalyzed gas phase partial oxidation of acrolein to acrylic acid (especially at high
acrolein loadings on fixed catalyst bed 3 and high steam contents of charge gas mix-
30 ture 3), section B may also consist of two successive catalyst dilutions (for the purpose
of minimizing hotspot temperature and hotspot temperature sensitivity). From bottom to
top, first with up to 20% by weight of inert material and subsequently with from > 20%
by weight to 50 or 40% by weight of inert material. Section C is then preferably undi-
luted. :
35
For flow to the catalyst tubes from bottom to top, the catalyst tube charge is appropri-
ately reversed. '

The aforementioned charge variant is especially appropriate when the catalysts used
40  are those according to preparation example 5 of DE-A 100 46 928 or those according

to DE-A 198 15 281 and the inert material used is steatite rihgs having the geometry-

7mmx7mmx4mmor7 mmx7mmx 3 mm (in each case external diameter x



ately reversed. The aforenentioned charge variant is especially appropriate
when the catpge 56398 used 40 are those according to preparation exanple 5 of
DE- A 100 46 928 or those according to DE-A 198 15 281 and the inert
material used is steatite rings having the geonetry 7 mmx 7 nmx 4 mmor 7
mmx 7 mmx 3 mm (in each case external 8%aneter x PF 56390 so height x
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oxi dation of acrolein to acrylic acid, is usually from200 to 35 350C. In

addi tion, tEetwee t’(hee ?(e%gf% sqma% d%pgg ;ne {n?erm%dla?e coorlrel?lv\gh? h n%ye if %B;Sro”%'né% con-
30 comprise inert beds which can perform a filter function. The salt bath temperatures of

multiple catalyst tube reactors for the first step of the two-stage partial oxidation of pro-
pylene to acrylic acid is generally from 300 to 400°C. The salt bath temperature of mul-
tiple catalyst tube reactors for the second step of the partial oxidation of propyliene to
acrylic acid, the partial oxidation of acrolein to acrylic acid, is usually from 200 to

- 35 350°C. In addition, the heat exchange media (preferably salt melts) are normally con-
ducted through the relevant multiple catalyst tube fixed bed reactors in such amounts
that the difference between their input and their output temperature is generally < 5°C.

It should also be mentioned once again that a portion of the starting reaction'gas mix-
40 ture 2 for the first step ("propylene — acrolein") may be oxidation cycle gas (residual
gas) coming from the partial oxidation.
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accommodat ga; jsMntbheotedbiakHerf bk (and is prefera- bly accessible on foot).
Wil e the catal yst tubeS are generally flowed around by a heat 25 carrier,

this does not reach an inert bed accommpdat ed as descri bed above. Advant a-
geous| 20 t hewever, preferbyes is gives th implermentingshe e exidationatagasrin thet fotm ioh
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stage €acr B?r(rggh tﬁ%gﬁ%sr W%ir%ac@c%mﬁer& Egétgh%qngp? g9 G%Hé%ﬁibg% aé&%c,%‘ Y32 quently
from 220 t ged&NCtheTime aataiyst tube tpindles wrethereforstaccommpaiaiedrin spaiiady sepa-appr opr i
35 ately frAgv&achors.an geRéthl, af MR esbr & 0RFbded Betdebithe thBRUAOBI-Y Space
vel ocity . . . _
dle reactors in order to reduce any acrolein postcombustion proceeding in the product
gas mixture 2 which leaves the second reaction stage.
30
The reaction temperature in the second reaction stage (propylene — acrolegin) is gen-
erally from 300 to 450°C, preferably from 320 to 390°C. The reaction temperature in
the third reaction stage (acrolein — acrylic acid) is generally from 200 to 370°C, fre-
quently from 220 to 330°C. The reaction pressure in both oxidation stages is appropri-
35 ately from 0.5 to 5 bar, advantageously from 1 to 3 bar. The hourly space velocity
(I (STP)/I+h) on the oxidation catalysts of reaction gas in both reaction stages is fre-
quently from 1500 to 2500 | (STP)/+h or to 4000 | (STP)/I*h. The hourly space velocity
of propylene in reaction stage 2 may be from 100 to 200 or 300 and more | (STP)/I*h.

40  In principle, the two oxidation stages in the process' according to the invention may be
configured as described, for example, in DE-A 198 37 517, DE-A 199 10 506, DE-A
- 199 10 508 and DE-A 188 37 519. ‘



(I (STP)/1 3 on t he oxidation catalysts of reaction gas in both reaction
stages is fAfed ently from 1500 to 2500 | (STP)/Ih or to 4000 | (STP)/Ih.
The hourly space velocity of propylene in reaction stage 2 may be from 100
to 200 or 300 and nore | (STP)/Ih. 40 Ig,principle, the two oxidation stages
in the process according to the |nvent|on may be configured as descri bed,
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parti al OXiaﬂ%txgg% SurcCathigipBint0 25 acrylic acid is effected as descri bed
in EP-A 11 59 246 and nost preferably as de- scribed in WO 04/085365 and in

WO 04/ 085370. Preference is given in accordance wth the i n_ventl on to, as
acr ol eRfi- cémthgipesegs sceardingdo thedevengan,gagtentoefufos e3amplsecld sz ot gas
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ratio of n@%%%{ﬁ’l%g? %)a gﬁf@@%ﬁfg‘l%%ﬁ%ﬁ"@ r%aqltlﬂn p%gﬁvggrﬁ‘?{l ng starting reaction

gas mxture 3 is in each case from 0.5 to 1.5. The docunents EP-A 1159246,
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t enper at ur @it @eiBvention to, as acrolein-containing starting reaction gas mixture 3, the product

gas mixture of an inventive partial oxidation of propylene to acrolein which has if ap-

propriate been suppiemented with sufficient secondary air that the ratio of molecular

30  oxygen to acrolein in the resulting starting reaction gas mixture 3 is in each case from
0.5 to 1.5. The documents EP-A 1159248, WO 04/08536 and WO 04/085370 are re-
garded as an integral part of this document.

In other words, the inventive partial oxidation of acrolein to acrylic acid can be carried
35 out with increased acrolein hourly space velocity advantageously over a fixed catalyst
bed 3 which has at least two temperature zones.

in other words, an advantageous embodiment of the inventive partial oxidation of ac-

rolein to acrylic acid (reaction stage 3) is a process in which starting reaction gas mix-
40  ture 3 is conducted over (through) a fixed catalyst bed 3 whose active c'omposition is at

least one multimetal oxide comprising the elements Mo and V, with the proviso that the
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succesdPve tenperature zones C, D, 25 both the tenperature of tenperature
zone C and Giherwiseneierahos 8 noddel togFeA et i9e246zone D are a tenperature in the
range from 230 to 320C, - fixed catal yst bed 3 consists of at |east two

spatially successive fixed catal yst bed 30 zones, the vol une-specific
activity wit FART RSt f REICUSRLPoSTeg &nbasinaeri of s TRAREvE Pl IR OB Ghst ant
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transi bhon 4f,ERA08E, fitotShtAR @ba%twr@e,g At cInicRitiBn & fGEash fbﬁ@ﬁmﬁﬁétbvst bed

zone, 35 - tenperature, zone C exten up,.to a conversion of acrolein of from
25 to 85% GG° PREPUSNG e TERntE Base i it FrARBai ¢ h the | nvent i on i
the third reaction stage, - the acrolein conversion in single pass of

starting r eackicalayst B BUS Srrandddlif Ul spdiameiidceSsivd ?é%e?a%&r%'ib’ﬁés bed 2 has
t he val ue CA 8”8 the selectivity of acrylic acid form-

25
- both the temperature of temperature zone C and the temperature of temperature
zone D are a temperature in the range from 230 to 320°C,

- fixed catalyst bed 3 consists of at least two spatially successive fixed catalyst bed
30 zones, the volume-specific activity within one fixed catalyst bed zone being sub-
stantially constant and increasing sharply in flow direction of reaction gas mixture 3
at the transition from one fixed catalyst bed zone into another fixed catalyst bed
zone,

35 - temperature zone C extends up to a conversion of acrolein of from 45 to 85% of
the value of C* pursued in accordance with the invention in the third reaction stage,

- the acrolein conversion in single pass of starting reaction gas mixture 3 through the
entire fixed catalyst bed 2 has the value C* and the selectivity of acrylic acid forma- .
40 tion based on converted acrolein is = 90 mol%,
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40 tion based on converted acrolein is ? 90 nol %  PF 56390 54 - the tine
sequence i nppgggdp reaction gas mxture 3 flows through tenperature zones C,
D corresponds to the al phabetic sequence of the tenperature zones, - the
hourly space velocity on fixed catalyst bed 3 of acrolein present in
starting re- 5 action gas mixture 3 is 470 | (STP) of acrolein/l of fixed

catal yst bed 3he imeaBfuendeh® whichir85&18F Yad MixGre 3 fldPRRughEABE atyr@m t he
hi ghest tenper.atur

maxC that .reac-, tio as mxture.,3 has, wthin
L eoper st ur o s GAEEECa R Fepsis e B dletnbele feusiod phhE Smas el etiddn gas
m xture 3 has within tenperature zone Dis ? 0C, 10 and wherein, in _
addi tion, the ths ASd %@Beﬁél@ﬁ&}@ﬁ%ﬁ%@ﬁlﬁt BN ofatrdleth presdRimEtafthgzene D in
0

catal ys® bed SR0ornBRCHhar oL et Bt SRRl R A et <

of this procedure can be found in WO 04/ 085370 whi ch is an integral part of
thi's document th@B&feringe TR LE=P UokAed fréM URS RigRést tdth SertRed e thafirdabe

description t rticularl.y eferred_twoss e tial oxjdation of
propyl ene to g{%r;ﬁ%?gﬂgtgfedf H""%W!%’ﬁ”gé %&?{L’Eﬁfﬁ}% abﬁg}eelﬁﬁlie&ft f%‘ieﬁ“g%e parti al
oxi dati on of propynaneactionges yixterearhap withimtgmpedstare ze5edlsI30%e carri ed out
as desctg bed in EP-A 1159248 and in WO 04/085367. Both docunents form an

integral p hi ! . i Al I as
it ar o 2o Sherblh B S0RHRE vahQudl ok IRbBLE Tt BRSO A0S
(through) a&P1n foed catalvst Hed Sslegs potgnincidenwith g Eapglignusqr opp fixed eatalysi hedast one
mul timetal zpoedsiocaobet fietiatdiest eberems.s Mo, Fe and Bi, with the proviso
that the propyl ene conversion in single pass attains the value of CP
pursued in accordance w th the inventjon and the acconpanyi ng selectivity

of acrol®i mYriergetatnolihig rercesiragance fRUndingy OR48eRRSY O Mbyahds A8 iNteeREn

t oget her i spa?t &Ghignb8gméntearidcarpeinathel fuethef courees pf thiduwitbumgaisin thexdesceipiiod eavi ng
t he second i byl J : r Ladi 30 rect
and/ or di recggl(:;tl ﬁ%%%rﬁ&r%%alngfevrr%hgg%%féa%g%@%qehﬂg% gorf pf%gfeﬁggtgéc%ﬁk%m_.e added i f
appro- priate to product gas mxture 2, and wll then, as a starting

react i on gaSuam xpartieul@wirefelred deopiags eartat oxidation  of pulpgteone &v aoylamseid and at

| east one if éd\&ﬁﬁagéﬂgslgﬁgﬁéﬂréﬁ%_uﬁE'sedegéﬁbé'&W@-AQP%Q%B anflintle acrolein in
? i on stage over (through) a

?i lejaf:a?;i(%ﬁ Q@a@tﬁﬂg%ﬂﬂgis ?cifg‘l %b’ﬁ{?b@ trogﬁrﬁ?ﬁgst dRUMERLt one 35 mul ti net al
oxi de conprising nol ybdenum and vanadium wth the proviso that the ac-
rol ein convRLHeR Hokds, 8ishiHiRy r%%%rﬂéés%&ﬁjré DevivAlteey B conduBléSv e ddeond
accordance with the invention apd the selectivity of acrylic acid formation
assessed oVERCHPHSIAGCLHEL ﬁ@‘ﬁ@@@a ,Caﬁao{%{ﬁeéh WB%?F@%C &'PP KA will be a
80 nol BBandeadiené multimestalpxitecshimpeisinglthe eleementsciio t Fenand B, &8I 8@ BHviso that
the propylene conversion in single pass attains the value of C” pursued in accordance
with the invention and the accompanying selectivity of acrolein formation and of acrylic
acid by-product formation taken together is = 90 mol%, the temperature of the product
- gas mixture 2 leaving the second reaction stage will if appropriate be reduced by indi-
30 rect and/or direct cooling and molecular oxygen and/or inert gas will be added if appro-
priate to product gas mixture 2, and will then, as a starting reaction gas mixture 3 which
comprises acrolein, molecular oxygen and at least one inert gas and comprises the
molecular oxygen and the acrolein in a molar O,:C;H,O ratio of 2 0.5, in a third reaction
stage over (through) a fixed catalyst bed 3 whose active composition is at least one .
35  multimetal oxide comprising molybdenum and vanadium, with the proviso that the ac-
rolein conversion in single pass attains the value of C* pursued in accordance with the
invention and the selectivity of acrylic acid formation assessed over both reaction
stages, based on propylene converted, will be =2 80 mol% and the further procedure will
be such that '
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a) the hourly space velocity on fixed catal yst bed 2 of. propene present in
starting rePF&689mONn gas mxture 2 is ? 140 or > 160 1 (STP) of propene/l of
fixed catalyst bed 2 h, b) fixed catalyst bed 2 consists of one fixed
catal yst bed 2 arranged in two spatially 5 successive reaction zones A*,
B*, the tenperature of reaction zone A* 8eing from 300 to 390C and the

t ;err}oer az ur ga)oghé A8GHy Hacd Q@I@c@*orpmdeﬂgzafmﬁﬁbé@ﬁ of Qro‘bgﬂ@pre%ﬁﬁt |ﬂts’éatrh% e ! time
a eas a e Z St LN eacti on
gas mixture 2 11 G055 OB 5 6ol RIS ARr erg pr el By 250 ce

"first A*", "tthen B*", 10 d) reaction zone A* extends up to a conversion of
propene of iﬁ)r GiXed Qatafy s B84 D toridigs ow@imeafcaﬁ@spwcﬁﬂadahgboamctm@lpétcamywth t he

e o i Rl A SRR LA, &% 5o ol D R AIRE A B o O

fixed cataly I'n conpri as m xture
3is ? 120 or 30012 §99°C arwihe demprrptre phvepctism Zong & b@ﬁlgaﬂ%?'o%féh“ 15
fixed catal ystarided ti® «pmsiié 3t Rhst@Ie dbove theCtin abmdrebﬁéaﬂtlmicﬂfm ln t wo

spatially at tion
zone C* belcag%? ?#yeggg%éﬁgggagéwgh?e%r&a ure o Arég,rc |t@ént'£z1§%§ D*

bei ng from 25@ueBcBdiRtA"anleBB ™t he same tine at |east 10C above the reaction
zone C*0 g)d)straacttiongon@actamndgastdn sorieesich bl mwﬁerfemm'oQMU pB% ohtheones C*,

D* in the ting -, %@ urue g? act,do?éafncgwnh th% rﬁ%‘nt% in Wg@ra?&%ﬁtéﬂ/&azone c

extends up to a conve e of CA

pursued in ®cd? B%H'f&yeSRﬂP? Melpsity aedcatsst Red Aot pen P?ﬂ” GHRRIISPE i SPHiRE.
QG herwi se, refreaction@as sixtede3 se Bk 2114009 SZRBof atoltlniel ired datalydt bed nor e
preferably becfc i ed out accordi ng to WO 04/085369 which is an ' integral

part of th| | n, ot her entive startj.n reactlon gas

P ur %" | 0 PR S else areeR s BlEDbae S abidadinus Sataey o
fixed cat al ystsub@sme\ndsamen aocmesve®, @5ntpe$emp@'atursoh‘eattemsztone@*ré>emg framet al

cat al yot ”Erehs'm D R lon A D R B e ones A
AS, 35 -. bot @ ﬁ‘teésf?ﬂ%r%{'f' E'eﬁ?t®ﬁﬁb?‘éﬁ%?éeaz%‘ﬁ@zﬁ“%ﬁd the tenperature of
terrperatureg) statingeacioregaseniptera 8 fives timoudtereaatingezones B 20Dinttbe 886Ge- - fi xed

cat al ysip bed %ugﬁéb?iﬁgt@*of‘thgﬁ peasd two spatially successive fixed catal yst
bed zones,

ti bed
pei ng” subs Ut AFRAT P GrERaTS Whf 1 Rt TRl PR SBRRH Fnt i on’ of
reacti on gas wakewf @ purQedin adegrdange withiteninvensiondmtheffirgiggadianstagst bed zone
into another fixed catalyst bed zone, PF 56390

Otherwise, reference is made to EP-A 11 59 248,

25 |
However, it will more preferably be carried out according to WO 04/08536¢ which is an
integral part of this document.

In other words, an inventive starting reaction gas mixiure 2 will first be conducted in a
30 - second reaction stage over a fixed catalyst bed 2 whose active composition is at least
one multimetal oxide comprising the elements Mo, Fe and Bi, with the proviso that

- fixed catalyst bed 3 is arranged in two spatially successive temperature zones
‘A, B,
35 - both the temperature of temperature zone A and the temperature of temperature
zone B are a temperature in the range from 290 to 380°C,
- fixed catalyst bed 2 consists of at least two spatially successive fixed catalyst bed
zones, the volume-specific activity within one fixed catalyst bed zone being sub-
stantially constant and increasing sharply in flow direction of reaction gas mixture 2
40 at the transition from one fixed catalyst bed zone into another fixed catalyst bed
Zonhe,



56 - tenperature zone A extends up to a conversion of propene of from40 to
80 nol % of PERE3YKI ue of CP pursued in accordance with the invention in the
second reaction stage, - the propene conversion in single pass of starting
reaction gas mxture 2 through 5 the erngire fixed catalyst bed 2 has the
val ue of CP pursued in accordance with thhe invention and the selectivity of
acr ol ei n. f or retemparaiime zofie Acxidnids updd d chpvesionl atpropéns ofiftanp A0 tak@mal%get her
and based on cAMEIdGdoREORGEG iR RcHHaf® With thelif@nlibdTR tAE Jb&IMaGehdtionhi ch

reaction gas m,xture 2 flows through tenperature zones A, B corresponds to

t he al phabetiCSt%equence of tenperature zones A, B, 10 - the hourly space

vel ocity ormr fitkedrapenalcomstersien inZingle passpef staringmeacirdydsmistuse Rithrgugleact i on

gatshm' é-tﬂ e 2 thé ertire Wed chtATE) bl 2 REPPEREILE BT bluedd FRhdoYddncE WthZhe h, and
- e | erence

axA, ;. TmaxB for.ned.f.romthe highest te rat ure TrmaxA
Chat reac. 11 Qeghan AR s Sesth SRRt Rl b PR SR SRrshi o ghest
tenperature TaERaYonhakenriegaibéranddesedpr converizdipaepeneth A0medtPer at ure zone B
is z 0C, 15 t hpatikBeehesmenRiviich rédctiBh @dy alixt0RS flawd Mrdigh térpataiifie t he second

reaction sta A f ropr L | ar ‘
oxygeln anZI o?ezloﬁ%% f\ %gé’”%?&’iég?%ﬁ‘ﬁ i ,bgﬁcpéeﬁgpg%?@gﬁp'?%rgggﬁ%‘;}\,ﬁ,gt— e, will
be addet® t o priBelhewrlygrpacaivalptifyeorpiixed ratalyst bed P of prdene geraptisad ipstaciriuct ed,
as a star Ei i n? regétivhigas ngaeardn t29® ST bEiropOmalrdisived estanbitied.2 28 aml ec gl ar
oX en an a hie I Lmekél ; kA an

t hggacr olein ithggﬁfgrrﬁ?lgg T02: C F&Q%P%F%oﬁw %S%Stt ?‘aﬁ“@@%ﬁ% retﬁé%’ﬁ%%ﬁ— st age
over a fixed oAU has Withja éerararpijee Zepdand therhigheshiemresaftireone

mul tinmetal oxiTieeceatpeactibngas hixturel EirenwithiMentoesiatite atinke!B khe0°gr ovi so that -
fixed of}tal yst bed 3 is arranged in tw spatially successive tenperature
5

zones C D, - both the tenperature of tenperature zone C and the:

t enper at ur N8 thedrpRRItTR &f PragHe aBs Anisture 2 leayiee A1%ipecond rearion siage Wil Ben 230
to 320C, - redued iCaipbpyrizte by doding @and insdlecutdr oaygdnesrslortingrt gqxaif agprbyriate,
successi ve [ I ; I z | f 4 St ithin
one fixed c%%%ﬁéblfaégﬁxéggﬁﬁﬁgbﬁvﬂ%@?Eg?a gtgpr\sfatﬂ aﬁ{ﬁ? g%ﬁﬂﬁl‘é;%i%tngﬁtt\blgh Iysl,érllwcr easi ng
shar ply i n qUeBHY Be FeRduclag. Bt 2 Staittig ACIRO% DTS 3 #high COMPTERSASPIEDN  r om
one fixdd cavlatyistodygen anmet ieast@nanmerhgas dndoathprisesthesholbedar aggen and

t enper at ur &ng QBRidin R HBMA? gg:@sﬂgt%?am?\égm,iwa tfd r%%&ﬁﬁneété»%@éwefr BG4S to 85%
of the value of CA pyrsued in the third reaction ?ta emxg;: - the acrolein
conver si on P! AT & HIRSE SivestamRasHEN L aidF RS AnG TWtmStel pXEeCoRTBIGHE he
entire fixesernantaMesandédvit thaprovise thal ue CA pursued in accordance with the
i nven- tion angded BRaGSl el 3 Kidan§bd RGIWEshatidl§ 'sHcdcR5B tdRPerBRSso3 Propene
conver tz%d overC‘ d?ot h™r eactll on stages is z 80" nol %
| - both the temperature of temperature zone C and the temperature of temperature
zone D are a temperature in the range from 230 fo 320°C,
- fixed catalyst bed 3 consists of at least two spatially successive fixed catalyst bed
zones, the volume-specific activity within one fixed catalyst bed zone being sub-
30 stantially constant and increasing sharply in flow direction of reaction gas mixture 3
at the transition from one fixed catalyst bed zone into another fixed catalyst bed
zone, _ - _
- temperature zone C extends up o a conversion of acrolein of from 45 to 85% of
the value of C* pursued in the third reaction stage,
35 - the acrolein conversion in single pass of starting reaction gas mixture 3 through the
entire fixed catalyst bed 3 has the value C* pursued in accordance with the inven-
tion and the selectivity of acrylic acid formation based on propene converted over
both reaction stages is 2 80 mol%, 7
- the time sequence in which reaction gas mixture 3 flows through temperature
40 zones C, D corresponds to the aiphabetic sequence of the temperature zones C,D,
-~ the hourly space velocity on fixed catalyst bed 3 of acrolein present in starting re-
~ action gas mixture 3is =701 (STP) of acrolein/| of fixed catalystbed 3+ h, and



- the tinme sequence in which reaction gas m xture 3 flows through
terrperaturepﬁgﬁi%es C, D corresponds to the al phabetic sequence of the
tenperature zones C,D, - the hourly space velocity on fixed catalyst bed 3
of acrolein present in starting re- actiéﬂ,n gas mxture 3 is >_ 70 1 (STP) of
acrolein/l of fixed catalyst bed 3 - h, d PF 56390 57 - the difference
Tnexc - TnexD thedifietentce IHFE k™ ofloased frempike highest tamperaturd ™7 tatreaci on gas

m xture 3 has ganlgakMmik@rPs had Witkin Z8HBerstA Sorld € ahl Slembndse esetbidre  TrmaxD
t hat reactlo.n_!g@@ mtxturt.e 3 _has tvmte:p n ti@gng?rature zoneeé).lz;s 2.0C, 5 wth
the additional® pr dUFtdBAGHRGGaS Xty 25?30‘8 femparaiEs 2% 538 ti on from
tenperature zone A into tenperature zone B in fixed catalyst bed 2 nor the

transitipn §kMetRAMBAA prévRtha0 HEhE prétels rRITRET tAE taRsiEEPork téMpdrak pel
catal yst bed i des ,wi d § st _bed zone

3 coinc th atransitioon, fr one fixed cata
oo Yot heroreiA Dl Biireratle'Aof eRARSS 48t b ihr e hator T e ur o
of a tenpertatazanedint teafneratutezonhd indixpe catalystbast 3 coingdgpowith atrapsitiome i xed

catal yst begorflioch Ar&flcatalythRd-eRB fite bHGtReZfXa8 caliBRt bé®zom ocess according to
the invention is being perforned, but in the absence of a chem cal

reaction. Wien this tenperature is not constant within the tenperature zone,
the ter tlarpedacumentothe femperpraoia empeneiuiesfopp defiers tohke ompesatie0f) nean

of the ttemaé@bu{oﬁ_oiﬁneqfxeab?taysx&h Gigparerh theadm b?ﬂﬂefzbﬁe vBa@gstHeon zone. It
is essenti i . ] i ndicv ' el e 20 are
heat ed sub rg!r:]%sae‘@@rdﬁﬁgégienla\é%%‘gﬁshﬁﬂgé 8%%?@%?‘. Utgi? ﬂ%eah%%ﬁ]e ?fﬁae&%%'gél

het er ogenedgastipne ¥ihgn e eepraraiues is G@s cyisialt Wikindae feprpesatursy zasenthetterm

acrol ei n andmipbeatiretof begRpEatS Yorkarefdry ZetHe PUrhédal) gasaridfasetempetiatliieon of
~acrol ei toof%?e X, a&a?%s?%ﬁ' a%ﬁg t@é‘é@&ﬂzo%%&%&bﬁﬁ& ﬁf‘ﬂs‘ é&’ﬂfext Bt fhet he
tenperature of reaction gas xture 2 and the teénperature of reactlion gas
m xture 3 JRdivigaalitepeengiiEe zengsArg heated sybstaniially indepsrdend obene natlercat al yst
bed 3 are generally different fromthe tenperature of a tenperature zone.
They are nog; Eﬁgﬁ'ﬁ{ . d

general ly g%'ggé %%Qtpgﬁ@%ﬂgrtogg&% nmu (E‘ ﬁ%*%ﬂ&% H%Q?Sng% ﬁ’&ﬁgf’f ogggﬁ?n%‘% froma
25 maxi mum 3FAPIGE a\ﬂf’tﬂFgﬁ hetaroeswytqﬁ%y%@ma' H2ge xiagligg o ?‘?rP(?frbtﬁce Tma" .
- TrmaXE0 n ddndicpcioces snaalcaxity eiatiterinic tehetidneyisath krentemipetaturetof rdzetiompes t han
80C. Accor dhAgrd © ZhA%hd @g@f'ét%1of¥%5ﬁ ggﬁ'%@ﬂb 3 ¢ ehefliads ?hrég%@ﬁ%f— 70C.
Wth ver articular prererence, TnaxA - xB_in the process according to
Uhe 50T nBRYSGRef 2 o ixeshestalitlbedraro aRer A Taresk B2 G EORRRAg 4 & e

i nvent i on itempefafige pend.dihepdre mortriady abovwe thé temppdratiuresefl thie tamper&tusOzdang( STP) / |
h and < 1 I )/ ki ; fixed
cat al yst, bg%,d g{eﬁ%é% ﬂﬂ}%@é)%gﬁ %Ig?qlfa Q’r@h?:éggﬂﬁg)gwpﬁgg?gaticlcsﬁtéﬁ]dr)lfg%@%e the 35

i nvent i%on dP@"'ﬁH?‘rf@l'HeyWiHm 8RR ANEMZONS rst 1y, both the tenperature of

reaction zone A and the tenperature of reaction zone B are in the range
from 290 t%é@ﬂ& B diﬁ%‘éﬁﬁé*f*h%—f“‘w ifltHe 56 G‘acé&ﬁ\’v‘ﬁ%tﬁﬁﬁvérﬁiﬁﬁ%lﬁhb{fe of
reaction zqne B (IB 8" t he _t? erature ma;Aeaf,;aLBq z?ne {A ('I;é) d.e., B
“TA is <_%§dn3rﬁ ha 8-%06“6‘?“’.5'9-‘1 igyention, - is preferably 2°3°C an
< 70°C. With very particular preference, T™* — T™® in the process according to the '
30 inventionis = 20°C and < 60°C.

When the process according to the invention is being performed in the case of _
relatively low (= 90 [ (STP)/ - h and < 160 | (STP)/l - h) propene hourly space velocities
on the fixed catalyst bed, the T"®* — T™® differences required according to the

35 invention are normally attained when, firstly, both the temperature of reaction zone A
and the temperature of reaction zone B are in the range from 290 to 380°C and,
secondly, the difference between the temperature of reaction zone B (Tg) and the
temperature of reaction zone A (T,), i.e., T — Ta, is £ 0°C and 2 -20°C or =2 -10°C or
£ 0°C and 2z -5°C, or frequently = 0°C and = -3°C.

40
When the process according to the invention is being performed under increased
(preferred in accordance with the invention) propene hourly space velocities



s 0C and > -5C, or frequently < 0C and -e -3C. 40 Wen the process ‘
accordi ng tpF $dB®0i nvention is being perforned under increased (preferred in
accordance with the invention) propene hourI y space velocities PF 56390 58
(? 160 | (STP)/I h and < 300 | (STP)/I h, or < 600 1| (STP)/I h), the
TmaxA - --max" differences required ac88rding to the invention are nornally

attained wheneof[S1¥hiy.n 4etbsol NETPRIPH 8 L6 ASTPARCH, Afe Fone_Amand the

t t t B -
st el ek S tE S o G e T
<- 30C or B3hesE@peatyre EOEaabion 26/ A aﬁuéheatemperaﬁumtcémﬁmom eore diangjintthe TB - TA
'; Zgg?:’ gt ur @%@Jﬁ'(ﬁ'@@gg?@3g@@%rﬂrf% 782 0 @péhld' §§Cf)°‘(9hgf‘> she ah&?%%g%tg%” gr OIM Chin
t he par (; @re nﬂy\gfih 8"02?%5‘8 %?E{)%g 3%66[%%38(,@ 'igg e propene hourly

space veIOC|ty on the fixed catalyst bed in the process described my

tlggr?f Ozg_l_gﬁeafb@ ﬁaﬁﬁérﬁ‘re H 'I(BSI'P)t/eh ert@r@fhlfFeTeﬁ&g régdlﬁﬁpéléé h, or ?

2601( ST/ AEPYes e e ?el%era&es%f) heiohgis WA bt B8 o 170 4
(STP) /1 - rfﬁoérhrd?:@S 232@ﬂvl(r®rnhp/namcm ripy prederrexd @ggqes‘mmnowﬁw@ <- 200
| (STP)Hb h According to the invention, tenperature zone A preferably

ext ends. up onve 0% or fro 70% of
extends uP 148 FohNRIEy SERELRIP: H AR Al B MM Ehd bS8 0%
reaction sﬁ@éhe@@fﬁhed@h@*ﬁmple.t%@ HSTPY e had FR0E (STRMRRDY 11t process
accordi ng YsTPpe h@M@E'QIBOm(S'WFb)PI nobr = hso BT hmn215€266\1:(3mjnngﬂoe t he

A nvention, rticular
pref erence,” %i%wﬁm?hé %ﬁmgéﬁ;}d ehs§§ 1?@?&§@ﬁ rﬁiazg?é 7(’;)}n is ? 5C
and 55120cCh, Q'S—\T%h(StTﬂ?é/'pﬂ?cﬁfé's%Z%ﬁg&%T@ﬂn § to the invention is be| ng
performed in the case of relatively low (a 70 1 (STP)/I h and <- 150 |

(STRTT MacBgRsh B SBAE e B Q-rppg?fe%ly{]éﬁf {larsbobeg 3 the

erenc nverit 1 o enormally
at t ai ned- wRBRVersipR §H‘”‘§m 596? 0%@“"[0@11%%%? of e Y%WWGE%@C@W@"SM t he
t enper at ur evithfthe imaettionnofzthia the esw@nd reddien siagge from 230 to 320C and,
secondby, the difference between the terrperature of reaction zone D (Tc) and
the tenperature of reaction né,gnemgn e., TD - Tc 5 0C and ? -20C
or ? -10C &tgengralgibediftprencesiC™ il éh@érﬁ?%siac@fﬁdlﬁﬁéo E“e '@‘@"'t'%w t he
process acbemtbrathdno7°BeAtdording tmtrhenmreb&mm g P hesprefatelsly =i Ceasled

glroggg“e hourdoyc SRR Gy Patclutar Brergiflcd, *‘r‘“‘s‘ca'ﬁ@m'uﬁ'ﬂ{eeﬁéé‘é%s%&&‘dﬂg’}o qurly

invention is = 5°C and = 40°C.

25
When the process according to the invention is being performed in the case of
relatively low (2 70 | (STP)A - h and £ 150 [ (STP)/I - h) acrolein hourly space
velocities on fixed catalyst bed 3, the T™C — T™* differences required according to
the invention are normally attained when, firstiy, both the temperature of reaction zone

30 C and the temperature of reaction zone D are in the range from 230 to 320°C and,
secondly, the difference between the temperature of reaction zone D (Tp) and the
temperature of reaction zone C (T¢), i.e., Tp— T¢, is £ 0°C and 2 -20°C or = -10°C or
= 0°C and 2 -5°C, or frequently = 0°C and 2 -3°C.

35 When the process according to the invention is being performed under increased
propene hourly space velocities and thus also increased acrolein hourly space
velocities (= 1501 (STPYl - hand < 300 | (STP)Yl - h, or <800 (STP)/ - h), the
T - TP differences required according to the invention are normally attained
when, firstly, both the temperature of reaction zone C and the temperature of reaction

40 zone D are in the range from 230 to 320°C and Tp — T is 2 0°C and £ 40°C, or 2 5°C
‘and £ 35°C, or 30°C, or 2 10°C and = 25°C, or £ 20°C, or = 15°C. -



velocities (> 150 1 (STP)/I h and <_ 300 1 (STP)/I h, or 5_ 6001 (STP)/I
h), the TnB&k&6390rmaxD differences required according to the invention are
normal |y attained when, firstly, both the tenperature of reaction zone C
and the tenperature of reaction 40 zone I are in the range from230 to 320C
and TD - Tc is > 0C and <_40C, or ? 5 and < 35C, or -30C, or ? 10C and 5
25C, or <_ DPtGbaye statehbi@ re@HdBE3INOTH9 T Terepaibtwe dffeaneasragutagigatsdi ng the TD

- Tc ffenperé’édﬂé§wﬁéﬁf@t&%@?ﬂtﬁr@%l’@d&ib’n Bdrec i%ﬁiﬁ%%@ﬂe&fﬂé‘nm@hﬁtufe of
reaction z:)é@rc o chllthl n tthe ef e‘rredf raagae of fron}@ZtS%gbp 300C or within
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acryl i ¢ aciina manner known per se will, in accordance with the invention, regularly be
292 mol%, or 2 94 mol%, frequently = 95 mol%, or 2 96 mot% or 2 97 mol%.

In general, the acrolein hourly space velocity on fixed catalyst bed 3 in the above-

30 described process will also be at least about 10 1 (STP)/ - h, frequently at least about
20 or 25 [ {STP)/I - h, or at least 30 or 40 [ (STP) - h, or at ieast 50 | (STP)/i - h, below
the propene hourly space velocity on fixed catalyst bed 2. This can be attributed
primarily to the fact that conversion of propene in the second reaction stage is
conducted to a limited extent in accordance with the invention.

35
In the case of suitable selection of fixed catalyst beds 2 and 3 in a manner known per
se (see catalyst recommendations given in this document), the selectivity of acrylic acid
formation assessed over both reaction stages in the above-described procedure, based
on converted propene, may, in accordance with the invention, regularly be at values of

40 283 mol%, frequently at = 85 mol%, or 2 88 mol%, often at = 90 mol%, or = 93 mol%.
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principle be as desired r wor or exa be spheres,
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oxi des conprising the elenents Mo, Fe and Bi, the sanme 35 m xture then has
to be used for all shaped catal yst bodies of fixed catalyst bed 2. A
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the pr Ocesiccorgmg?o H’% invention, the inert shaped diluent bodies selected will preferably be
those whose geometry corresponds to that of the shaped catalyst bodies o be diluted
with them.
30
According to the invention, it is favorable when the chemical composition of the active
composition used does not vary over the entire fixed catalyst bed 2. In other words,
although the active composition used for a single shaped catalyst body can be a
mixture of different multimetal oxides comprising the elements Mo, Fe and Bi, the same
35 mixture then has to be used for all shaped catalyst bodies of fixed catalyst bed 2.

A volume-specific activity increasing zone by zone over the fixed catalyst bed 2 in flow
direction of reaction gas mixture 2 can therefore be achieved for the process according
to the invention in a simple manner, for example, by beginning the bed in a first fixed

40  catalyst bed zone with a high proportion of inert shaped diluent bodies based on one
type of shaped catalyst bodies, and then reducing this proporfion of shaped diluent
bodies zone by zone in flow direction.



to the invention in a sinple manner, for exanple, by beginning the bed in a
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direction. PF 56390 61 However, a zone Dby zone increase in the
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30 comprise any shaped bodies which have multimetal oxide active composition). The
shaped diluent bodies used for the inert bed may have the same geometry as the
shaped catalyst bodies used in fixed catalyst bed 2. However, the geometry of the
shaped diluent bodies used for the inert bed may also be different to the
abovementioned geometry of the shaped catalyst bodies (for example, spherical

35 instead of annuiar).

Frequently, the shaped bodies used for such inert beds have the annular geometry

7 mm x 7 mm x 4 mm (external diameter x length x internal diameter) or the spherical

geometry having a diameter d = 4 - 5 mm. Temperature zones A and B in the process
40  according to the invention may also extend to the inert beds. According to the

invention, it is advantageous when neither temperature zone A nor temperature zone B
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catalyst b red onsi st of a bed of shaped
cat al yst bodi es whose volune speC|f|c activity is 30 reduced, for exanple by
di | uti on wilhthe precéssnacerdiral to theinventanpiieduatalBYioed\b evil freqtmdtlytatbr&d:gtszf bed 2

- consi sts of hdn Eaﬁz@ %ai Lyst bed zones, it is generally advantageous
accordi ng to t he |nven I'on"(as I's quite generally the case in the process
accord|2t5g to the invention) when the fixed catal yst bed zone having the
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Bis effect
words, xt preferably consists exclusively of shaped catalyst bodies. If required, it may

also consist of a bed of shaped catalyst bodies whose volume-specific activity is
30 reduced, for example by dilution with inert material, for example by 10%.

When fixed catalyst bed 2 consists of only two fixed catalyst bed zones, it is generally
advantageous according to the invention (as is quite generaily the case in the process
according to the invention) when the fixed catalyst bed zone having the highest

35  volume-specific activity does not project into temperature zone A (in particular when
the heating in temperature zone A and temperature zone B is effected by means of a
flowing heat carrier which in each case flows in countercurrent to the reaction gas
mixture). In other words, the fixed catalyst bed zone having the lower volume-specific
activity will favorably project into temperature zone B and the fixed catalyst bed zone . '

40 having the higher volume-specific activity will begin and end in temperature zone B (j.e.
have its beginning beyond the transition from temperature zone A to temperature zone
B).



flowi ng heat carrier which in each case flows in countercurrent to the
reaction gaBF 568%@ ure). In other words, the fixed catal yst bed zone having
the | ower volune-specific activity will favorably project into tenperature
zone B and the fixed catal yst bed zone havi ng the hi gher vol une-specific
activity will begin and end in tenperatur'e zone B (i.e. have its beginning
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same length, but in each case each according to the composition of the particular fixed
catalyst bed zone. The higher amount of propene converted indicates the higher

30  volume-specific activity.

When the total length of fixed catalyst bed 2 is L', it is advantageous in accordance
with the invention if there is no transition from one fixed catalyst bed zone to another

fixed catalyst bed zone within the region of X" £ 1 l—g—o—or within the region of

35 X' =xL' 1—3— or within the region of X'z L' 1—3‘6— where X is the location (the position)

within fixed catalyst bed 2 of the transition from temperature zone A to temperature
zone B.

Preference is given to the fixed catalyst bed in the above-described process being
40  structured as follows in flow direction of reaction gas mixture 2.



zone B. Preference is given to the fixed catal yst bed in the above-descri bed
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30 of reaction gas mixture 2. It is normally utilized as a heating zone for reaction gas

mixture 2. It is normally utilized as a heating zone for reaction gas mixture 2. Instead of

the inert material bed, it is alsc possible to use catalyst bed diluted with inert material

-as a heating zone.

35  According to the invention, the fixed catalyst bed zone having the lower volume-specific
activity in the aforementioned fixed catalyst beds 2 then advantageously extends into
temperature zone B for from 5 to 20%, frequently from 5 {o 15%, of its length.

Appropriately, temperature zone A also extends to a preliminary bed of inert material
40  which is used if appropriate for fixed catalyst bed 2.
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fixed catalyst bed 3. 35 A volune-specific activity increasing zone by zone
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30  According to the invention, it is favorable when the chemical composition of the active
composition used does not vary over the entire fixed catalyst bed 3. In other words,
aithough the active composition used for a single shaped catalyst body can be a
mixture of different multimetal oxides comprising the elements Mo and V, the same
mixture then has fo be used for all shaped catalyst bodies of fixed catalyst bed 3.

- 35 ' '
A volume-specific activity increasing zone by zone over fixed catalyst bed 3 in flow
direction of reaction gas mixture 3 can therefore be achieved for the process described
in a simple manner, for exampie, by beginning the bed in a first fixed catalyst bed zone
with a high proportion of inert shaped diluent bodies based on one type of shaped

40  catalyst bodies, and then reducing this proportion of shaped diluent bodies zone by
zone in fiow direction.



zone in flow direction. PF 56390 66 However, a zone by zone increase in the
vol une- sped®d b@g39@ctivity is al so possible, for exanple, by increasing the

t hickness of the active conposition |ayer applied to the support zone by
zone at constant geonetry and active conEosition type of a coated shaped
catal yst body or, in a mxture of coat ef catal ysts having the sane geonetry
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shaped bod® r such inert beds have the annular geonetry 7 mmx 7 mm
x 4 mmePexternal dianmeter x length x internal dianmeter) or the spherical

Upstream and/or downstream of fixed catalyst bed 3 may be disposed beds consisting
exclusively of inert material (for example only shaped diluent bodies) (in this document,
they are not included for terminclogy purposes in fixed catalyst bed 3, since they do not
comprise any shaped bodies which have multimetal oxide active composition). The

30 shaped diluent bodies used for the inert bed may have the same geometry as the
shaped catalyst bodies used in the fixed catalyst bed. However, the geometry of the
shaped diluent bodies used for the inert bed may also be different to the
abovementioned geometry of the shaped catalyst bodies (for example, spherical '
instead of annular).

35 _
Frequently, the shaped bodies used for such inert beds have the annular geometry
7 mm x 7 mm x 4 mm (external diameter x length x internal diameter) or the spherical
geometry having a diameter d = 4 — 5 mm. Temperature zones C and D in the process
according to the invention may also extend to the inert beds. According to the

40 - invention, it is advantageous when neither temperature zene C nor temperature zone D
covers more than three fixed catalyst bed zones (according to the invention, at least
one fixed catalyst bed zone is necessarily covered by both temperature zones).



geonetry having a dianeter d = 4 - 5 mm Tenperature zones C and D in the
process adfos6fi%g to the invention nay al so extend to the inert beds.
According to the 40 invention, it is advantageous when neither tenperature
zone C nor tenperature zone D covers ngre than three fixed catalyst bed
zones (according to the invention, one fixed catal yst bed zone is
necessarily covered by both tenperature zones). PP 56390 67 According to
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to the invention (as is quite generally the case in the process according

vol - spo BB I ok, AERLE Yok ROFe FAPRARMAR SRR hgDES,
when tRe Feed ¢ai@y$trbetd@ripélpwtdfeétlomfée@tlaﬁaas Bibfidnieat logieg @ ’étGD Irsotéeff ected
by means ofyofds, ft|p%ﬂaglyft@a§|st@%fxb!l,:§we%f §haped cath/t 6ages. fif redGirdd) it may

countercur I:élEgtCO}\gISt o?% 2%t sﬁ%ed@aﬁl;'fst%odies whose volume-specific activity is
_ reduced, for example by dilution with inert material, for example by 10%. When fixed

catalyst bed 3 consists of only two fixed catalyst bed zones, it is generally

30 advantageous according to the invention (as is quite generally the case in the process
according to the invention) when the fixed catalyst bed zone having the highest
volume-specific activity projects into temperature zone C (in particular when the
heating in temperature zone C and temperature zone D is effected by means of a
flowing heat carrier which in each case flows in countercurrent to reaction gas mixture

35 3).

When fixed catalyst bed 3 consists of only three fixed catalyst bed zones, it is generally
equaliy advantageous according to the invention when the fixed catalyst bed zone
having the highest volume-specific activity projects into temperature zone C (in
40  particular when the heating in temperature zone C and temperature zone D is effected
" by means of a flowihg heat carrier which in each case flows in countercurrent to
reaction gas mixture 3).



35 3). Wen fixed catalyst bed 3 consists of only three fixed catal yst bed
zones, it iBF@6B¥rally equally advantageous according to the invention when
the fixed catal yst bed zone having the highest vol une-specific activity

~projects into tenperature zone C (in 40%articul ar when the heating in
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X2 1_36 or within the region of X? £ L2 % where X is the location within fixed |

catalyst bed 3 of the transition from temperature zone A to temperature zone D.

Preference is given to fixed catalyst bed 3 in the above-described process being
30  structured as follows in flow direction of reaction gas mixture 3.

First, to a length of from 10 to 60%, preferably from 10 to 50%, more preferably from 20
to 40% and most preferably from 25 to 35% (i.e., for example, fo a length of from 0.70
_ to 1.50 m, preferably from 0.90 to 1.20 m), each of the total length of fixed catalyst bed
35 3, a homogeneous mixture or two (having decreasing dilution) successive
‘ horhogeneo_us mixtures of shaped catalyst bodies and shaped diluent bodies (both
preferably having substantially the same geometry), in which the proportion of shaped
diluent bodies is such that the volume-specific active composition, based on a bed
consisting only of shaped catalyst bodies, has been reduced by from 10 to 50% by
40  weight, preferably from 20 to 45% by weight and more preferably from 25 to 35% by
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preferably having substantially the sane geonetry), in which the proportion
of shaped ®F68%¢ bodies is such that the vol une-specific active
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preferred variant of a two-zone tube bundle reactor which can be used in

It is advantageous in accordance with the invention when temperature zone C (which
also advantageously extends in accordance with the invention to the preliminary bed of
inert material) in the abovementioned fixed catalyst bed 3 extends for from 5 to 20%,
30 frequently from 5 to 15%, of its length to the last (volume-specifically most active) fixed
catalyst bed zone of fixed catalyst bed 3 in flow direction of reaction gas mixiure 3.

In an advantageous manner from an application point of view, the second reaction
stage of the above-described process is carried out in a two-zone tube bundle reactor,

35 as described, for example, in DE-A 199 10 508, 199 48 523, 199 10 506 and 199 48
241. A preferred variant of a two-zone tube bundle reactor which can be used in
accordance with the invention is disciosed by DE-C 28 30 765. However, the two-zone
tube bundle reactors disclosed in DE-C 25 13 405, US-A 3,147,084, DE-A 22 01 528,
EP-A 38 32 24 and DE-A 29 03 218 are also suitable for carrying out the second

40 reaction stage of the above-described process.
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accordance with the invention is disclosed by DE-C 28 30 765. However, the

t wo- zone tRF86380ndl e reactors disclosed in DE-C 25 13 405, US-A 3,147,084,
DE-A 22 01 528, EP-A 38 32 24 and DE-A 29 03 218 are also suitable for
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up to the CP value being pursued in accordance with the invention.
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al so possihle | r.dar (th the invention to enmploy cocurrent flow in
3-SR Bl

t enper at ur ntercurrent flow in tenperature zone B (or .
vice versa). In all of the aforenentioned cases, it is of course possible to

super i npos &ygichllyaineuriringtdf e garatufezdris Blideheyoha thedtiots e nesdrburiit

relative t l.on tubes, taking place wthin the particular
tenperaturgeréﬁc:eﬁ%tp?e?%gr{ehﬁ‘;t t he individual reaction zone corresponds 35 to a

tube bdhdl e reactor as described in EP-A 700 714 or in EP-A 700 893, which
resul ts ovekedrtingo thelastion | bigh salovaths Af Blcan 68 cbhdudiepih cosgrfeitgeinmedi umin

a countercurrent through the space surrounding the reaction tubes relative to the flow
direction of the reaction gas mixture flowing through the reaction tubes. It is of course
also possible in accordance with the invention to employ cocurrent flow in temperature

30 zone A and countercurrent flow in femperature zone B (or vice versa).

in all of the aforementioned cases, it is of course possible to superimpose a transverse
flow on the parallel flow of the salt meli, relative to the reaction tubes, taking place
within the particular temperature zone, so that the individual reaction zone corresponds

35 to atube bundle reactor as described in EP-A 700 714 or in EP-A 700 893, which
results overall in a meandering flow profile of the heat exchange medium in a
longitudinal section through the catalyst tube bundie.

Appropriately, starting reaction gas mixture 2 in the process according to the invention
40  Is fed to fixed catalyst bed 2 preheated to the reaction temperature.
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30  According to the invention, the entrance temperature of the heat exchange medium into

temperature zone A is normally in the range from 290 to 380°C, preférably in the range
- from 305 to 365°C and more preferably in the range from 310 to 340°C oris 330°C.

According to the invention, in the case of propene hourly space velocities on fixed
catalyst bed 2 of 2 90 | (STP)/I-h and < 160 | (STP)/!-h, the entrance temperature of the

35 heat exchange medium into temperature zone B is likewise in the range from 290 to
380°C, but at the same time normally, appropriately in accordance with the invention,
from 2 0°C to < 20°C, or £ 10°C, or = 0°C and < 5°C, or frequently = 0°C and = 3°C,
below the entrance temperature of the heat exchange medium entering temperature
zone A. According fo the invention, in the case of propene hourly space velocities on '

40  fixed catalyst bed 2 of = 160 | (STP)/I-h and (generally) < 300 | (STP)/I-h (or 600 |
(STP)/\-h), the entrance temperature of the heat exchange medium into temperature
zone B will likewise be in the range from 290 to 380°C, but normally, appropriately in
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reaction st I n order to suppress subsequent conpl ete conbustion of
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According to the invention, the resulting selectivity of acrolein formation and also of

30 acrylic acid by-product formation together in single pass in the second reaction stage
will regularly be = 92 mol% or = 94 mol%, frequently = 85 mol% or = 96 mol% or
= 97 mol%. '

It is appropriate from an application peint of view to cool the product gas mixture 2 of
35 the second reaction stage in the aftercooler already mentioned to a temperature of
from 210 fo 290°C, frequently from 230 to 280°C or from 250 to 270°C. The product
gas mixture 2 of the second reaction stage can quite possibly be cooled to
temperatures which are below the temperature of the third reaction stage. However,
the aftercooling described is no way obligatory and can generally be dispensed with,
40  especially when the path of product gas mixture 2 from the second reaction stage to
the third reaction stage is kept short. Advantageously, the two-stage partial oxidation
process described is also realized in such a way that the oxygen requirement in the
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ext ends represents a. nple a salt
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P (temperature zone C) in which the oxidative conversion of acrolein (in single pass)

proceeds until a conversion value in the range from 45 io 85% (preferably from 50 to
30  85%, more preferably from 60 to 85%, of the value of C* pursued in accordance with
the invention in the third reaction stage) is achieved, and a salt bath D flows around the
section of the tubes {temperature zone D) in which the subsequent oxidative
“ conversion of acrolein (in single pass) proceeds until the inventive value of C* is
achieved (if required, the temperature zones C, D to be used in accordance with the
'35 invention may be followed by further temperature zones which are maintained at
individual temperatures).

It is appropriate from an application point of view for reaction stage 3 of the process
according to the invention not to comprise any further temperature zones. In other
40  words, salt bath D advantageously flows arocund the section of the tubes in which the
| subsequent oxidative conversion of acrolein (in single pass) proceeds to the value of
C" pursued in accordance with the invention.
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sal t bakhs AgcoldingaB tReinGEMBHCEAN shifbSRE &) Dt Y cdnBucts@HERURERT & t hrough |
t he space surr.oun

d th t t ub Latiy. t he fl di t f
reaction g&3UNEE] I?Eig@mt"'EB\rmeeﬁ%DalP%gﬁﬁéweﬁqétﬁ?gﬁgﬁ&F%leﬁBégg'velot\évt?%hé‘ﬁccloapsg
al so possi idirection ciceastidmgaemitere X flawvinghiheoughdhe teactompiubgs.dbis wf ceursef | ow i n

t enper at ur @soZsHasible iABEcET@AHHERTIHURE MVenfidry dribidieEmRaahiTow iR RpElatpe Vi ce
versa). 10_ln ourse possible to

?II of tge af ogﬁ?rrenttl oned, cases Dlt i.s of

super i npos &°BE FrARSPHPEECUNENLIPW N tBRRSIFIFE 7PR¢ DHPOLYFRYSBRe salt melt,
relati V@ to the reaction tubes, taking place wthin the particular

t enper at ur én gIPBEthe SfbrémaiitidnBe chedd, tidlsrdourseokbioR 18 R0FertMdseHPdriversk0 a

tube bundl g _re r cribed jn EP-A.700.714 or in EP-A. 3, which
15t eon t s TBWERIhE Palie TRRA R Mo oA B e foslion okt sadQBRER 5. 1ol h
in a | ongiithin thepagisdlal empertyegene o tbat thp jnsividuab esastierizene cofisiseandsy, t he
catal yst t ehesubebunaR rabetoeseaddcabadlint BAZDOET UWpen BRICYED 8¥Reigts for  the
= el | 1850 Teits BHESE ) eABIUA BT oblfcEat kicrbinds PR A P Gentral 1y
from 20 t ola@itygipalsestipndhiaugh fheeatalystigbelundls. Their length is
advant ageously from3 to 4 m preferably 3.5 m In each tenperature zone,

I xed cat akys; _ Les I 9 t % | east
90% of the’Tendth of the zone. Any remaining ength 1s. op lonally ~occupied
f Wﬁi{::al &e%a‘?ﬁ)ﬁslf Rires nﬁh}g a?&%f‘neﬁfi’cﬁ‘?ed%rﬁ%n% fifRtbund r‘éa&F}\'saftor
by an i ner thegld reactipn stage ar mgeasturaddrana ferafspitee! and SPIGadY Revee Wallew f or
theI 25 20uniécknets offtarh b 3tnurheTheiciatenma dizederi is géderalyuibem EOMB&m,ssfel to be
at least 5 : K : 000,
cat al yst tﬁg genél@é@ﬁnfr%ﬁgblt%ﬁdﬁ hﬁhﬁtélﬁgenglg]a{gtg ?Vanr’f%/%ggglp_tfr:og.'??%fnﬂ%%g%bgo 30
000. Tube gtﬁfﬁl B §365 dTBRPY WER 7915 HX%%@VStg‘Fd 3Q5euPigs £t IPaHel %2, 95361828t 000
are usual | y5%xoegitleast&D%, W theilengtinef the zsed. Arlymemeimingl Igrsdth ist aptiesalyr e normal |y

hombgeneougky, i Shy 4rPibR BelAf BRNARbYefusGHt gh ShARLIGIPARER W RETe30 Per
o sl et Lo e e et g =

adj acent cateiérably at idaets10 (0 Gvequastly, e nahiadnos tataiysetupes atgommsodatedin3s t o 45
mm (cf. EPyR 468icAA8sel is from 15 000 to 30 000. Tube bunde reactors having a number of
catalyst tubes above 40 000 are usually exceptional. Within the vessel, the catalyst
tubes are normally homogeneously distributed (preferably 6 eguidistant adjacent tubes
30  per catalyst tube), and the distribution is advantageously selected in such a way that
the separation of the central internal axes of immediately adjacent catalyst tubes
(known as the catalyst tube pitch} is from 35 to 45 mm (cf. EP-B 468 290).

‘Suitable heat exchange media are in particular fluid heating media. It is particularly

35 favorable to use melts of salts such as potassium nitrate, potassium nitrite, sodium
nitrite and/or sodium nitrate, or of low-meiting metals such as sodium, mercury and
also alloys of different metals.

, In general, in all of the abovementioned flow arrangements in the two-zone tube bundie

40 reactors of the third reaction stage, the flow rate within the two heat exchange medium
circuits required is selected in such a way that the temperature of the heat exchange
medium rises from the entrance into the temperature zone to the exit from the



Sui t abl e heat exchange nmedia are in particular fluid heating nedia. It is
parti cul arl yF 58396avorabl e to use nelts of salts such as potassiumnitrate,
potassiumnitrite, sodium nitrite and/or sodiumnitrate, or of |ownelting
metal s such as sodium nercury and also_alloys of different netals. In
general, in all of the abovenentioned fl®v arrangenents in the two-zone tube

?undlhe t40 fe@mssratufe fnetdyerdn D6l 15%RTH bibBr AbrigSthetdfidemkibricalar way,Nhn met
WO neat eX - CJ | qul r I | Yy a
the t emper atueteene e el B eR G B AdL 2 e R IER Y e

the tenperature zone to the exit fromthe PF 56390 75 tenperature zone by
fr orr? Oht 0 1ACcortiing @ h‘@ri?\llmidﬁ,,thé BAtr&icertempaiaturs efithd heaByxchiage medamtiatice
with thegin . : : :
Accor di n% tg&%éé&pﬁev%ﬁ&ei%%momé%ﬁ? &a?@é#@%&é{%&? §%o‘fp9%fﬁré£%3 h.%)%crﬁgnge
medi um i nt ofl3M2APIRREP and gee refesablp e rangerfranm &89 EneR0°Er HerPENI v 320C,
preferably the inventivarigéhe dasert 26@IcirmhANYGpacelvetotitegarefi-edatalyst bet Beofr ange

from260 to . or dj [ LON,,. 0 f in
hour |y spac%%ﬁg&\%};@? ﬁjeés'%o%g?(ls g@ﬁ@{‘ atﬂfg/gg {r%@% t\gfn@g Falﬂgre%?gm%lr%@é%%h% bS% and s
150 1 ( STP) mediun ik ientreEde Zoampbeip dkewise trthe rendedeam @ iadrfeC, Bdtiha i nt o
terme[ agor esamaa'lm!a dwmhilygemﬁmge{muﬁlym ﬁ@@%nﬁé%i@inﬁ?nt%@ﬁomw°% ]E he 10
sane I e nar d I o < on, rom>_
oc to | < HB2%e o5 BT ALY I5°C) o REAIMRY S -kl <€, b e O ]

bel ow the ER¥INERIRMPRARES af tiedeat exchangromedivnanieiye trEgr@nespe? Cng

t enper at ur e Azeording to thAde@ntibmdn the ddse of ayrelrin idurlyispatdres|caties @f thadiked ei n

h I | £4 t ' 2 d
(goner aj Ly CEefaldd o B HETPYLK B SebRPS SOFFsTen) f SedbBITERRIND, o
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l'i kewi se belitewidehise inathe) earfgedron?38D 1032820 Gut atitheatantetens aomenally,ne nor mal |y,
advant aggoué%n'tébe%éi@rﬂ%d}%@a L Qith ih(?é@%h‘ 8 >0 2408€ &% 52C 404 or 7

5C and s OF ? \{% < or_.20C_ or15C, above the
entrance eq'aﬁrt?ﬁgc’cﬁr?t%cﬁé‘gts thrn%cé n%l{%ﬁﬁ’ @H‘P‘@rtf"ﬂﬁnﬁr@fﬁe\r’ature zone

C. 20 It shtemperdierepditing bebt @uthamge ensgtjan entering nspgratucs zone G.hat, for an
i npl emepgation of the third reaction stage of the process described, it is

al so possibl.e i artjcular to use the. twg-zqnpe tube bundl e reactgr type
mhion’ s dekarrt R PRI Gt ohe 58n 8l Bisiur e hds o SamHaRer sy oL st |
renmoving a thoriréeantiooktaghef thet precess escrbedhib isgaisanpatisible infpaztiutas tipesather e zone
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ot chi n-an e i of rififine,n PorRE of s Hoteeek SSRGS RIS Gescri bed 1 n
EP- A 3825 09®mperatire aohe Eblprismpeatadure poss Chineorder icappropriate totheat pistaciing

described byese@sHPb4Y Rsii-¥8 Wik is B6b kN erHeUls: B endr8@eHdics witRindrve a
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i 3 inER-A 382 088
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It is of course also possible to carry out the process described by combining two two-
30 zone tube bundle reactors to give a four-zone tube bundle reactor, as described in

WO 01/36364. In these cases, there is normally an inert bed between fixed catalyst

bed 2 and fixed catalyst bed 3. However, such an intermediate inert bed may also be

dispensed with. The length of the reaction tubes in the event of combination corre-

sponds in many cases to the sum of the lengths of the uncombined tube bundle reac-
35 tors. '

It should be emphasized at this juncture that the multimetal oxide compositions of
- DE-A 102 61 186 are also favorable as active compositions both for fixed catalyst bed
2 and for fixed catalyst bed 3.
40 o
. Favorable designs of a two-zone tube bundie reactor for the second reaction stage
may have the following construction (the detailed configuration of the construction can



bed 2 and fixed catal yst bed 3. However, such an internediate inert bed may
al so be diBp#&838d with. The length of the reaction tubes in the event of
conbi nati on corre- sponds in many cases to the sumof the | engths of the
unconbi ned tube bundl e reac- 35 tors. It_should be enphasized at this
juncture that the nultinmetal oxide conpd$itions of DE-A 102 61 186 are al so

favor abl e ase as tésribe® HAAS iLtilit AodBRAPpliERions RBR A9 0aY &l 602 Ped78.2 apgd f or

fixed catal dl e reactor
o e S 2o For A B ARG O Y R BT D ¢ h

det ai | ed con€T{N02(4dA%%f the construction can PF 56390 76 be as descri bed
inthe utility nodel appllcatlons 202 19 277.6, 2002 19 278.4 and 202 19
279.2 org i pplications PCT/EP02/14187, PCT/EP02/14188 or

PCT/ EPOﬁ 129%tg§'sptggét al yst tubes: material of the catalyst tubes: ferritic
steel; dinmensions of the catalyst tubes: length, for exanple, 3500 nm

ext er nal dimm;eroftrﬁ@tatgpygrfmegh 30 feric sté@l; wal I t hi ckness, for exanple, 2

nm  nunber h arrple 30 000, or 28
000, or 32 @%'88% h %g%%tlﬂh‘lgggddl?r}ggﬂ%%rbé@mp%sgﬁéemﬁﬁél t ubes (as descri bed
in EP-A 873 783 and EP-A 12 70 065)ewaiﬁlaa?%eref%ﬁ§@aplﬁn3%@sarre way as the
catal ystotubes (in a spiral 15 narvithicioiess, iogextangpe tienmyery outsi de toward
the inside), for exanple of t he sane Iength and wal | thickness but having

an external dianmeter of, for exanp and a centered thermwel | of

ext ernal di HfaResof cwawsféseawnéhe &@eweﬂﬁdfowampl@@%%952%9004%32&99@ e, 1
nmm 20 reac¢rcﬁ4 C(CmameadﬁmoarUpab 1ashdrinal Wataasdestiibeeisin EP-ABFB M88iaadl vessel of

internal di cf @é%wh@ﬁé’r@ cﬂﬁggﬁ%%%%rad”é%ﬂﬁaﬁh@tc%%n}% dBeE}/uH% sénréﬁ“

st ai nl ess st t ube
bundl e, ormé&%ﬁ% ating ?%“F*Pee‘ée%éHisld&Ito‘gﬂ'géﬁe Insigie} et eemple ¢f gﬁﬁe FABE central
space: for lengthphd wall(ﬂﬁ]éknes@Bomwawng(a‘mextmalrméraeteﬁaﬂ)ﬁ)rmmple 33806nmm or

1600 nm Oran7d89 ?dT@Ped%eg?nQQBu xt@rrntaﬁcﬁ 3{-@% 36Q0m b dpor mal 1y

honbgeneous §tf Fg | n 6 equi di stant adj acent
t ubes per ctQiC |§1¥‘t° abeRMRlE T dRBenent i n an eqw | ateral triangle, catalyst
tube pitch (separation of the central internal axes of imedi ately adjacent

ﬁ%tal)ysiot%ﬁétbr(sgﬁle maeridt2sTh8 cdtaiystaeesy € 36 nm or 38 mm or 40 nm or 42

cylindrical vessel of internal diameter 6000 - 8000 mm;

reactor hoods plated with type 1.4541 stainless steel; plating thickness: a few mm;

25 _
annularly arranged tube bundle, for example with free central space:
diameter of the free central space: for example, 1000 - 2500 mm (for example
1200 mm, or 1400 mm, or 1600 mm, or 1800 mm, or 2000 mm, or 2200 mm, or
30 2400 mm);

normally homogeneous catalyst fube pitch in the tube bundle (6 equidistant adjacent

tubes per catalyst tube), arrangement in an equilateral triangle, catalyst fube pitch

(separation of the central internal axes of immediately adjacent catalyst tubes): 35 -
35 45 mm, for example 36 mm, or 38 mm, or 40 mm, or 42 mm, or 44 mm,;

the catalyst tubes are secured and sealed by their ends in catalyst fube plates (upper
plate and lower plate each having a thickness, for example, of 100 - 200 mm) and open
-~ at fheir upper ends into a hood joined to the vessel which has an inlet for starting
40 reaction gas mixture 2; a separating plate of thickness 20 - 100 mm disposed, for
example, at half the catalyst tube length, divides the reactor space symmetrically into



it s

the catal yst tubes are secured and seal ed by their ends in catal yst tube
pl at es (upppF sepdt e and | ower plate each having a thickness, for exanple,
of 100 - 200 mMm and open at their upper ends into a hood joined to the
vessel which has an inlet for starting 40 reaction gas mxture 2; a
separating plate of thickness 20 - 100 rh di sposed, for exanple, at half

Loy s s etiRosh uesot b eeciaty semrs S AS G 00,
t enper ature‘E'S‘?\cz'rﬁ?%E eﬂF'giSE?@g,BPﬂFl@ir%tfég%loaﬁg’i"érﬂeﬂ? giR3i%i nal sections by a
deflecting plate; the deflecting plate preferably has annul ar geometry; the

BB ey B B H N RBlt et B P ot hat

Phe ¢ 7 ary A bRNaBStRETaruito SiREsealhiotitn sonaratimpate oy, Bat 8578 S norant

each zone iseamdntithedefigcting plales, sreihat the transiedse tew rate of e salt cedtivetined sal t

punp; the dfs ipeds Mdrylchestal t nelt is, for exanple, below the deflecting
plate and the withdrawal is, for exanple, above the deflecting plate; a

substreamis, for exanple, renmoved fromboth salt nelt circuits and cool ed,
for exanpleachizangiscprovdedwith salt melt asgdeat earrierdry 2 deditried salkpumpigbe s
g stegn*:j1cﬁi sriaa@bfthelsétteréttttiéleorféxitéﬁ{piéi;@é@wth@ggﬁ&?hggla@bﬁd ﬂ%'vﬁith&id@[@,ig -

i vided, c ne e rticular. residual Stream an ressurized into
t he react o?fgg%/‘a[ng%g\’n Pf’?@lﬁcg © tm?poi%ﬁto the appropriate anﬁul ar channel
which divides the salt nelt over the circunference of the vessel; 20 the
salt nelt readiesainhe fordxanmpe) démolddr i Bothheit Widdmaurl ampSskd, Fort he react or

j acket; the I i Lal,. di i 1 bundl e;
each zoraril, rEane Somb B fb sl itk el &ftfebodta e e o e by
the deflction 25 pl ate, for exanple in the sequence - fromthe outside
i_nwartrzln,c - ihtefirshease Ntk dooled s @it s§aihs onigbd Vdonthimei mumbqadnm%wnd L he
circunfere \ he. . . ; of each zone
in an an'nu:}%rgdg lg%rﬁgrln a&??%%sgh%r@gjlntée?%ecrtorrebgglj?%ﬁg&tjég%tk%{ﬁ}nWre der to be
punped in a?P(PTQFE@FBtaWW@r&g?W' whishdividas the salt mgh opgfethg gireunfgrance of énduct ed
from bott omekself op t hrough each tenperature zone. 35 The reaction gas
m xtureg eaves the reactor of the second stage at a tenperature a few
degrees hi qher thap the salt bath entrance tenperature of the reactor. For
r

further prioe8¥Emay reaohes fedube Brndia rageythe &‘W@Wa‘ﬂ%ﬂ??ﬁéfb@'ﬁé?@ﬁ’tE%ol ed to
from 220C tjack28ale flowp isefoe eadrhyplef ineMmadik0drdatio? GOBe tulre ursiepar at e af t er cool er
~which is connected ' 7 ' _

in each zone, the salt melt flows around the catalyst tubes as dictated by the deflection

25 plate, for example in the sequence

- from the outside inward,
- from the inside outward;

30 through windows mounted around the circumference of the vessel, the salt melt
collects at the end of each zone in an annular channel disposed around the reactor
jacket, in order to be pumped in a circuit including substream cooling;

the salt melt is conducted from bottom to top through each temperature zone.

35
The reaction gas mixture leaves the reactor of the second stage at a temperature a few
degrees higher than the salt bath entrance temperature of the reactor. For further
processing, the reaction gas mixture is advantageously cooled to from 220°C to 280°C,
preferably from 240°C to 260°C, in a separate aftercooler which is connected

40  downstream of the reactor of the 2nd stage.



40 downstream of the reactor of the 2nd stage. PF 56390 78 The aftercooler
i s general IRF $638ged on bel ow the | ower tube plate and nornmally consists of
tubes of ferritic steel. Stainless steel sheet netal spirals which nay be
partly or fully wound are advant ageousl introduced into the interior of the
tubes of the aftercooler, in order to rove the heat transfer. 5 Salt
melt: The s'raietafheejobleuiﬁegianﬁagﬂylﬂen@dﬂn(bejow thef lo&8Ptuby plese ghd nofmalipt assi um

nitrate, 4Q:6‘h§¥ts OMRIbEE b fé?nté%@ééi”@t@ﬂersﬁtsfeefﬁ%e?rﬁ’e@fs B9 fhicRfm um
nitrate; bot ?@l[al on zones angw r§ ber a van&@q us errpl oy a
salt melt é’la VHE r?ﬁ%@?"fqn eopﬂg HeR '8?0" g Iintennn gh B?/e%?f el ati on
i n the reacttemooleariresrdento ibprayethekeattitar8®®. nB/ h per zone. Flow control:

15 The gtarting reaction gas m xture 2 advantageously flows fromtop to
bottom t hr h Iélhe second stage reactor, while the salt nmelts having

different t F¥atures of the individual zones are advantageously conveyed
frombottomto top; 20 Catal yst tube and thermal tube charge (fromtop to

potton), T ahe®4RAHAised BIHLImixkirel# B3N b MG F HBALILA ik dig stk pgeometry 7

s I St SSieS ks 2 9E B et b ol okt oA Tppeednd'S @
honoger@ousdhaéfiareeateraidvanagesusivempioy afsalt srelalf thessamenepmpsfsitippothet ry 5 nm x 3
nm X 2 M Eeduif aeﬁan@uggegg? cifculhifIndh fheXrela B Zbiks a3 Bt fiprox@nd 080 %y

wei ght of x)gsu(?rgeorted alyst fromsection 3 (alternatively, it is also
possi ble o {/Z use 70% by wei ght of unsupported catal yst fromsection 3).
Section 3. length 160 cm catal yst charge of annular (5 nfmx 3 M x 2 mm =
ext ernal dirggwet&ttroir35 X length x internal dianeter) unsupported catal yst
accor di B to exanpl e | of DE-A 10046957 (stoichionmetry: [Bi 2W209 x 2

W3] 0. § [ Mp12Co5 5Fe2s4Si 1. 6SKo. 050x] 1). Favorable configurations of a

t wo- zone t Ube Skt reagticacaasrmixiyre € pdvariagepuply dlews diemstoade botg:w guauge

desi gned asne sddonstagBiredictYRhildthe salt melts having different temperatures of the
individual zones are advantageously conveyed from bottom to top;

20  Catalyst tube and thermal tube chafge (from top to bottom), for example:

Section 1: length 50 cm

steatite rings of geometry 7 mm x 7 mm x 4 mm (external diameter x
length x internal diameter) as a preliminary bed.

25

' Section 2: length 140 cm -
~ catalyst charge of 2 homogeneous mixture of 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 of unsupported

30 catalyst from section 3 (alternatively, it is also possible only to use
70% by weight of unsupported catalyst from section 3).

Section 3: iength 160 cm
' catalyst charge of annular (5 mm x 3 mm x 2 mm = external diameter
35 x length x interna! diameter) unsupported catalyst according to
example 1 of DE-A 10046957 (stoichiometry: [Bi,W20p X 2 WOs]os
[M0+12C05 5F€2.64511.50Kc.06Oxl1)-

Favorable configurations of a two-zone tube bundie reactor for the third reaction stage
40  can be designed as follows:



Everything as in the two-zone tube bundl e reactor for the second reaction
stage. HowBF&63%@ he t hi ckness of the upper and | ower catal yst tube plates
is frequently 100 - 200 mm for exanmple 110 mm or 130 mm or 150 mm or 170
mm or 190 mm 5 The aftercooler is dispegnsed with; instead, the | ower

openi ngs of the catal yst tubes open int'@ a hood which is connected to the
vessel at tBeerlibingrasanthesing-Zome tatse ourddieeteactoofor tHeesqeond uedctigastagext ure; the

upper te”peHQM?‘veGF 1?18’?1%[&1%5%Bﬁ%e(Bpgé‘rgaric{ﬁwéro(‘!ﬁélysttt@é@o&é%%‘Hﬁ?cﬁ.%ﬂgy 4§g zone D.

Bet ween t he er cool er reaction
stage" i nl e£0% mat &N XaBmEahtlagPo 05 13° AMeahe0 MEh of d&8Miy ¥Jd9BM¥8sed air. 10

The catal yst tube and thermal tube charge. (fromtop to bottorr) may for

exanpl e, 5 beThé‘ﬁftér%él% gls d%thlms %‘Eglth@ I&:Qercdﬁbﬂﬁf‘b E'ctaf'a nf jot tibes

geonetry 7 I anme
di arret er) a%peé‘ 'BP&T‘?H%‘%'?@“ @qupnn eﬁ’?sqeiﬁbtf‘ﬁ Qpr @Qgé‘ﬁ@f‘ %H%tr ge of a
honogeneousfonthet proguah a8 6isting; thempp&r ’aafnpéﬂatm’eeaheiaazanertgand)fhegmeret ry 7 nmmx

3 mmx 4 g ?ﬁﬂr‘éaéolng'ué‘fﬂ%% BetweT9EMafe &Jeaﬁet%hgwet %act@rrfdr fig% by
wei ght of c ate at a sectlon 4 terna

oo bl o 1 N ESesing Sals: blpt reyRecvittogerblis Bama ot Pebingnomisie st ) 25
Section1@®: length 50 cm catal yst charge of a hom)geneous m xture of 20% by

vei ght of ‘Fﬁe?é‘éthl&@t tﬂﬂ)é‘ﬂﬁd P ARe Ehar /5 bWtoﬁ tdBbiforfl) MBY, FErdx@hipe, pdi amet er

x length x_i her nal- di aneter) and 85% by wel ght of coat ed catalyst from
section 4 (%ﬁ{] PH¥tively, it |s al so possible to use only 80% by weight 30
of coated catalyst fromsection 4). Section 4: length 190 cm catal yst charge
of annul ar §dctigR1x 3 rrmg 20+ external diameter x length x internal

di ametey) coated catal yst_.accordi.n eparative_ ,35 exal | e .5 of DE-A 100
46 928 {Qst oi chi ometry: A %9% T@f{?%@ﬂ aiﬁ\"?ﬁ“sq"gd nﬁ?ﬁf"?@“{eft?ru’be and
t hermal tube charge nnyelwtbéllhiaml dinmetas} dpapragmingspbed.ance (fromtop to

botton): 40 Section 1: length 20 cmsteatite rings of geonmetry 7 mmx 7 nmm X

4 mm (exter anet er th x internal dianeter) as a prelimnmnary bed.
PF 56390 80§&1§8gt2| on 2: lengéﬂ%ﬁﬁghm cm cat al yst charge of a honobgeneous
m xture of 25% by wei gtratalyst charge of a homogeneous mixture of 30% by weight of

20 . steatite rings of geometry 7 mm x 3 mm x 4 mm {external diameter x
length x internal diameter) and 80% by weight of coated catalyst from
section 4 (alternatively, it is also possible to use only 70% by weight

~ of coated catalyst from section 4).

25 Section3:  length 50 cm ,
catalyst charge of a homogeneous mixture of 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 of coated Catalyst from
section 4 (alternatively, it is also possible to use only 80% by weight
30 : of coated catalyst from section 4).

Section 4: length 190 cm
' catalyst charge of annular (7 mm x 3 mm x 4 mm = external diameter
‘ x length x internal diameter) coaied catalyst according to preparative
35 example 5 of DE-A 100 46 928 (stoichiometry: Mo:V:W,,Cu, 40,).

The third stage catalyst tube and thermal tube charge may also have the following
appearance (from top to bottom).

40  Section 1: length 20 cm
- steatite rings of geometry 7 mm x 7 mm x 4 mm (external diameter x
length x internal diameter) as a preliminary bed.



. i

steatite rings of geonetry 7 mmx 3 mmx 4 nmm (external dianeter x 5 length
x internal BF388%®r) and 80% by wei ght of coated catal yst from section 3
(alternatively, it is also possible to use 75% by wei ght of coated catal yst
fromsection 3). Section 3: length 190 cm 10 catal yst charge of annular (7
"mmx 3 mmx 4 nm= external diameter x 8%ngth x internal dianmeter) coated
catal yst according to preparative exanple 5 of DE-A 100 46 928

(st oi chi one 12V3 01). In the second stage charge nentioned,
t he unsuppo%% ' nggt al y\s{\%nﬁﬁ)jzog nple 1 of 15 DE-A 100 46 957 may al so be

replaced by: a) a cat aI%Q'YSé@b@fﬂéloﬁg hogogragRsisanittuce off 258Pbynwelhtes or a
catal yst to be prepar edstédtite BEROSTERBERIWTIMINE MineX AlfAngexteneedianfatati=ng t he

actiye corpositi on MR- SARRREATATT) ROBRA05 19 %Pcc%tgsfa@gsmonfxam' e

no. 3 of DE-A 198 55 91

geonetry 5 mmx 3 nm x KA %Ka"@mﬁ#wy,zf imalse poshikle tesadStporeisd oful ti net al
oxide Il catalyst accorgbateg datalyst&op seclior98). DE-A 25 19746210; d) one of the
coated catalysts 1, 2 and 3 of DE-A 100 63 162, except applied in the sane
coating thickness to support rings of geometry 5 nmx 3 mmx 1.5 nm or
7mx3mx| . 5PeRtI0BE: e) byendil 18@ €™M ysts, especially the working exanpl es, of
DE- A 108%4149 and DE-Acaw,%EB&ge of anrallar (Dimrh ke3 oy enmmt= éumdaltd‘namdtestage

o epar ati ve: exanpl ¢ Eaé’?et%@’% I dlefyag St ga"a"??gﬁw@“gﬁ’ dhgrde o
from DE- A 4442346 havi rif@aR'eR Pf b %lﬁ%ﬁ%?gﬁﬁﬁ ichigyReteh MassVs @f&w%u ght and

a coating thickness of 230 pm 40 b) a coated catal yst according to exanpl es

1 to 5 of ORdd8cbnd ec‘ﬁé%%%erﬁi%%ﬂ Gfe uﬁéhg?l:lﬁ@@&ét?rygo/o {¥ein @kardGRMEST Y 7 mm X

glmﬂc;( %@%L@?@Q@ Sl 5 oSl t by wei ght; PF 56390

ﬂ'ﬁ%‘? yactl ve conposition of stoichionetry
(Mp10. 4V3WL20x) ( CubosWO. 504) 166, prepared according to DE-A 197 36 105 and

having an agti V@cé’c@l?ﬁ%béﬂdi?ﬁ tS%QérﬁBﬂé 1%fof%@’°/n°\ g %logatcataw@p{d (% reBarlgn 5

af orenenti oned 7 i nvention, fixed

catal yot  bed 2 LRSS UL b PP AOSPLIAMS S AONE cPePYTRR her w e
sel ect ed i n sudfioaNigedn €64 Pexahpis©x b0 &Lt i on with, for

20
b)  exampie no. 3 of DE-A 198 55 913 as an unsupported hollow cyhnder catalyst of

geometrySmmxSmmxzmmorSmmx2mmx2mm

¢}  unsupported muliimetal omde I catalyst according to example 1 of DE-A
25 197 46 210;

d) - one of the coated catalysts 1, 2 and 3 of DE-A 100 63 162, except applied in the
same coating thickness to support rings of geometry 5 mm x 3 mm x 1.5 mm or
Tmm'x3mm><1.5mm; |

30

g) by the catalysts, especially the working examples, of DE-A 10344149 and DE-A

10353954.

in all of the abovementioned third stage charges, the coated catalyst may be replaced
35 in accordance with preparative example 5 of DE-A 100 46 928 by:

a) coated catalyst S1 or S7 from DE-A 4442346 héving an active composition
content of 27% by weight and a coating thickness of 230 um;

40 b) a coated catalyst according to examples 1 to 5 of DE 198 15 281, except applied
to support rings of geometry 7 mm x 3 mm x 4 mm having an active compos;tlon
content of 20% by weight;



exanple, inert material) that the tenperature difference between the hotspot

maxi mum 10 RK 56380 reaction gas m xture in the individual reaction zones and
the particular tenperature of the reaction zone generally does not exceed
80C. This tenperature difference is usually :5 70C, frequently from20 to
70C, this tenperature difference is préi‘erably smal | . For safety reasons,
the fixed cat aI yst beds are also selected in a manner known per se to those

skllled |n I anmpl e, inert
ater  al )1 < o2Red aitlyer AT fePdic pirb SRttt Mﬁéf%@%ﬂ?.t.v.ty as
defined in EP- At\fl%@téﬁlyaqxb@w@; 05045, prepatsd acsomling tePE-4 19T 364F05angool er
and reactor fomating ahhactivk @dxmm@heoﬁ@nﬂ@fczowbWe@ht:@ppﬁecdtbmgetube whose

| ength i.s | ess Q t a rangenment above, the annul ar
shaped di |l uent a%%%'“sé‘?%a %H@ Hﬁﬁa“e @h g'rtcat al yst bodies in the third
reaction stage may al so be repl aced by spherlcal shaped di |l uent bodi es and
spherical g{tepethgatind MSént?@:ﬂdﬂ@e‘l da%ﬂ*y@ﬂb@@)‘!laﬂl figed ééib§§t Hed@are2 t O 5 mm and

havi ng an r %

frequently %%H%?T%WR% Ie%ge Vgﬁég%’b& 3’ &Hﬁ&qn\tlﬁgpgo "Whi ch | eaves
the pr oces§XBmﬁ@ctﬁlﬁdlrﬁ@}et@) Rithp Pﬁ"?’@lfﬁ diffeeence bﬁ@eﬁﬂlthﬁjht?’f%tmﬂ’m%mage is
generaliby epfieosecionWwas indirtureinlte plividual @atsdn nas bAd thr geficulfir oduct

unconvert eq. fpl ggpl B w0XYHgR, CYhd Ber?erél!g%egﬂp{ Okl BB T lnfR Rl 1 yot s

30 used, it avora 8| ture 3'is
still fromdifferenceds ysually <(79° thrwevw liore 2039 dRAridhis Lﬁreraﬁwwq ffeisnedid ene,
mol ecul ar préfeBBremaill Eamsafa redsohgshé fixatbchifigst deby apy Hstusdle@sdlinoa has been

used a2 GhdiiBPlndioer SATDARLXIqLIRIIGHGRy BRYFRET MRy g DY Pr oduct

and/ or as ydes, | ower
al kanedar b&X§Mpe; @ertd%af%réa')gn sHeb e may degtdhe P%ﬁkn‘ioﬁaﬁé‘?'ﬂp%t%ﬁae'?ﬁ'tb’ﬂ@ﬁl c acid)
and mal ei c defilmctiniEReA 1h663%d idal®fGeor a7 Wk kG°Caoo3yd.i ¢ acids and aromatic
carboxylic anhydrides (e.g. phthalic anhydride and benzoic acid) if ap-
propriate further rocar ons, .for exa le C4 dr ocar bons but ene- 1
and pos- siHe{FogE ﬁég‘? )the Hird staser pﬂ@'}%ctﬁfy yu%ﬁ?“"@&%%t gﬁg"h?ﬁ% target
product mayerg Beeumbmﬂﬁmn product gas m xture 3 in a nmanner known per se
in a separating zone (for exanple by partial or full and, if appropriate

fractional ,con- nsation of acryljc acid, or ab t|on f acrylic acid
oot o ol T e aneP TR A b8 SR et spa S pelies Safte SHARNT an
subsequent shapddagatalfst bhdies omibe tisiat reactamdstage mbyg elso beaeplacedimcephdring) t o t he
' nventl on, sﬁémmeﬂ%dms@nﬁrsghéndﬁl bha /Eé@edca?e@%?b&{dl Dgarcﬁ%ﬁbtﬁgﬁlr!aéﬁus fapdensed;

f E EP-A 79
58 57 WO 805 BINDSTCERVID 26 APV AorPasBiOR opIeTEOian Tty S8R HYSEI o 5

00/ 53586 eq oty 88010 D208 bpvelHmt)847, WO 03/ 041833, DE-A 102 23 058, DE-A
102 43 625, DE-A 103 36 386, EP-A 85 41 29, US-A 4,317,926, DE-A 198 37 520,
DE- The product gas mixture 3 which leaves the process 3 according to the invention after
the third reaction stage is generally composed substantially of the acrylic acid target
product, unconverted molecular oxygen (with a view to the lifetime of the catalysts
30 used, it is favorable when the oxygen content in product gas mixture 3 is still from at
least 1.5 to 4% by volume, propane, unconverted propylene, melecular nitrogen, steam
which has formed as a by-product and/or has been used as a diluent gas, carbon ox-
ides which have been used as a by-product and/or as a diluent gas, and small amounts
of other lower aldehydes, lower alkanecarboxylic acids {e.g. acetic acid, formic acid
35 and propionic acid) and maleic anhydride, benzaldehyde, aromatic carboxylic acids
and aromatic carboxylic anhydrides (e.g. phthalic anhydride and benzoic acid), if ap-
propriate further hydrocarbons, for example C4 hydrocarbons (e.g. butene-1 and pos-

sibly other butenes), and other inert diluent gases.

40  The target product may be removed from product gas mixture 3 in a manner known per
_ se in a separating zone (for example by partial or full and, if appropriate, fractional con-
densation of acrylic acid, or by absorption of acrylic acid in water or in a high-boiling



A 196 06 877, DE-A 190 50 1325, DE-A 102 47 240, DE-A 197 40 253, EP-A 69 57
36, EP-A 9BFS83%y FEP-A 10 41 062, EP-A 11 71 46, DE-A 43 08 087, DE-A 43
35 172, DE-A 44 36 243, DE-A 19 924 532, DE-A 103 32 758 and DE-A 19 924
533). An IIl 10 acrylic acid renoval rray%al so be undertaken as in EP-A 98 22
87, EP-A 98 22 89, DE- A 103 .36 386, DE-A 101 15 277, DE-A 196 06 877, DE-A
197 40 252, hyophob@orgahigddlyerfRnd solscolietidyorkiip ¢f the cégiehzates BRd/Ar aBs@6 239,

S ot o S B SRl M B A RS,
as descri be%?"%ﬁnﬁg?ﬁfy'%gr i’@%%@ggl%%ngﬁl‘% 53289?’6&‘?%43\ '?%7;%%%% , R

Favor abl e r&ha%aT, Wt it 1ar BP oA $015 Ké1, El-6c@shek! (¥R BPI58R19.WWPhe docunent s
\6/1\8 2???‘3“25?@03%35869/\@@%@@5@ bh-Alb2A5 sha?v@c_)ﬁt@% g93d DB A04 02 0f§§, @Eér-?\- Olr gde
as )éescr i beﬂlzi %%%&%H%ﬁ#?%%%@ﬁgé%A %E)’T()%gg?i%sﬁ%Séggp WO
03/ 078378 amdS§\B5 @37 0RE#31R0 51325 BipviyA 02 421240 DlofA 1 WedGbTY EPsA At 3g

g[ ?ggfn s 3;“ i EP@g@e 20 BREPLAMRY 1 @e;me,ElpeA t1ﬁ tre 4699155??433 oBloay, BEres3 ?agi,gaz .

m xture 3 \f\ﬁ%?eg%% ??%gﬁ%gﬁ%t%& ?ngﬁﬁgsgzggaﬁ%'&ﬁ%r 4i5§5’)5g‘-%3ocg(i . e.

t he contti tamsylicacithieptevalmeayialse pe yneertakes eadeRBeA 88 22 BEcERH 22 89 Plor mal | y
remai ns at Ahe3s 26 3BepDRIA 10ve1 Dz, IDEIA 06 DE[EI7ADEFY1$OLWEE2 \WWE-ah conpri ses

separating |j d,i S i ) et 3is
Fod nor ma 150 2} B2 EEERAE2 A 06" RS0 BT M (LR R AIBRE RS ° 1
the | ower 5@535{%?, @ﬁ@@l’é%@p i1Ag 5848amAd BFhe 98258, Brefeienee isaian tPuent s
of product redfdvigigasitdestribied idfig M6l WAIOT@6L NEoesy ddscab@rindE-Ar get  product, are
nor mal |46 obips s o RAUNIRARRA- ADAS CraybSIL RAMR 6% GRNSLL et s are
primarily propane, propylene FCh Ras hoto been.  converted th the partial

bxi dat | on,  RFBYRRSes APSciRse iring aCWTREE WAGPPAIERT \38n VG 0eU03TI4rDESS ar ¢
frequent | y H12s48 &2beshd DEAEI2EE 84AICrode aatlictid ditained &nthlseway mapybefurand

present | n [pEPEeeSER I prlle, SRR LR LR P U 5 0% by |
vol une or %‘“ﬁﬁe‘%ﬂ%gﬂ% §n®%¥%’9ﬁ¥ﬁ@ﬂ9§’(¥§éﬁoﬁ1ﬁ3 ‘his (main) residual

' gas is,20as already described, 40 recycled in accordance with the invention.

L SER00 St hpuieielso s et g
Wil advantCHRsOUIR, trsidlal eamseam whIge eomBnses sbStantaly irseica0Risdn of o
recycl e t heproduchjasmbdure okhasedwiing oed apstepdane peasdurer(6-bapys sA80°Cofipr i sed i n
product gasthérbéﬁéﬁFL%n% Whi @an‘edfﬁif?icﬁl% Johagrﬁ]sf d(ﬁge '\B‘iht'r?%)l%gn él@?&mﬁ?ﬁ@@hﬁe S into

t he heterogenepusly catal yzed propane . rogenation. a ropane oxyde-
hydr ogeibat BRPT NRIPERKHIZhSEHAE B Phin SPMPTSe RapRTaLE0 HepaRE A
propyl ene, whuosg lower section product gas mixture 3 is fed, normally after preceding direct

and/or indirect cooling thereof.

In the lower section of the separating column, the less volatile constituents of product
30 gas mixture 3, including the acrylic acid target product, are normally obtained in the
condensed phase.

The residual gas constituents are primarily propane, propylene which has not been
converted in the partial oxidation, molecular oxygen and other inert diluent gases which

35 are frequently also used in the partial oxidation, for example nitrogen and carbon diox-
ide. Depending on the separation process employed, steam may be present in the re-
sidual gas only in traces or in amounts of up to 20% by volume or more.

The propane and_propylene present in this (main) residuai gas is, as already described,
40 recycled in accordance with the invention.



frequently no | onger conprise any nol ecul ar oxygen. Typically, they are
recycl ed, RPOBEMed with the main residual gas to give an overall residual
gas, into the first reac- tion stage (for exanple into the heterogeneously
catal yzed propane dehydrogenation 10 and/or propane oxydehydrogenation).
However, it is also possible to separatﬁﬁy recycle these residual gases,

; olr | exanpl en eHeSWorkib 6f thBeosdsrREd pﬁé&i @r thé bur@oé@aﬂbh@mn ttl@é]fé etippoducef er abl y
u recyc I enal nlin ane n I OWS _con-
tnuous. SofvaTeesddf shcindl BekP LERENS R A it AR0uSH Be e 8 B don 15 11
t hi s cont exance with thedgwaniion & recycle e tpmempu@trpfwna@nv@rted PEPROE iBNd pénescr i bed
into the figykhe co@pasddin pﬁécﬁﬁe ABEure B d?QSﬁﬂth@flﬁs@re%@fbrﬁM@gé {6 @ianple

f tual |
one. hundr ed g hoteroBEhdS] a?ﬁvaeﬁspi%?%ﬂg"ﬂ%ﬁ%@%rﬁa&n etio E%%#%EEWZLLVE?S. -
i n reacti ofydioggeatien). Zdthyugh thase aengjelisill cempase pippanaant pObHaR® By st s both
?E IO\év (s 3.<équahﬂﬁnoaaﬂbeatcompg§e anéy’>m3@>cma+ SygerThgbicagR NRdy &8 régiIe’y Si ons

ase on r
General ly %F] %I‘ngd?@@]ﬁpé;h] Hr%%ﬁyﬁleé)ag N8fap’sug%“rréggugeg\gg%@qgox%Pe{é)con cycle
gas when tﬁ'en KiAge dfge axarBpie dne th&h@@ragﬁnwswéat&lmﬁ wnmdﬁhmregqnat@m n 25 an
at | eadd steathprpahe brydeaydrogélhanay] l—{meoem(gemale@ﬁbmﬁle ansdparatelyeedycled t he
armount - of @éé%%é]dﬁa%}f%se%r'e%ﬂ RlALd .'nfbgthé‘égﬁ aﬁbd%ﬁ'sth]m r)éta!:'ﬁo%sﬁ %é a

oxi dation cC MVeRt Ve 8y C can be e
correspondi ngly when the parti al OX|dat|on Is a parti al annDX|dat|on of
propene to Taerpyéfenfmjbtyrfml mcyttImQaﬁmeawmirﬁmg msphrwaw prapylems thes piowds ogi-y when

propane i Stﬁﬁcm '%”'&ﬁﬂﬂ’%ﬁ% Ic}?cdj‘ﬁ%qﬁ ha[%lao@nd the resulting

i sobutene is pa 'y ox correspon nner in a partial oxi-
dati on'Po met hacrol ei n and/ or net hacryl I c acid. One advant age of the
i nventive [ thisechntext,iitsis iessgutianeitive mveitoh, thattthadcyplimgrdescribedtinfoshel icti- 35

ment i ncl i dﬁgrﬁ%rge‘f’ﬁk&q OSBERL SHONEASIA L AertBbRAThe BBV, ohar ges

descri
correspondﬁﬁiy0 RIPRARASIOPIeRY rﬁl‘%'g‘ vigieally o8 Wﬁﬁreﬁlﬂe&?“f%?e‘#'l‘i’@y E‘asrli’gel?éd | engt h.
At this poregticted popplahe cahvecsitreineeptimsistagg 2nce again that acrylic acid is
removeggfrom 40 a product gas mixture 3 obtained in accordance with the

|nvent|on articular a fromthe product e . workin
exarpl e of TPREDVATSeSRRARSSRST Sreh aerwegwep%@g%b%th%ﬁw TR P bEgas
m xt ure 3 EhBemofasddigdrogeoatarccaneérsionh dvabedfonaginpieopdiis cﬁﬁﬁ@lﬁ)p&@anpn ate by
di rect and‘ﬂ'%udl‘ﬂﬂbro%%dr%%ftﬁﬁ) G%néfaﬂ?tlﬂ i@ Rk IbIC ANHS BS fs@%ﬁ?‘ébﬁbﬂ% gfnt o

itself, in aratin |nternasvv| aw renoval
of corude ABHGRIRN YEIRES Wi Be NuGoBeERNEY RalaRSsPacian gPs Rl | SdBeous
sol uti @h,. as ad@sirst@eldorlnytrwagtmﬂbas%amrph@enrcoh’ﬁusmmb&%&ltb taa chnREMPOf
10243625. - TRgchrHERIRAGHYS! stAHiRE ol GA Alr § viy SHBRAYGEE g4 Pr ef er ably
subj ected t gﬁ‘g sug&g:ensflon cr@}gt al V\? zation an3 the acr yI ?c g 3

The inventive cycle gas method can be employed correspondingly when the partial

oxidation is a partial ammoxidation of propene to acrylonitrile. It can even be employed

30 correspondingly when propane is replaced by isobutane in the dehydrogenation and
the resulting isobutene is partially oxidized in a corresponding manner in a partial ox-
dation to methacrolein and/or methacrylic acid.

One advantage of the inventive procedure is in principle that, at all points in this docu-

35 ment, including the working example which follows, wherever catalyst charges diluted
with inert material are described and/or required, the corresponding catalysts can also
be used undiluted for the same bed length.

At this point, it should also be emphasized once again that acrylic acid is removed from
40  a product gas mixture 3 obtained in accordance with the invention (in particular also

from the product gas mixture 3 of the working example of this document) preferably in

such a way that the product gas mixture 3 which has been cooled beforehand if appro-



suspensi on crystal s which are fornmed are preferably renoved from renaini ng
mot her 1 q@bA6BI0 neans of a wash col utrm. Advant ageously, the wash |iquid
used is the nelt of acrylic acid crystals which have been renoved
~beforehand in the wash colum. Fur- thergore, the wash colum is preferably
one having forced transport of the crystal bed. 10. 1t is nore preferably a
hydr aul i ¢ opriate e dineaiiaodior indiséct coblingris frectionsiheciridensatk baddrelingtini itself, in

descri pti ong 86uMl B 713:95§epa\%l|%M%t@@i@e%v@%%ﬁéﬁnﬂ@da&?hé é?dnd oved.

In other wor ce is

o no | nt B eoBpRes oy ane L HAIRE AOHBT BRLSPLP SOHIED BRI Ry MY e
secondary ceompireintVii 044135614 and RErAEDI43688 Tw arhide et @mtawtmrawnes crude
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us S % I

whi ch 1 s oreps et aB Mg f?me%ﬁ%fsaae??rﬁﬁ%awﬁﬁf’o&%mE%fﬂ?@%g fradé on

pol y- Na acrligugt by merasipi @wash colynasiduaptageausiltheyesh inuihusedde tharest of ar e

gt;s?l ute Fr@frﬁw&ﬁd M?ét@l%&vhlo?x%a%%bﬁlrérhﬂvd&}ﬂf&dr@lﬁ@w iR HRER IS €0lurh. Fur-
nrtiguratl

dehyd?o ena IOngrgttﬁgg}aéﬁﬁglﬁéﬁggpre,[férfzﬁly ghggﬂ%/%rg%e{;%ﬁ?ﬁg ﬁh%gcg%%%'rsb%\%hl ch

wer e 251 onthisdperg Arefesbly @Bydadicdh arprdnanisalawashaoimie dior saenifis defpifshthe

dehydr ogenadasenptmtah/v@tom?tﬁb@ wodeaigad ah@Wtb@B/oaqea:sa mey wesolrwaterl tube

I |
5 ?1;[ glkzeggs a%&%oraé GDP g?ﬁré %r?tor}?%\{ph%%ﬁ%ﬁ‘ﬁe} “&JIEH Vﬁ]n‘%t n\jai?f%qr eac Ol‘és wer e
each fl omdimM%@ﬁnﬁpon é%fc@l% EPeh301R4PL The Beponsiany eﬁmweﬁbﬁlscmg% Bm At
the | ower eamafly bsiow theiitd draw efahé orudeasrvilc agio sed purgelstpeant. Wsieg omlg nade of

the safe sipl ﬂﬁ&lﬁza’in&ﬁ%ﬁge%sﬁ@@s q&;&gfbﬁ’éfo cﬁ:"tda?ﬁ bBrg ?ﬂbﬁﬁgﬁ%@n’c fdfom bottom -

to top, the tite spheres
(di anet er 42% yoWe'S'ﬂ%‘?h'é%W'WW'ta famRrEguUCng SURRFrRSAMEREyt h of
steatite spimeesn(pdiyambmylaﬂES 2.5 mm of Steatite G220 from 40 Cerantec;
PF 56390 85 210 mm bed | ength of dehydrogenation catalyst (Pt/Sn alloy

whi ch had en pr noted with the elenpnts Cs, K a La in oxidic formand
O P B e e il B R e ot B legien "o
oxi de <Alppaplicitymentitned otfeawisenge | engt h (having a Gaussi an distribution in
the range 5 from3 m‘nto 12 mﬂvvith a maxi mum at approx. 6 nm: 6 mm

di aneter: t al i,C tr atlos i ncl udi ng
support) @o. 3 @u@_'ag Ok) P a i?fg% g%yg{@e@g?ep §t29%at al yst precur sor
preparation and activation to the active catalyst as in exarrpl e 4 of DE-A
10 219 879)The dehydrogenation stage consisted of three identical tubular reactors which were

25  connected in series and charged in an identical manner with dehydrogenation catalyst.

The individual tubular reactor was a sieel tube (stainless steel of DIN materials no.

1.4841) of length 1300 mm, wall thickness 3.6 mm and internhal diameter 53.1 mm. The

tubular reactors were each flowed through by reaction gas mixture 1 from top to bot-
30 tom.

At the iower end of each tubular reactor was disposed a support grating made of the
same stainless steel. On the support grating was disposed, from bottom to top, the
following charge:
35
175mm  bed length of steatite spheres (diameter 4-5 mm) of Steatite C-220 from
' CeramTec;

21 mm bed length of steatite spheres (diameter 1.5-2.5 mm) of Steatite C-220 from
40 CeramTec;



10 21 mm bed | ength of steatite spheres (dianeter 1.5-2.5 mm) of Steatite
C- 220 fromPR®830Tec; and finally, the remaining | ength of the tubul ar
reactor, again a bed of steatite spheres (di- anmeter 4-5 nm of Steatite
C- 220 from Ceranifec. 15 The exterior of each of the tubular reactors was
inserted, for the purposes of a preheat 85 ng zone, for the first 500 nm of

L ulb]ge I ﬁn|g|t f21brngﬁ1 t B fePgtPQif @Ry drbgumtion bitﬁi nghtallogg\ﬁ/ﬁfbh REY bedh Brd-Wo
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pairs of thermal | y2nHBLnhe elgmeptal ﬁélcf‘log’}?@'[&ll(@a§% ratiek inskielingfsugherthal f - shel | =
25 M) nade of MPSPQUDIRI:LA: LK, MZrOpQL B0 | Ra@istpRyursehpreparatise anpunt ed
one on top of the Qét[\}SﬁonOFo tﬁ@%otRfé g%ﬁ 2 %ﬁ\ﬁéﬂg%FSé-A T&‘%é@?é‘;‘ ating

hal f-shells were in turn surfoun enve- made of
stainless steel (external diameter = 173 rrm I nternal di arreter = 167 mm), to
whi ch vias apphed, bédlengthef pleatiesphofest(diacetdnad-2 BgnmpofGiesiitaC-22keerm 30
(length = 675 nm b@rtﬂ‘ﬁ%%l I(;Harreter = 173 mm from Horst, Heidel berg,
Germany. In this nmanner, 1 was possi ble in the adi abatlc zone to mnimze
the heat flux fromthe enwronrrent into the reaction tube and out of the
reaction t tibally, tecetmbamirgnengtb nfithettubulédmeacter @bain edsid afistdatiteesphases (di-

addi ti onal %\%é&%eﬁm e Jnfd @22@ ﬁjoﬁye tang thernowel I 35 (external

di aneter: I nter'nal di anete into which a nultithernoel enent (a
total oP 10 neasurement poi nts every 4 cmfromthe | ower end of the reactor
upwar d, t Abeleriesisr & eacimoj theddbularanactosevdsddsertdosfor enpoposes o aipmeheat-dual

t ubul ar reﬁ@ﬂne%?tk@%&%b%’m%f ﬁ}b%%ng}th'gSm tBb kd S&toY’A &&%Qﬁe sdiSbord te rings
8
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heat er. | sutehinfotnubistributerc ofi tba agasnhdhheat supplisvhand wereaaldrinealy hpateddyt ed t o
- the enpp anﬁ?eah@'a’ B ﬁeétﬁ%gé?e&@ Cifr@r%rl-?érétr ﬁe@Ble@g Gi%@ﬁ} il SG@MhﬁﬁntéﬁéFt or and

si mul t aneoys r this purpose, the- heater
t ubes (staHWf"@%r @é@mng‘cblﬂr\ﬁ’r?&f@?”dﬁdgﬁﬁ'a 1. 4841, \R/allo t hi ckness 3.6 nm

internal dianeter 53.1 mm) were electrically heated along the cen- tral 1200

mm | engt h efork BSitdrH b@tolayemw)ifubbeaﬁéaewss |f<§‘fQH@Egﬂ; bSe8 Mnsédlaudéﬁlb(ighe?g;gi Ofs

Ge I dt

ot T PRt Tisstied ey 2pngtt PO Biinle D cach SR bybriaus of tiBtelhpstitino

mat eri 36s half-shellégihickness oftome half-sbielhr@BenmPmade nhiMPBHSupen & freth Miet er 16. 1
| engt hcreXn eé%am%rﬁ&wérelnhauntém &H B oMHelbtkatIrREBsYodvaRIm

i nsul ati on_mat er
one anotl'xer ?‘he insulating half-shells were in turn surrounded by a cylindrical enve-

lope made of stainless steel (external diameter = 173 mm, internal diameter

=167 mm), to which was applied, for the purpose of trace heating, a heating sieeve
30 (length = 675 mm, internai diameter = 173 mm) from Horst, Heidelberg, Germany. In

this manner, it was possible in the adiabatic zone to minimize the heat fiux from the

environment into the reaction tube and out of the reaction tube into the environment.

Into each reaction tube was additionally inserted centrally a 1370 mm-long thermowell

35 (external diameter: 6 mm, internal diameter: 4 mm), into which a mulfithermoelement (a
total of 10 measurement points every 4 cm from the lower end of the reactor upward,
thickness 3.2 mmy) had been inserted.

- . Upstream of each individual tubular reactor was connected a steel tube, filled with stea-
40  tite rings (made of steatite C-220 from CeramTec and of geometry 7 mm x 3 mm x
3 mm = external diameter x internal diameter x height), of length 1300 mm as a heater.
In this tube, reaction gas mixture 1 was in each case preheated to the entrance tem-



10 Upstreamof the inlet of the reaction gas mxture 1 into the particular
heater was Phf6%3&d a feed tap, through which conpressed air could in each
case be supplied to the reaction gas mxture 1. The steady state is

descri bed herei nbelow. To the first dehydrogenation reactor was fed a
starting reaction gas mxture 1 com 15 posed of 300 g/ h of crude propane
(first feedrasatesanhtbedpwistiaam pibvipareapior aMé sigiuitanéousiyanixed imah B#signgi-h of
overal | C3 gtCE® tHi8 pukpRRE HRE hEgRALDES EARhROIBIESATIN(HAEHAs nY el 4&4H) waliopane
(and unconv r}(ed g{é) Ier}e@ %t a t%gqer%‘;ure Olf t40%c an%dgag abso- lute
pressure of TSKESSs & (o iRl el oA L Mere PranpR SEaindaly Bo ey

appr opr i at etral 128@ e tesgthegf iireniube Gy Bndsms of hegting, sldaves fraesrHaorst, Halkdelbgegount  of
thte l ;l)crsea%élmmr@%wn&j 1drtRéin 2thd ébrfnégﬁ‘cin:y wgmﬁml térs(a?ﬁlﬁ&siﬂborwadt%@h@rsof llg\év
rates)). e crude propane c rised: . % ol,. ne e 0.
Cihene 0 proraiabaeteRanEss aRR "tﬁ%&?ﬁ"&!ﬁ%s\{%‘ﬂﬁﬁmﬁ’é"? B 3488 500 oo
0 C2 0 iteowdiameter 2288mmyirternalriarosten 18.1mmnengheepwx0? Toos) theyowily ene 0

ci s- but ene A48 with chbtoRZey Red(HEBlatibh hatdriie O PF 56390 87 The overall C3.
cycle gas conprised: %by vol. nethane 0.009 ethane 0.088 ethene 0.038

propane 29.56 propene 0.122 H2 0.050 _ _
10  Upstream of the inlet of the reaction gas mixture 1 into the particular heater was

mounted a feed tap, through which compressed air could in each case be supplied to
the reaction gas mixture 1. The steady state is described hereinbelow.

To the first dehydrogenation reactor was fed a starting reaction gas mixture 1 com-
15  posed of 300 g/h of crude propane {first feed stream comprising propane), 375 g/h of
water and 3768 g/h of overall C3 cycle gas (second feed stream comprising (uncon-
~ verted) propane (and unconverted propylene)) at a temperature of 400°C and an abso-
lute pressure of 2.6 bar (on the industrial scale, the inlet pressure was appropriately
selected approx. 0.5 bar higher, in order to take account of the increased pressure drop
20  inreaction stage 1 (caused by higher flow rates)).

The crude propane comprised:

% by vol.

methane ' 0
ethane 0.156
ethene 0
propane 96.18
propene {propylene) 0.002
H, 0
G, 0

N, 1.70
CO 0 .
CO, 0
isobutane ' 1.245
n-butane 0.711
trans-butene -0.0005
isobutene . 0
cis-butene 0.0015
1-butene 0.0048
butadiene | 0




02 3.35 N2 64.05 CO 0.538 CO2 1.85 isobutane 0.234 n-butane 0.098

t rans- but el 6399005 i sobutene 0. 00051 cis-butene 0.00144 1-butene

0. 00048 but adi ene 0.0087 The conposition of the crude propane and all other
gas conpositions were determ ned 5 by ggs chr omat ography [HP 6890 with
Chem St ation, detectors: FID, TCD, separating colums: Al 203/ KCL
(Chronpak), Carboxen 1010 (Supelco)]. In the case of gas mx- tures

conpri sing ﬁ@%g}a"t@%yag%@gb%%nwdensed out in a water separator by
cooling apes appr-op-Hat-e; nrmrnc i on before the gas chronmatogr aphy
anal ysis. The un- condensed resJﬁ I°'ga< was anal yzed and all data relate to
this gas onneethﬁhey basi s (i 10 g.tb@ anpunt of steam conprised in the gas

m xt ure whigh—was—acttuatty—to e yz¢d was not taken into account).
Starting r & ;'ﬁni on gas mxturell vm enerated in an evaporator which was
connect ed |etiesier eam of the fifst @3k er | The evaporator itself was |ikew se
desi gned ai)\r To [ty & fed 300 g/h of gaseous crude propane
(65C, 5 ba 68 n/h of overall cy¢l e gas (50C, 2.8 bar) and 375 g/ h of
wat er (20CPPTaPear). The heating d¢t12%he évapo- rator was controlled to a gas
m xture oui,et tenperature of 20%50The evaporator was connected to the
first heat ef—+rA—aarrer—cerrespopdirg—tHo that in which the reactors were
connect ed t he heaters. 20 4I'he ﬁggtl ng of the first heater was controlled
in such a Wy that the gas m xtursd.giassed fromthe evaporator into the
first heat grateft—tte—first h:at% f—arjtenperature of 400C (the wall
tenperature fequired for this|pur %se s approx. 440C). Starting reaction
PF 56390 880xgas mixture 1 was théB5conducted into the first tubular reactor
and heat ediJ g fagr 1T the prqaneq}_iﬁ Zzone thereof to a reaction zone inlet
t enper at ur F 4160C— \Vhen |t pugh the first tubular reactor, the

t enper at ur Waneact i on gas nm x- E0Kre| | passed t hrough a. maxi num (known as
hot spot tei‘ﬂfﬁﬁf,.@hiéhé) of 549.1 Cc(@(h[ms guantitative data reported here rel ate
to the opef ) state—after—2 6 "3""”ng hours; in the further course of
oper ati on, s[ohge Ptferent termara:fgﬁté were adj usted such that the

conver si onclsatsmheon si ngl e pass (ab@ti4dhe | space-tinme yield remai ned

subst ant i affTpr -ro 0.00048
| butadiene 0.0087

The composition of the crude propane and all other gas compositions were determined
5 by gas chromatography [HP 6890 with Chem-Station, detectors: FID, TCD, separating
columns: Al,O5/KCL (Chrompak), Carboxen 1010 (Supelco)]. In the case of gas mix-
tures comprising steam, the steam was condensed out in a water separator by cooling
~ and, if appropriate, decompression before the gas chromatography analysis. The un-
condensed residual gas was analyzed and all data relate to this gas on a dry basis (i.e.
10  the amount of steam comprised in the gas mixture which was actually to be analyzed
was not taken into account).

Starting reaction gas mixture 1 was generated in an evaporator which was connected
upstream of the first heater. The evaporator itself was likewise designed as a heater.
15 To it were fed 300 g/h of gaseous crude propane (85°C, 5 bar), 3768 g/h of overall C,
cycle gas (50°C, 2.8 bar) and 375 g/h of water (20°C, 3 bar).' The heating of the evapo-
rator was controlied to a gas mixture outiet temperature of 200°C. The evaporator was
connected to the first heater in a manner corresponding to that in which the reactors
were connected to the heaters.
20
The heating of the first heater was controlled in such a way that the gas mixture passed
from the evaporator into the first heater left the first heater at a temperature of 400°C
(the wall temperature required for this purpose was approx. 440°C). Starting reaction



constant; the corresponding procedure was al so used in the first 200

operating WEFUBHE3P0 10 which mgrated in flow direction in the course of the.

© continuous operation of the ex- perinmental pI ant owi ng to gradual catal yst
deactivation (the mgration rate was apg 0.03 mm h). The reaction gas

m xture 1 leaving the first dehydrogena on reactor had the following 15

contents: Yabynixtote. 1 watheaendudibintcethbairst tubuld Yeactdrizmdencdicdddrthariofene 30. 3

propene 2. %ﬁefgléla iz&%t 02060 %%Bgi%rez}ggmeﬂe%gegﬁg oPagdc. 1 sobutane 0.257

n- but ane 0 ans utene utene cl S-butene 0.004 _

1-butene 0.001 butadiene 0.003 Its tenperature was 509C and its pressure

was appr ox Wikrbbtpdesed tHitbudiethe fiest tubutartresctet, thaderipamatire efuaabiiat gas mBO |

(STP) / hgof ' o 23C, 4.2
é&g W@S%@ﬁn@dg{h FReRmtRf Q(ﬁ@\ﬁ’m a%%{sgaﬁ%h@@%a@@éeﬁ g4ty &@e(

~bar). P on,gas m
reaction zSH@”tit'ﬂtl"&t t%?p%%geredﬁlaﬁ%@ the gRerpinGstatelier L0 PrB%{ﬁ’%”Q)'FOLt Fre heat er
(wal |t enpér thedutheappurse of bgdigliomite difierenipemperturag weonadjosted hechdibanst r eam

(second) rw&d&erstdﬁbo%se%hlsmg,ferwsg%urtﬁe ghRE ey,é?%amw%u@gtsﬁt%g ye of

reaction gas m xture ol nt  was assed .t hrough
e ceoong Sonaaihe cateshaning REbGashisawas Ase Used fdbe Tish Ao aReratigbele. | o

passed10hr edniph raigreded imflomodiregiiqr inxbhe BaOE: whihe lcontirspoas ederatiori bidhe eixr ec- tion

in the cou I wing to
e e e RSO A R R AR K P )
The reactl O mxture 1 | eaving the second dehydrogenati on reactor had

the foll owi ng contents:
The reaction gas mixture 1 leaving the first dehydrogenation reactor had the foliowing

175 contents: .

_ % by vol.
methane 0.045
ethane 0.109
ethene 0.042
propane 30.3
propene 2.88
H> ' 5.00
0, - 0
P 59.13
CO 0.06
CO, 3.24
isobutane 0.257
n-butane 0.116
trans-butene 0.05
isobutene : 0.001
cis-butene 0.004
1-butene 0.001
butadiene 0.003

Its temperature was 509°C and its pressure was approx. 2.56 bar.

20  Before it entered the downstream heater, 80 | (STP)/h of compressed air were metered
to reaction gas mixture 1 (23°C, 4.2 bar). '



1 by vol. nethane. 0.078 ethane 0.144 ethene 0.063 propane 26.6 propene
4.94 H2 6.pB5680H 0 N2 58.58 CO 0.384 CO2 3.58 isobutane 0.22 n-butane
0.094 trans-butene 0.063 isobutene 0.001 «cis-butene 0.01 1-butene O
“butadiene 0.004 Its tenperature was 493C and its pressure was approx. 2.52

bar. Before it entered the downstream hd®er, 98 | (STP)/h of conpressed air

W_er;e mt?reﬁeaﬁhﬁnb@% hﬁ)téﬁrte' ?Wa%%m%n'ﬁbéfeﬁﬁ@@?@f@gd réaﬁo@ébllie itnI%@)a@b mesnsgan

m Xture ) n . e 0] ra reactl on zone L nie neans o
The. ol ect 11 B4 RERY PR Rng Redss oiiaé AEstet FAT IRRPeARRE ablipt, TR Bt M5 000
and the priebeatinggone atthgidownetrermypecprdredatinn tube (wed temperatuimapgran! |
te,rmeratureswagg).qvhe pPéssafdéreactidn gBk AERUFE! afthis R IvaB 2058sbarl Xture 1 at this
poi nt 2.52 bar. When it passed through the third tubul ar reactor, the
tenperature of reaction gas mx- ture 1 passed through a maxi mum of 570C

whi ch ni gr afvéan itiassesiihenugb éha sasond tubwiar FFackB 3the tgoperebie sbregetiantgas

conti nuous MRerétipaBssd thidighexASiMIBItfappRIxas80°CWiHIEh infyratea diifdw airéal yst

deacti vati @ at : rox.. 0 : ' as
moxture 1 R0 R 66 Bl SRt e bl Bl e n B RO RS
contents: abgaiplyst deaetiyaiiqndthe migrabion eate wiae 20prpX40.1 Mméhe e regddn gasopane
25.22 1 oparturd 13davirgxhd s6&bnd dehydrogenation reactor had the following contents:

% by vol.

methane. 10.078
ethane 10.144
ethene - _ 0.063
propane 26.6
propene 4.94
Hs 6.43
0O, 0

N, 58.58
coO 0.384
CO, : 3.58
isobutane 0.22
n-butane 0.094
trans-butene 0.063
isobutene 0.001
cis-butene 0.01
1-butene 0
butadiene 0.004

Its temperature was 493°C and its pressure was approx. 2.52 bar.

- Before it entered the downstream heater, 98 | (STP)/h of compressed air were metered
15 to reaction gas mixture 1 (23°C, 4.2 bar).

Reaction gas mixture 1 was then heated to 521°C (3rd reaction zone inlet) by means of
the electrical heating means of the heater (wall temperature approx. 540°C) and the
preheating zone of the downstream (third) reaction tube (wall temperature approx.

20  540°C). The pressure of reaction gas mixture 1 at this point was 2.52 bar.

When it passed through the third tubular reactor, the temperature of reaction gas mix-
ture 1 passed through a maximum of 570°C which migrated in flow direction in the



02 0 N2 60.10 CO 0.237 CO2 3.54
i sobut ene. 0. 0013

trans-bute

RF §639P0

i sobut ane 0. 201

n- but ane 0. 085
ci s-butene 0.011 1-butene 0.0004

but adi ene 0.0056 5 Its tenperature was 480.4C and its pressure was 2.48

bar .
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trans-butene

0.070
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0.0013

cis-butene

0.011
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0.0004
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y al so |n|t|aIIy be cool ed by heating

0.0056

Its temperature was 480.4°C and its pressure was 2.48 bar.

- This resulted in an overall dehydrogenation conversion of the propane over the dehy-
drogenation stage (reaction stage 1), based on single pass of starting reaction gas mix-
ture 1, of 19.91 moi%.

10

“In the event of advanced deactivation of the dehydrogenation catalyst beds, the proc-
ess was interrupted and they were regenerated as described in DE-A 10028582. This
was essentizlly always the case when the hotspot temperature in all three tubular reac-
tors was approx. 580°C.

15

20

Surprisingly, the deacﬁvation of the dehydrogenation.catalyst beds progressed more
slowly at elevated working pressure.

B)

Configuration of the secondary component discharge

Direct cooling with sprayed cooled water (T = 20°C) cooled the product gas mixture 1
feaving the third dehydrogenation reactor to 40°C in a direct cooler (quench) in cocur-



m xture 1 to be fed to the dehydrogenation stage (for exanple to a

t enper at ur F $3Me 15 range from 350 to 450C) with product gas mixture 1 in
an indirect heat exchanger (for exanple in a tube bundl e heat exchanger in
cocurrent or in countercurrent). This cgils t he product gas m xture | of

t he dehydrogenati on stage to an appropriate degree from the high exit

t enper at ur eetf(tHelremdaimglyasgeusainixure stazgenddicied extarifieewateoguetish it the F60C) to
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‘ upsequen . I S Sl 0,.Co0ol I, enperature I n e Iange
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separ at1@r s regtthegt excbangenansl stieyesioagadn for the miornsecf died @apldgr eam t her eof

collect the water which has condensed out in the course of cooling and feed
it to dispgsal -..35. der | evel, control. .The.thus cqol ed.and
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addi tional ltiye prebustdesenikthe Toffpe ash@irogdtapth stage REa¥pROpIRHS dedraetftve first
Stage. SO AN LOPERRALESEIRLOIRIRERT S ol bR fomdeg Par - The
outlet tenperature o {hé “gas T Xrure on 1eaving the 5bnpressor was about
115C. 5 | nSa0doupFomanrendP? &x30teat exchanger (air cool er or surface water
coolerpp the gas m xture was cooled again to from40 to 60C,, in the course

of which fuyr < - ol he
condensat a0 ey prodERER sl A 8L SRR P4 Gh sia0e oBfl th)
conpr essor SHeEge by E8iR L 3p BWirgelideat excbeagerderihe PHIPOPe 6hheating dhassipdings
. reaction gas mixture 2 for the partial oxidation, still to be described hereinbelow, of the
propene generated in the dehydrogenation stage, and/or by using it for the purpose of |
25 balancing the absorber offgas cooling, still to be described below, in the preferably two-
stage expansion thereof by means of expansion turbines, or for the purpose of com-

pensating for it by advance incipient heating.

Afterward, product gas mixture 1 is at a temperatur’e of about 180°C. Subsequently, it
30 is possible to cool it to a temperature in the range from 30°C to 60°C by means of air
and/or surface water coolers.

Droplet separators integrated into the coolers or connected downstream thereof collect
the water which has condensed out in the course of cooling and feed it to disposal un-
35 der level control. '

The thus cooled and steam-deburdened product gas mixture 1 of the dehydrogenation
stage, having a pressure of about 2 bar, was subsequently compressed to a pressure
. of from 10 to 13 bar. |
40 _
In an appropriate manner from an application point of view, the compression was car-
ried out in two stages in order to avoid excessively high compression temperatures



about 4 bar to an end pressure of 10 bar (here, it is also possible if
appropri at ePE§68¥h- dense to a pressure of up to 13 bar and nore). The
outl et tenperature on | eaving the conpressor was about 126C. 15 In two
further downstreamindirect heat exchanggrs (initially an air cooler (is
normal ly a tube bundl e heat exchanger; "t"he gas to be cooled appropriately
f1 ows t hr ouftis prposelivas alsntsenied by thaendodlihg cagied wuf incelvamtes thecsiedrarspparahe
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t he purpose Oﬁr onpression (for exanple of the 12 MH 4B type from
Mannesmann DE Ei Germany), M 3459 || nenbrane conpressors 30 from Sera
were usHl here. In principle, the conpressors nmay be driven either by el ec-

trical notohshdsedivid\cBRRFes8br dage, cHinBidisivn wasedfasati syartikl froth raq:rbéguv@agr
ressed as

turbines is_th npst__econom ¢c. T as, i xtur cool.ed.and co

Hosori bed - SauCs BAF Berred Kpke ot TS 3ndlint i o SRe o e SRR REAR AT O,
(approx. 466Msginy prassutesai uptie 18 bar avl mgre) cta adliettenpsragingyonigaving Hiet r ogen
61.22 oxyo®impflestor wit @pame284c 23 propene 5.07 nethane 0.02 PF 56390 93
et hane 105 11 ethene 0.03 n-butane 0.06 isobutane 0.09 n-butenes 0.04

i sobutene 0.10 1, 3-butadiene 0.00 hydrogen 5.57 ) .
In two further downstream indirect heat’ exchangers (initially an air cooler (is normally a

tube bundle heat exchanger; the gas io be cooled appropriately flows through the tube
interior) and then a surface water cooler), the compressed gas mixture was cooled ini-
tially to from 40 to 60°C and then to 30°C. Water which condensed out was again

20 separated by means of droplet separators and conducted out. When it leaves the sec-
ond compressor, the gas mixture only comprises approximately 0.2% by weight of wa-
ter. The low water content reduces the occurrence of water and thus prevents opera-
tion problems, caused by biphasicity of the liquid, in the downstream absorption, and
the high pressure reduces the amount of absorbent required for the purpose of absorp-

25  tion.

While turbocomprassors (non-oil-lubricated, dry-running, contactless compressors) are
used on the industrial scale for the purpose of compression (for example of the 12 MH
4B type from Mannesmann DEMAG, Germany), MV 3459 || membrane compressors
30 from Sera were used here. In principle, the compressors may be driven either by elec-
trical motors or by vapor or gas turbines. Frequently, driving by vapor turbines is the
most economic. The gas mixture, cooled and compressed as described, was fed fo an
absorption column directly above the bottom (approx. 4650 g/h). It had the following

contents:

35

' _ % by vol.
nitrogen 61.22
oxygen 0.25
propane | 24.23
propene 5.07
methane 0.02




carbon nonoxi de 0.05 carbon dioxide 3.15 The absorption col um consi sted of
1. 4571 stai PF&639®teel . The colum internal dianme- ter was 80 mm the wall

t hi ckness- 4 mm and the colum length 1.70 m 5 About 70% of the vol une of
the absorption colum was filled with Mtz packing ele- nments (Mntz

BSH 750, specific surface area 750 n2/ nP® as separating internals. The

packi ng el e&ﬁgﬁé were di q;qq:tly adj acent to one anot her and began at the

hei ght of 1/5—ef the golumlength from bel ow. The absorption colum was
nei t her coo‘?tﬁﬁ"‘%or heat|e®03ext erpal I y. At the top of the col um,

t echni cal -qrﬁ.ad@néetradecaioe frorr Hal t ermann, 10 Germany, of the PKW 4/7 of
type was i ntrotucet—at ft+roducti on tenperature of 30C as an absor bent
(gas chrormls %H?nv anclm%s by Imeans of FID detection gave the foll OWI ng
GC area% ccmpomnbson at 9.0¢ start (fresh): n-tridecane 7.6% 15

n-tetradecqg O5bién “ewq T @g@iau‘ewne 7.0% n-hexadecane 3.2% n-heptadecane
14.1 % and | _fesidi ' 7% P20 this conposition changed in the course
(after apprbg: bummleh"' Y0.88 contj nuous process operation to the fol l'ow ng
val ues: n- tﬁyoqgt_%'f\ 2. b% 5¢5 n-tetradecane 39.5% n-pentadecane 9.4%

n- hexadecane 9 n—heptadecane 23.4% and residual sum 20.3% . PF 56390
94 The tn?ﬂf?@'@?@ﬂ%’i@% GRS 15 of absorbent per nR of free
cross-sectlmmn @bﬁaeancb hpur (= 28 kg/h of tetradecane). The offgas stream
conduct ed out—of—the au3U|pL|UH col um as a secondary conponent 5 discharge
to conbusti on still rised 950 ppm by vol une of propane and 250 ppm by
vol ume of prhspRhserption cgﬁmma@tadm? 4§8&|St;amlcvfﬁ€eeif §°1l§ﬂﬁéﬁ$ﬁniﬂbd'@'@ﬁduct ed
via an expandes s hen, tﬁéwkrﬁcmes@xmﬂah@metwmhmhgtmmtrhe conbustion, in
order to recover the majority of the conpression output expended in the

t wo- stage conpression and to recycle it into the two-stage corrpressmn _
Appr opr i%at ehiout 7% of hearaliras of theAbserplien eolemn ¥@sdilied with Modtzpagkew aler or der
to prevent niestesiioetd BSHUSN Spetitnsurfate afRcTENinyal’y snsamgyatingiitaina@d The t he

deconpr essi opu R il WhiffiLcl) biEEerltd &% botdS FaBRENIAHY Helght'Bt 115
of the column length from below. The absorption column was neither cooled nor heated
externally. At the top of the column, technical-grade tetradecane from Haltermann,

10 Germany, of the PKWF 4/7 af type was introduced at an introduction temperature of
30°C as an absorbent (gas chromatography analysis by means of FID detection gave
the following GC area% composition at the start (fresh):

n-iridecane 7.6%,
15 n-tetradecane 47.3%,
n-pentadecane 7.0%,
n-hexadecane 3.2%,
n-heptadecane 14.1% and
residual sum 20.7%;
20
this composition changed in the course (after approx. 3000 h™") of continuous process
operation to the following values: |

n-tridecane 2.6%,

25 - n-tetradecane 39.5%,
n-pentadecane 2.4%,
n-hexadecane 4.8%,
n-heptadecane 23.4% and
residual sum 20.3%).



drive for one of the conpressors and/or to generate electricity. Before the
deconpr esseF s6890r ber of fgas is conducted to the conmbustion, it nmay be 15
appropriate on the industrial scale to renove the hydrogen present therein.
This may be effected, for exanple, gﬁssing the offgas through a
menbrane, generally shaped to a tube ich is perneable only to-the

nol ecul ar mﬁert@@@denmﬁmﬁabus ki eSTRYSEHHERpek RE W free BMAER8EMbNERAeBANEeBYE! ed,
for exanpl |2§ terggeneousl y catal yzed dehydrogenation or fed to

anot her utlT t%ﬁ “E nple in fuel cells). 20 In principle, the
hydr ogen renoval nay al so be undertaken by partial condensation, adsorption

(pressur ;e e tPgasl stesph cOMucRRACLLE bf the Cbbdrpet b@liﬁmﬁ RE f Reaidary umlgbnent _
pressur it

Dot opr ai SR8 o BB Eieh 3L S5 Bbec o sRe R BR S| bR Bhdandpem e 1o
be descri b&y vBbIMS@f arepeseden theindestdad sealat ibisi affgag 5trm isnpansupiad&iachpri sed
E/hg foll oweammmnen&&ﬂ% Biy exygirgith thesey irtd thehRnwistid, irérdet faereadaer bat e) :

o by weig |

n- but ane Ot”belgl czr@gcﬁgl%eg%e %ea%@?@&ﬂ@tﬁkg%ﬁ%ecﬁﬁ%% %%%1? S’Ie gaggigdcar bon
di oxi de 0. O8®cledt intoribe Hvoplage ComMPERSEIRNRPRIPRIIASKY th@ﬁéwai@an rﬁalswam@% by

\(ljvei ght 1BF %689AwH StagBeirnseet toerazsd uhddstedasndepagitl The echidicdlepealy t he
ownst reamy E@%r r eat
exchanger . g eghéﬁ?&%wﬂg&o&rﬁa%@{uﬂ??{l}%ﬂw&%w@%& 3k ?é]:rorr}g%ly cﬁgﬁa"gxarrpl e,
in an i nvers¥e fippe obthg rCOB'SP@?éﬁ'f‘Fsa"tS’fOFéogafl‘Qféi)eq}ﬁ‘é“"d?écorrpressed to a pressure
of 2.7 bar (the nechanical energy released in the case of the inverse punp

| s appropr E%?cﬁél’%é"é%gdﬁé‘s‘ie& Qbécﬁ‘-B%ff B5 ‘f‘ssc%nﬁﬁét@& Ec?{Ne cfoFr%‘égndn“ |ttn%°y gesor pti on

col urm) an siIc mxture was co ?\ nto the
desor pf on SPBICRHAEEN b EcEps A R S
into the d@eceﬁpctedrfoce»tammie (hyntaesing thedoffgae ttepughra @enmhrand, @egétally-siapsd m
wal | thi Ck&?é%ube ﬁvhf&ﬁls brRiBabiR% ttHé*HoEégEE 2{%&6#}&{ Fl'ﬁgtthl{]SQ‘errFo 8d fRysor bat e

ndi n I‘ n
descendi glecua ydrogene rsngy telrgcyc ed, t%r examgl e hete ogen% s)ly cataiyzed

dehydrogenation or fed to another utilization (for example in fuel cells).

20
in principle, the hydrogen removal may also be undertaken by partial condensation,
adsorption (pressure swing adsorption) and/or rectification (preferably under pressure).
On the industrial scale, it is additionally generally appropriate to conduct the absorber
offgas through the acid water, yet io be described below, in order to concentrate it.

25

The absorbate comprised the following contents (% by weight based on the weight of
the absorbate):

% by weight
nitrogen 0.147
propane ' 4.58
propene 0.915
ethane 0.07
n-butane 0.015
isobutane 0.023
n-butenes 0.009
“lisobutene 0.024
carbon dioxide - 0.086
ethene : 0.000
tetradecane approx. remainder up to 100% by weight




anount of absorbate introduced at the top was 33.7 I/h. The absorbent which
had been cBMEBR%d out of the desorption colum. at the bottom and had been
substantially freed 15 of desorbed conponents was cool ed by indirect heat
exchange with absorbate, com pressed t% the pressure required in the
absorption colum, cooled to 16C by anot ﬁ i ndi rect heat exchange (on the
i ndustri al Befatedhappswbatearas| opndiicied memﬂm downsireem désorpticecptingd to t he

top of the pRa®hSIEO CPCUARN |rﬁﬁre§ﬁﬁ@ar¢eﬁéﬁaagémternals the desorp- tion
colum conprised structured sheet netal packings from Mntz (Mntz BSH 750,

20 specific surface area 750 n2/nB). In order to retain absorbent, the gas
stream con- S@wqthuﬂWE@bSQmetedé'B%mpY be pedoimath foriekampler an inverse htlmugh a

nmechani @l arwnh@éns&ﬁeafaweﬁwgg He&@ﬁpr@@é‘é‘ﬂ&g avguréésuv%ﬁz 7 bhA tm:.t MEEnaMlS, it
was conduct ed %gd 8ack| tﬁ v m%nt fr.om M 9] e&'\éﬁo 5H—750
specific suf Paa ‘?T% ?5’ i (ﬂﬁ'%f‘@f’p %t 3 it ﬁ?@%uced I n
count er cur rRFpgs thsoébetnéfm%d atthe desﬁrptmr;olm)@mdtthebpaew mixter® thiggsgensimt ed a

col | ecti ng die@waé ebhdueed ihfodhd deddrPiBnddiihn bitee dspieous phase coul d be
conducted out. In a phase separator, separation was effected into an agueous

phase and into an or%gm c phase. The very smal |l anount of organic phase was
combi nel® wiAihwag pendistegral ariressiureeld bardite thaideserativ cosnmofintermal digsiet i on

col um. The= a0HB® ngasezo MRwall SERaES0= ARt férm @@mnbm%uhterddmenmcki ng
el ement S“pcﬂ{e SHE&B% %&Q\d nrgﬁf?JFn e Jé%ﬁ{nor(a chH% fj A‘P%éég’@?ﬁ?@t %Hesor oti on

evaporation

col um. Fr (ﬁﬁ“?%of/@%qﬁ?f@é%tmréﬁuchl‘ﬁi R aRSFEs’ %’% ToaRbRabepioMic hadibeen
t hrough necjvaducted outchfaipd @dsosstiparcalupirsat(tse paticnt aad had besh ltatmtialy fresycl ed

| nto thg wag *&?s éﬂ‘kuéé‘ c&r’HBor’fe% %ﬁ%‘é E‘éﬁied?r?y qjafeé&%a%&e/ﬂsﬁq]et\nm\ rogepat i on

conversion se sequent Eropene
cont ent nmyPraFssd %8’?9"6‘&%%‘9 fesiuiredngiie @BpQrRiion ‘?%‘l’m'éﬁ&’ﬁiﬂ do 16i¢hBY ARYAEY gas
stream may iadisot heat @xdtiftgh yorv thlelinaustifal peaigp apErpprifély Inthsolfacewater) grdopene and

14. 5% by VQhéWPecgéte&’?&m 'ﬁga &Qﬁg%b%ptboﬁ)#ﬁ' rHr?'Asé’é' EFagﬂggwtéﬁa@the%)éQ?“ 11.84

ropane 32 ene | Sob n
P Bot ores. GopsoiEDRIEt Srid i e ByBHebb Ao APBUHORE (MR r DS g8

20 specific surface area 750 m%m®). In order to retain absorbent, the gas stream con-
ducted out of the desorption column (if appropriate through 2 mechanical droplet sepa-
rator) was washed with water. In other words, it was conducted through a packing ele-

 ment from Montz (Montz BSH-750, specific surface area 750 m*%m®), to which water
(70 Y/h) was introduced in countercurrent at a temperature of 18°C. Below the packing

25 was mounted a collecting tray (chimney tray), from which the aqueous phase could be

' conducted out. In a phase separator, separation was effected into an aqueous phase
and into an organic phase. The very small amount of organic phase was combined with

~ the absorbent stream recycled to the top of the absorption column. The aqueous phase
was rec_ooled and introduced back to the packing element supplemented with fresh
- 30 water (in order to compensate for evaporation losses). The washing was effected at-
tached to the desorption column.

From the wash section, the washed gas stream was conducted out through mechanical
droplet separators (separated liquid phase is recycled into the wash) with the following

35 contents (when the dehydrogenation conversion selected in reaction stage 1 is higher,
the subsequent propene content may also be from 8 to 12% by volume; for example,
the washed gas stream may also have 15% by volume of propane, 10% by volume of
propene and 14.5% by volume of O,):



carbon dioxide 0.61 water
m xture wad

(STP)/ |

m x- ture 2 into the downstream parti al

A

1..00

et hene 0.00 The tenperature of the gas
Based to 250C by indirect heat exchange
with the aforenentioned conposition was conducted in an anount
h and an inlet pressure of 2.1gsbar as a new starting reaction gas

and the gas mxture
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lgat exchange medi um used: salt nelt
umnitrate, 15 40% by wei ght of
diumnitrate. D nension of the
internal diameter 26 nm 20 externa
Consi sted of a jacketed
ndrical guide tube surrounded by a

i cknesses were 25 universally from 2
meter of the outer cylinder was 168
de tube was approx. 60 nm At the top
concluded by a lid and 5 bottom
unted, guided by the cylindrical
that it projected at the top and
ough the lid and bottom respectively
change medi um was encl osed in the

e very uni formthermal boundary

at al yst tube over the entire catal yst
sel 15 (3700 mm), the heat exchange
itro- gen in the cylindrical vessel.
eat exchange nedi um was conveyed from
tube in order then to flow back 20

gui de -

ween cylindrical guide tube and cy

The temperature of the gas mixture was increased to 250°C by indirect heat exchange
and the gas mixture with the aforementioned composition was conducted in an amount

h and an inlet pressure of 2.1 bar as a new starting reaction gas mix-

Configuration of the second and of the third reaction stage {the partial oxidation)

First fixed bed reactor for the step of partial oxidation of propene (propyiene) to

salt melt consisting of

53% by weight of potassium nitrate,
40% by weight of sodium nitrite and
7% by weight of sodium nifrate.

total length 4200 mm,
internal diameter 26 mm,
external diameter 30 mm,
wall thickness 2 mm.

Consisted of a jacketed 'cylinder made of stainless steel (cylindrical guide

tube surrounded by a cylindrical outer vessel). The wall thicknesses were

bottomto ém@nbn t he cyl i|ndri cg@bogui
downwar d i i—the—interrrediate opauc bet
5 of 21281 (STP) »
ture 2 into the downstream partial oxidation apparatus.
C)
10 1.
acrolein
Heat exchange medium used:
15
Dimension of the catalyst tube:
20
Reactor:
25 universally from 2 to 5 mm.



lindrical outer vessel (circulation of equal goodness can al so be achieved

by punped AR%#%ti on (for exanple propeller punps)). Electrical heating
nounted on the outer jacket m ght control the tenperature of the heat ex-

- change nediumto the desired level. Ohggw se, there was air cooling. 25
Reactor charge: Viewed over the reactor; salt nelt and reaction gas m x-

ture 2 were conducfled internebdianetec uf the muter Bgmcer was 488 mmiThelnterral dint ered t he

reactor at the topaﬁeﬁer%%e@%ﬁggwasla RxEEFHng eaction tube at a
tenperature of 250C. 30 The salt rre t en%er ed the cylindrical guide tube at

the bot- tomat a tenperature T'" = 335C and left the cylindrical guide
tube at the top at Ahthednpendboitam, e jacketed dilirider was eondiedendryra Rl ancand TOut
was abogt 2C. 35 - gy@sAGSspectivElyd -t. Tout)/2. Catalyst tube charge: Section
A. length 50 cm (fromtop to botton) Prelimnary bed of steatite rings
(Steatite C 220 from Ceranlec) of geonetry 7 mmx 7 mmx 4 nm 40 (external
~dianeter x | ength Xh¢saielystiubewasmannied, ggded by thes:ylindringt guid®beninkire 56390

g?eatcﬂ 2l ?/.Stn ; u?gt @hﬁhfi?gal\gbéslél thmgieﬂ@}éufedratmeutbs ab b3 <o tM‘ﬁrbgfh';rm OL ,
o (ext or nal di amepdl SETRRHR FE R TR st YO kBl B ht

(alterdf 5 tively 2004 wei ght) of unsupported catal yst fromsection C.
Section C. length 170 cm Catal yst charge of annular (5 Mmx 3 nmx 2 nm =

exter- 10 nal dia r) [ aI yst
~according to exarrpnﬁégife%tfex&):gni lﬁﬁ%%g\?%aer@g’é?gﬁhﬁ CV'@ﬁgw’%ﬁ%ﬁqcm st r eam
bed of steatite ri Hy@nsue ety uniform thenal berndars canshitions &t Shegfutgyevatieafthe 7 nm x
7 mmx 4 mm (ext ebﬂalystdumtr@f’the(ehtﬁ‘é@btlaly)st iuBk GIred withhi A fRs Sflihdrical vessel

Irnn;teL[nglza]t ga\(ilo(rjllgl e %L %{ﬁéﬁ%&%& g eaeg@cg? (N\%gsh@%% g(?ng @fn%dr#%troqgﬁr pose
of bl nt er nedi at e co8®h Wghe cHEdriedl vesseby neans of air) through a connecting
t ube
By means of the rising nitrogen, the heat exchange medium was conveyed
from bottom to top in the cylindrical guide tube in order then to flow back
20 downward in the intermediate space between cylindrical guide tube and cy-
lindrical outer vessel {circulation of equal goodness ¢an aiso be achieved
by pumped circulation (for example propeller pumps)). Electrical heating
mounted on the outer jacket might control the temperature of the heat ex-
change medium to the desired level. Otherwise, there was air cooling.
25
Reactor charge: . Viewed over the reactor, salt melt and reaction gas mix-
ture 2 were conducted in countercurrent. Reaction gas
mixture 2 entered the reactor at the top. It was conducted
into each reaction tube at a temperature of 250°C.
30 .
‘The salt melt entered the cy[indﬁcal guide tube at the bot-
fom at a temperature T" = 335°C and left the cylfindrical
guide tube at the top at a temperature T, The difference
between T" and T°* was about 2°C.
35 . Taverage — (Tin + Tnut) /2.

Catalyst tube charge: Section A: length 50 cm
(from top to bottom) Preliminary bed of steatite rings (Steatite C 220 from
CeramTec) of geometry 7 mm x 7 mm x 4 mm
40 (external diameter x iength x internal diameter).

Section B: length 100 cm



(length = 400 mm internal dianmeter = 26 nm wall thickness = 2 nm nmaterial
= stainl ed¥ 86388 ) which, mounted centrally for a length of 200 nm was
charged with an inert bed of steatite spheres (Steatite from Ceranilec) of
dianeter from5 to 6 nmand 25 fl anged g'?rectly onto the catal yst tube of
the first fixed bed reactor. The gas m Xture entered the connecting tube at
a tenperature of nore than 310Catalst tubefchaige vdth aaherepgeneausimixtae 36Ut 140C.

Subsequently, 269 | (STP)/h of bﬁ%@h@&ﬁs@@atﬁé fin sa(StéHEté)Gmg'?roﬁpGé%'l‘@% je
m xed with the gas m xture.

he resuyl ti e ga xed on a
static mixer was fed at a terrprr%et"t'}? tgf "’Z’gé@mégzt %é?({;lmﬁg qT%rafi:t or for
the step of partial oxidation Ehgthcriotetnal diameien) phd 80%diydreigh. (alBeraand fi xed

bed reagtor for the step of pa cid
35 A fi %ed bed reactor \a/as uge%&évﬁf%(ﬁ%%@b@ﬁ?%ﬂeaégy%Fl%@yételﬁa I‘iaf or

the first step. Salt nelt and“reaction gas m xture were conducted in
“cocurrent viewed over the reactor. The salt nelt entered at the bottom the

reaction gas mxture |ikew se. 85&0};?@ i@g@)@gy@émt ube charge (frombottomto

top) was: Section Al length 2 Prellmnary bed of steatite
rings (Steatite C 220 from Cer AIRYES charagelansuiay (5 Mk Pikandie  te&kehal
diametegp x I ength x internal dhﬂmrﬁétbrxieﬁgmht@tﬁhlalarﬁeﬁ@rghhsdﬂﬁrté& Cat al yst

charge of a heterogeneous mxtg%t%y&fac ! J@%?‘éﬁéﬁgg'te 1chft§éﬁa1t0:9m§%gf ngs

(Steatite C 220 from Ceraniec) ext er nal
diameter x length x internal dianeter) and 80% by wei ght (aI ternatively 70%
by weight) of coated catal yst SestihIRdrng®in5Cecml0 Section C length 200 cm

Cat al yst charge of annular (7 gw"ﬁygét m&%ocﬁ@atlﬁ? ﬁﬁ%e(e{ég |ted¢ 35Bh ek, X I engt h

X internal dianmeter) coated c accor ration exanple of
DE-A 16046928 (at this point, CP—'tamT@ChPfﬁﬁoﬁﬁfs’l bne %ij'éé 49MAEl ogous coat ed

catal ysts and 15 those prepar e(éxtéﬂnéldfé?ﬁét&%@@ﬁ&h%nmafaméﬂéﬁ whose active
conposition has a stoichionetry of M12V2. 5W.. 2Cu2. 40X or

Mbl12Va. 5W. aCuz. 40x) Section D. length 50 cm Downstream bed of steati te
rings (Steatiténtegmexiate coslingsndrimenyedidte gaygamtfegding0 7mx7mx4nm (ext er nal
dianeter x length x internal di arreter) The second reactor was charged with

approx ‘2036%6%&&{ ggshr%tr e 998 avrlrrlugxtth% first (‘l%da Eé Sctor was conducted for the

purpose of intermediate cooling (indirectly by means of air) through a connecting tube

(length = 400 mm, internal diameter = 26 mm, wall thickness = 2 mm, material =

stainless steel) which, mounted centrally for a length of 200 mm, was charged with an

inert bed of steatite spheres (Steafite from CeramTec) of diameter from 5 to 6 mm and
25 flanged directly onto the catalyst tube of the first fixed bed reactor.

The gas mixture entered the connecting fube at a temperature of more than 310°C and
left it at a temperature of about 140°C. Subsequently, 269 | (STP)/h of compressed air
as an oxygen source were mixed with the gas mixture. ' '

30 .
The resulting charge gas mixture mixed on a static mixer was fed at a temperature of
220°C to the fixed bed reactor for the step of partial oxidation of acrolein to acrylic acid.
3.  Second fixed bed reactor for the step of partial oxidation of acrolein to acrylic acid
35

A fixed bed reactor was used which was of identical design to that for the first step. Salt
melt and reaction gas mixture were conducted in cocurrent viewed over the reactor.
The salt melt entered at the bottom, the reaction gas mixture likewise.

40  The catalyst fube charge (from bottom to top) was:

Section A: length 20 cm



reaction gas mixture 3). Taverage is as defined for the reactor of the
second sta®¥ B30 25 was 284C. The propene conversion in the first reaction
stage was 98.0 nol % and the acrolein conversion in the second reaction
stage was 99.8 nmol % 30 The contents of ,¢ he product gas m xture 3 | eaving
the second fixed bed reactor at a terrp% ature of 281 C and a pressure of
1.8 bar were: MrelbGiBagy b]ed(bf smﬁb’tp ringk (Steatite €220 Hdm BeraroXygjei georBetrpr opane
29. 20 propene 70m,:lon179 £ 0 et hane 0.077 n-butane 0.101 isobutane
0.236 n-butenes | SO utene 0,001 1, 3-butadi ene 0.009 hydrogen 0. 05

car bon nonoxi dée’ﬁe%‘%d'a@ﬁﬁebérlfar@“bﬂrﬁ%'”@ dﬁ“‘Et\ﬁBter 8.21 . acrolein 0.009

acrylic acid 5.28 acetic acid 0.240 propionic acid 0.002 formc acid
0.019 Fornal defyrgds, B: @ﬁ%h 1@? ngal dehyde 0.005 nal eic anhydride 0.047
[

o The! tvo T enGHalF Shaise o b retaragpripdo iture o Paihchy Mg Rt Seal ebe used
i n the exanpl egStehtibE AZ(lﬁ&ﬁI%@mTid:)mfgabmbwv naf xthmersedomd reaction stage
oo 285, LB AL et U 58 2l b 8h RO 57 B GRERBIEY v,
al so be repl ac g@ /abgy weight) of coated catalyst from section C.
10
Section C: length 200 cm
Catalyst charge of annular (7 mm x 3 mm x4 mm= external diameter x Iength X
internal diameter) coated catalyst according to preparation example 5 of DE-A
10046928 (at this point, it is also possible to use analogous coated catalysts and
15 those prepared in a corresponding manner, but whose active composition has a
stoichiometry of Mo,,Vsz sWi 2CuU, 4Oy or M012V5 sWq sCUL 40y,

Section D: length 50 cm

Downstream bed of steatite rings (Steatite C 220 from CeramTec) of geometry
20 7 mm x 7 mm x4 mm

(external diameter x length x internal diameter).

The second reactor was charged with approx. 3607 g/h of charge gas mixture (starting
reaction gas mixture 3). T#*#% is as defined for the reactor of the second stage and
25 was 284°C.

The propene conversion in the first reaction stage was 98.0 mot% and the acrolein
conversion in the second reaction stage was 99.8 mol%.

30 The conte‘nts of the product gas mixture 3 leaving the second fixed bed reactor at a
temperature of 281°C and a pressure of 1.8 bar were;
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The catalysts used in the two reaction stages 2,3 may also be repiaced by the catalysts
used in the examples of DE-A 10351269. The catalyst of the second reaction stage
may also be replaced by the catalysts of the examples and comparative examples of
DE-A 10344149. The catalyst of the third reaction stage may also be replaced by the
catalysts of the examples of DE-A 10360057 and DE-A 10360058. In addition, the par-
tial oxidation may be carried out as a high-load method, as described in DE-A
10313210, DE-A 10313213, DE-A 10313212, DE-A 10313211, DE-A 10313208, DE-A
10313209 and DE-A 10313214, and the prior art acknowledged in these documents.

Configuration of separation zone A (removal of the acrylic acid target product

from the product gas mixture 3 of the partial oxidation)
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operated at a top pressure of 1.30 bar and a bottom pressure of 1.40 bar.
The bottom Bb 568aper at ure was approx. 113C. The gl ass jacket was divided
into five successive, separately operated segnents which were used to
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di schar ged Rig e|(89%|byv&@ht}t§nthaﬁqnc@m@teto an acid water extraction stage.
In this stage, the di scharged acid water was conbi ned and m xed at anbi ent

pressure w4, é&?edsﬁ%!j a8 WAREFEATRE botdiBted into the absorption column above the

25  bottom and below the first packing element. The absorption-column (without the bot-
tom) was 5420 mm long, had an internal diameter of 50 mm and contained Kuehni
(CH) Rhombopak 9M packings for a total length of 3.3 m.

The absorption column was manufactured from glass and, for reasons of heating, had

30 asegmented glass jacket. Immediately above the second packing element, viewed
from below, was installed a pressure decoupling valve {(an adjustable throttle), with the
aid of which a pressure drop over the absorption column (as would occur on the indus-
trial scale) of from 100 to 300 mbar could be simulated. The absorption column was
operated at a top pressure of 1.30 bar and a bottom pressure of 1.40 bar. The bottom

35 temperature was approx. 113°C. The glass jacket was divided into five successive,
separately operated segments which were used to impose the temperature' profile be-
low on the absorption column. This segmentation was also followed by the inner struc-
{ure of the absorption column,

40  The segments had, from top to b'ottom, the following temperatures (they were each
thermostatted by means of water pumped in circulation, or with heat carrier oil of corre-
sponding temperature in the 1st segment) and were configured as follows:



absor bent (described below) having a | ow | oading (of acrylic acid and
secondary cRR68®0ponents) in a stirred glass vessel kept at anbient
tenperature (volune 1 liter, dianeter 80 mr). The resulting m xture was

di scharged continuously into a gl ass phase separa- tion vessel (volunme 7.5
liters, diameter 150 mm) |ikewi se kept #2anbient tenperature by free
overflow. There, the liquid m xture which had overfl owed was separated into
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5 The (main) residual; | ' t he absorption colum at the top (T = 20
C, P = 1.30 bar) hghlsgﬁ%df‘jgﬁﬂmg'contents: vol unme F33.93 nitrogen oxygen

propane propene net hefeigpneRetvesitheieo Rhembopaksoyas apRioy. 29  n- but enes 0
sobuten@® 0. 001 butadi enes 0.010 hydrogen 0.058 carbon nonoxide 0.693

carbon di ox . | . s e are
cal cul at edxzvﬂgI %éﬂ%z%&?fe@g\kﬁ @l‘ 9?&72??%2@@%060@%@ AQF%g[ﬂ?ere;@{e%lﬁngél dual.
gas was heated to 4CFCUBYNG Yatkerc abous theepsiig deequpliog ¥alye v g thedeedio out
undesi red condensat ipmint of therpr dsiee dohderdai@lstizam fogm eapgrifgihg distitbatbbonane com

pressor (on the ind‘b%%&ﬂilfédb%?@b%d?ﬁ&égfgj? Wmolpgk.i ven by neans of
e

el ectrigal notor, for exanple o _ B type from Mannesmann DENMAG
Germany‘ and about 78% by volunme were recycled as main C3 cycle gas into
reacti on stdageedmen: iehgth@e0tntre, 60°Cr 616 rd ehRHombepakt widoch begics directly above

the low boiler condensate introduction point of the 2nd segment.

4th segment: Iéngth 950 mm, 50-55°C, 0.6 m of Rhombopak which ends directly below
20 the introduction point of the main absorbent stream described below.

5th segment: length 1250 mm, 20°C, 0.6 m of Rhombopak between the collecting tray
mounted directly above the absorbent infroduction in the 4th segment for
the efflux of the acid water (described below) and the introduction point of

25 recirculated acid water at the top of the absorption column.

From the aforementioned collecting tray disposed in the 5th segment, water-rich con-
densate (acid water) was drawn off continuously (approx. 70.2 I/h). It was cooled indi-
rectly to 20°C using a heat exchanger and recycled back into the absorption column
30 predominantly above the uppermost Rhombopak packing (70 liters/h). The nonrecycied
proportion of the acid water withdrawn (the reaction water) was discharged under level
control and sent to an acid water extraction stage. In this stage, the discharged acid
water was combined and mixed at ambient pressure with the smaller substream of the
absorbent (described below) having a low loading (of acrylic acid and secondary com-
35 ponents) in a stirred glass vessel kept at ambient temperature (volume 1 liter, diameter
80 mm). The resulting mixture was discharged continuously into a glass phase separa-
tion vessel (volume 7.5 liters, diameter 150 mm) likewise kept at ambient temperature
by free overflow. There, the fiquid mixture which had overflowed was separated into
two liguid phases, short-chain secondary components (for example acetic acid) being
40 transferred preferentially into the aqueous phase haVing lower specific gravity and
| acrylic acid preferentially into the organic phase having higher specific gravity. The
organic phase is combined with the larger substream of the absorbent having a low
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pressurm wasut LABedieacondetsatittd), EdMpressed to 2.70 bar by means of a membrane com-
pressor (on the industrial scale, a turbocompressor driven by means of electrical motor,
for example of the 12MH4B type from Mannesmann DEMAG, Germany) and about
78% by volume were recycled as main C; cycle gas into reaction stage 1 to charge the
first dehydrogenation reactor.

15

About 22% by volume of the compressed (main) residual gés were branched off with
decompression to 1.6 bar and washed in a stainless steel pressure wash column (ma-
terial 1.4571, intermal diameter 30 mm, charge: 2 m of Rhombopak 3M) in countercur-
rent at approx. 1.6 bar and approx. 51 °C with the total stream, described below, of
absorbent having very low ioading (the absorbent having very low loading was intro-
duced at the top and the gas was conducted into the column at the bottom).

20

25

in a further stainless steel pressure column (material 1.4571, internal diameter 30 mm,

charge: 3 m of Rhombopak 9M, jacket heated with oil
gas stream at approx. 1.5 bar and from approx. 119 to 125 °C was utilized in order to

= stripping column), this washed
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73C. The | %ngpéa!n%fm{?’ﬁéﬁﬁb%o%ﬁpﬁé\ﬁﬁgqbw loading was, as likewise already de-
scribed, passed by means of a further membrane pump into the stirred glass vessel of
20  the acid water extraction stage.

From the bottoms circulation system (approx. 100 I/h, compressed air membrane

pump) of the stripping column, approx. 3.5 kg of bottoms liquid were drawn off under

level control through a stainless steel fabric filter and a regulating valve and fed to the
25  vacuum distillation unit for the purpose of purifying distillation.

The vacuum distillation unit consisted of a metallized and vacuum-insulated glass col-
umn (purifying column) with internal diameter 50 mm and length 4000 mm. By means
of forced-evaporation bottomns circulation (approx. 250 Ih, peripheral wheel centrifugal

30 pump), a bottom temperature of 191°C was maintained (p = 4 bar). The absolute pres-
sure in the bottom was approx. 230 mbar; the top pressure was 100 mbar, For the pur-
pose of polymerization inhibition, 52 | (STP)/h of air were fed in above the level of the
bottoms.

35 . Between the bottom of the vacuum distillation column and the influx of the product-
' laden stream from the bottom circuit of the stripping column into the vacuum distillation
column were mounted first 8 bubble-cap trays (tray separation: 5 cm) and above them
a further 15 bubble-cap trays (tray separation: 5 ¢m), above which the possibility of
sampling by means of a miniature membrane metering pump' existed.
40 '
~ Above this sampling point, 10 sieve trays (6 equidistant holes of diameter 6.5 mm per
tray) were mounted (tray separation: 5 cm) which extended upward up to a collecting
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A further amount (732 ml/h) of acrylic acid discharged from the collecting tray was re-
cycled into the distillation column while maintaining its withdrawal temperature of
: approx. 75°C to the uppermost of the sieve trays disposed below the target product
10 draw.

Above the target product discharge were disposed a further 10 sieve trays (6 holes of
diameter 5.5 mm per tray, tray separation: 5 cm) which permitted low boilers which
were still present to accumulate toward the top of the column. Above these sieve trays
15 was mounted a further collecting tray in order to coliect the low boiler condensate
which occurs as a result of condensation caused by indirect cooling in the top of the
column (26°C, absolute pressure 100 mbar). The temperature at the collecting tray was
73°C. The low boiler condensate comprised:

acrylic acid 98.97% by weight
acetic acid ' 0.874% by weight
water 0.365% by weight
methacrolein 1 0.011% by weight
methacrylic acid 0.036% by weight
Diphyl 0.013% by weight

ropionic acid 0.025% by weight
furan-2-aldehyde 0.005% by weight
allyl acrylate 0.007% by weight

20
From the total low boiler condensate stream withdrawn from the collecting tray, a main
stream of 570 ml/h was fed as reflux back into the distillation column below the low
boiler condensate collecting tray. The residual low boiler condensate stream of
190 mi/h which remained was cooled to 40°C and fed to the acrylic acid absorption

25 column above the 2nd segment thereof. To wet the walls for inhibition, a target product
stream of 51 ml/h stabilized with 0.5% by weight of phenothiazine and having a tem-
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colum al ready described, and the pressure increase of the bottons
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L he vacagmpuﬁ?mg%ﬁm_ drbgdﬁsislfw/z l’;paﬂlchﬁ"éﬁérﬂl gc}:wﬁ!; @a@g@\gbgrgm}m §edid tfp o‘%@?egoolggoo%
y weig C Cl . rap- 2-. ronl oni ¢ .aci .
panral dohy J565 G0 SsBbi 6 rabPle BoRaE R Atk Iy o Bonqes i B SoiRF i | 97 5
DVP 20.0 BsisivgbsanpepentsOTina resigiizherpponsnhesnsiensale Gepaiatedrin 6w f8mmem-educe -
reactant | @ss&s and to achieve a high yield, all analysis gas streans |aden

with reactant or target product were conbined in a glass vessel (0.5 liter)
and fed by 5 nmeans of a small nmenbrane punp to the first conpressor stage

of the sec@Adh¢ 8 onpanent di schar ge| SP4%RWeIINtW t h t he cool ed product
gas mi xt ur @cgticicid he de- 2.34% by weight

water 9.22% by weight

methacrolein 0.239% by weight

methacrylic acid 0.039% by weight

Diphyl . 0.109% by weight

propionic acid _ 0.021% by weight

furan-3-aldehyde 0.019% by weight

allyl acrylate 0.007% by weight

10

The “inert gas” stream remaining minus the residual component condensate had the
following composition:

% by volume

nitrogen remainder to 100%
oxXygen 1.20
propane 18.8
propene 0.08
methane - 0.004
ethane 0,052
n-butane 0.069
isobutane 0.146
n-butens 0
isobutene 0.0
butadiene 0.010

. learbon monoxide 0.372
carbon dioxide 1.88
ethene 0.022

15 It was recycled into the 2nd segment of the absorption column above the pressure de-
coupling valve and below the Rhomopak packing disposed above it.

At the bottom of the purifying column, the absorbent freed substantially of acrylic acid
was drawn off under leve! control and passed as the total absorbent stream having

20  very low loading to the stainless steel pressure wash column already described, and
the pressure increase of the bottoms circulation pump of the purifying column was util-
ized for discharge from the vacuum. '

The absorbent having very low loading comprised:
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the Pnygnt wga chie el Sl B fod e Mlob i EER RS ANNESALPEF ool

underta e secon
lization or rectification as described in the document EP-A 616998 (taking into account

the teaching of EP-A 912486) or as described in the document DE-A 19606877 (the
mother liquor may be recycled into the absorption column and/or into the purification
column) or as described in EP-A 648732 to give glacial acrylic acid which can then be
free-radically polymerized in a manner known per se to produce water-superabsorbent
polymers. Both the crude acrylic acid obtained and the glacial acrylic acid obtained are
outstandingly suitable for preparing esters of acrylic acid, for example for preparing
alkyl acrylates. |

15

It is essential to the invention that the process according to the invention is also suit-
able when the second reaction stage is carried out in a tube (bundle) reactor and the
catalyst tube charge in the second reaction stage from bottom to top in fiow direction of
reaction gas mixture 2 is not configured as follows:

20

25  Section A 50 em-long preliminary bed of steatite rings (Steatite C220 from
CeramTec) of geometry 7 mm x 7 mm x 4 mm (external diameter x

length x internal diameter).



25 The process according to the invention is also suitable when the third
reaction stPkg®398¢ carried out in a tube (bundle) reactor and the catal yst
tube charge frombottomto top in flow direction of reaction gas m xture 3
is not configured as follows: Section A:..20 cmlong prelimnary bed of
steatite rings (Steatite C220 from 30 amlec) of geonetry 7 mmx 7 mmx 4
mm (ext er n&ectibraBet er X00 beAghdicatalysttobaryd of iomwgeesgus Seigtureoof 3% Y0 cm-.| ong

catal yst charge of ho e f Q wei ght
of steatite rings (St gg%ﬁ“?@%%ﬁ? B@éﬁeg{ér a]ﬁgg?o ﬁ%‘? Co é%ggﬁe%fég;@gﬁn X 3 mm
x 4 mm (external di amePéMx 3 @AYt B nemi(extersrhdipmetien mdensth < diernabdametenei ght
of coated catal yst froand2Z0% wrwdight obassupportéd ca@lstcironh eegiondd.al yst char ge

of annukar (7 mmx 3 nmx 4 nm = ex- ternal dianeter x length x internal
di aneter) coated_catal yst accord 40 ing to preparation exanple 5 of DE-A

10046928 ( &ectierteat ed d4% amyang Fatalsﬁsa@grmé anpylagr unsuppeted ertalyssr@ pur «d

correspondi ngly) w th Bhemact mre=eBRRS Hrandeted™ IMRER VantBMb! dighhétetc-Or
Mb12V35WL. 3Cu2. 400. Secti.on . D. 50 e lﬁ@? S%Bi nt bed of steatite rings
(Steatite C220 from5 E%rfjg\%ltg@fa'ﬂ?eg}e?; Y X 7 mmx 4 mm (external
diameter x length x internal dianeter). It is also essential to the

i nvent Hon tSRafiorf be Pr osesm-186¢ Siikte 'Qeﬁt%e_aBﬁsﬂeﬁﬁ@%é@(stbétitémwwh{ abl e when

the third reaction stage is.carfie ut, in a_tube [bungdl react or and, 10
vi ened over the reactots SHC?FF{#‘?O"&‘%B' T OLE 7 SN g5 {/jﬁ(%l)"éal ‘ag?egern’bt
conducted in co- currelhgththintqonacéessetan.cording to the invention is al so
sui tabl e when the second and the third reaction stage are carried out in

one tube und] e) reactor, and the catal yst tube 15 charge fromtop to
Doctom st TiSSlG EsSRat e Aenlondnd i S mgas soordi e atiob nc on
st ages 16s alsb svibziflé ghee theasecdpd aachatistape isccarridteoybinoa bie (hende)dieagot o t he

i nvention Ligaligfdver Y @a¥Be Rak RRIPESsLIDE 38S hRAURI 2SR nofBshdureedihi r d
reaction sta&g are carried out in tube bundl e reactors in which the heat 20

carrier (tFRBTUEYTHE t) flows in a meandering nmanner. The process according
to the invention is also suitable when neither an unsupported catalyst

accor di ng tRe e¥AEMbRiohells EdpebialPREORREn tHaUatalyE AltR] dhakgeas ¢ef @Hrﬁ?ur‘e@ the ex-
anpl esan DEaé\%clr%%&]g%GQ nor according to the exanples or conparative

exanpl &5 of*® 9%344149 is used in the second reaction stage. The
process according to the invention is also suitable when neither a coated

cai a: ysE IBE 9Fdib§§aécf@:rdlﬁ§fﬁhé‘iﬂ\:@ﬁticg%i§fé@o%uﬁalﬂé when éé_n 1R84eRARe r@sng?hcoat edf
the aoti ve Bos i IBRE oS eeB IR B0q el PR Y e, 3oL 40, nor 4
catal yst according to the exanpl es of :
25 The process according to the invention is also suitable when the third reaction stage is -
~ carried out in a tube (bundle) reactor and the catalyst tube charge from bottom to top in
flow direction of reaction gas mixture 3 is not configured as follows: '

Section A: 20 cm-long preliminary bed of steatite rings (Steatite C220 from
30 CeramTec) of geometry 7 mm x 7 mm x 4 mm (external diameter x
iength x internal diameter)

Section B: 100 cm-long cétafyst charge of homogeneous or heterogeneous mix-
ture of 30% by weight of steatite rings (Steatite C220 from CeramTec)

35 of geometry 7 mm x 3 mm x 4 mm (external diameter x length x in-
ternal diameter) and 70% by weight of coated catalyst from section C.

Section C: 200 cm-long catalyst charge of annular (7 mm x 3 mm x 4 mm = ex- .
ternal diameter x length x internal diameter) coated catalyst accord-
40 ing to preparation example 5 of DE-A 10046928 (or a coated catalyst




~clainmed is: 1. A process for preparing acrylic acid

DE- A 10351269, DE-A 10360057 and DE- A 10360058 is used in the third reaction
stage. I n fHr%839Ql ar, the process according to the invention is al so

'sui tabl e when the renoval 35 of the acrylic acid from product gas m xture 3

is not effected with an absorbent whic 0 conprises 57.4% by wei ght. of
di phenyl ether, 20.7% by wei ght of di pher?yl and 20% by wei ght of dinethyl
o- pht hal ate. The pr ocesfsr examplel png ptepatatecornespondingly) vdthdhs ectivei coatpiosi-when i t
does not have any com i } fot V. jye features (in
particul ar no conbi nat itlggwtgfﬂgF\}IVQ%eLg'é?’f d\s/'rgMél1 e§%1ggg?4b ¥>F 56390 110 . Wat is
_ by het er ogeneously
catal yzed @&ctioraP: gas 5pisasiong gubreaient bet of stegtitedings (éﬂaﬁe@ﬂpﬁm@fi r st
reactiog stage, _SUbJ eC CePiin T8 BRGSO rh&n27 RRTR GGRA0US i xR diameter x o
het er ogeneousl y cat al yzed, dehydr ogenat’i on and/ or oxydehydrogenation in the
presence of and/or wit IEN@ser wg‘%ra-ﬂ mM@&Ygen to obtain a product gas mixture
1 conprising propane and propylene, and 10 b) if appropriate renoving and/ or

Rk W 9%8@%%@“9@%‘3@5P3£ a1
the first PASRLIERIe SPRRATE BIE Frasion alage steerechad In Aviae fpunde) feEr Rauct
gas m Abur eievedanver the readipresalt mglt pnd deectiomass mixkdraBeard nahebnouctpd ddoet gas
mxture 1' o @sy@ con- 15 stituent of a starting reaction gas mixture 2 which

conprises nol ecul ar oxy- gen and propylene in a nolar 02:C3H6 ratio of ? 1,

to a heterogeneously catalyzed partial gas phase oxidation of propyl ene
conpri sed Thepramas acepuding ftn thieinventiornisdisor syitebld wdtendibe sexont tnd the third

acrol ei n i RoAR:ti6R SRQE afEaGTEPHut iR bAG FULENBLSAE) rehétBr, And tncecht@pdtalpest bed 2

whose talysts_.have at, |east one 20 .mul ) netal. oxi de.conprl Si t he

ol enent 3. NGIaTEE T oRo bafd n Y grcelet (b Sratian ces TURTERI BBRAER gas

m xt ure 2, stagds ipnatconfigureshas deseribedhebdveg t he tenperature of the product gas
m xture 2 leaving the second reaction stage by indirect and/or direct
cooling and,if appropriate ddi ng..nol ecul ar,_oxyqen .and/ or i ner. S to- '
o oducy gadnhpriRRk 88%ordhg o BEH A1 BT et HER LS aha kBRibn I8Be 0, o,
gas mi xt ur @ngdthenthicd reastion stegs amccariied eytrn tubglvodiedeadypdewhighdhabeateast one
inert gas aadieEARPEAIS@SIMIMEGH a hédndeXy@manasd acrolein in a molar 02: C3HA0
ratio of > 0.5, to a heterogene- ously catalyzed partial gas phase

oxi dation of acrolein conprised in starting reaction gas mxture 3 to

acryl i c acif8ePfPcass AFqordin@ tcthe divestieyie alse-suijakle wihen ngither an unsupported

catalyst according to example 1 of DE-A 10046957, nor a catalyst according to the ex-
_ amples of DE-A 10351269 nor according to the examples or comparative examples of
25 DE-A 10344149 is used in the second reaction stage.

The process according to the invention is also suitable when neither a coated catalyst
according to preparation example 5 of DE-A 10046928 nor a coated catalyst (for ex-
ample one prepared in a corresponding manner) with one of the active compositions

30 Mo1oVa Wi 5CU, 4Oy, M012Va sW, 5CU, 4O,, Nor a catalyst according to the examples of
DE-A 10351269, DE-A 10360057 and DE-A 10360058 is used in the third reaction
stage.

In particuiar, the process accordi'ng to the invention is also suitable when the removal

35 of the acrylic acid from product gas mixture 3 is not effected with an absorbent which
cbmprises 57.4% by weight of diphenyl ether, 20.7% by weight of diphenyl and 20% by
weight of dimethyl o-phthalate.

The process according to the invention is also suitable when it does not have any com-
40  bination of the above negative features (in particular no combination of all negative
features).



30 fixed catal yst bed 3 whose catal ysts have at |east one nultinetal oxide
conpri si ngPE9638 enents M and V as an active conposition to obtain a
product gas mxture 3, and f) renoving acrylic acid in a separating zone A
from product gas m xture 3 and recycl i1 Q at | east the unconverted propane
and propyl ene conprised in 35 product 3 S mxture 3 to an extent of in each
case at | e@8et 8Clambdssbased on the particul ar anobunt conprised in product
gas mxture 3 into at least the first of the three reaction stages, wherein

- the conversi n CPo pr Iene n th econd reactign stage, based 40 on
single past Flor BrBing goul Gty BRGrosap Sl R8RS T 2005 Pr
56390 111 thepb@m@tlonomogflea@MI einin the third reaction stage based
on simgle pass through it, is ? 96 nol% and the process has at | east one

di scharge for consti nts.other th ane a The process
according to cfhi Ml ? %%&FCQP?ISEBG %?Cg Bmﬁﬁt‘% ° agom eé"eﬁf"%@@%/?r 8ccor di ng
to claim1, wher elhetmeneously gatalyzaw Hebydragermtien prdjerenydetyserggination i cl ai m

1, wherein CP is 5h@5re5elﬁ&| &ﬁaandﬂ&m&h ekB8siBh 8E88FeA ES OtdinDprbudlgat m 1,
wherein CP is < ccordlngto claimI, wherein CP

5 56 5 ol o6 15 D pathprdho RRRABLARERREVERG AT wnerein B i 5 < 96,0
mol % -8 The pbkbcdsappsarrgiadiemypving apigr spnvertingetogither cpmpgunds aporgomef %5 9.

The process accor dhdgorsttuehil B%hérth‘dﬁ%@dﬁe@ﬂdlpﬁopﬁleng%d?nmle%n théQrd@. The

D1 ocess acoord! 10 ol ile B i gt el bR bt p%’ft%ﬁga 510
The process accordlmﬁg'ﬁ%f@ﬁ}/P@ﬂU@tI%ﬁrﬂﬁlXtﬂﬁb@d wherein CAis 99 nol % 13.
The process acepr dubjgcting grodudigas hitom Laddiorroddie yes mixtdrei 15, a8 Hrb mol %

14. The, process aggpl gfg&% &tht;ﬁ/é Pt &nrﬁtﬂ\é‘?ﬁur@ 2‘%5’hu&t?cérh€(@e§9n&lé’cu?§o | % and

CAis 0O from93 1o cess n claims 1
to 14, wherein th&eDReEmRAESg ipadolFzCahdaln eiFt.dna r\?&fﬁgﬁ@éﬁsyn pr oduct
gas m xture 3 ar e cattyed drikabgaspleast eridatief of progaeate amgeisad in @adtxct@as mol %

into at |east the n‘id\;\%?ét Eﬁ@fﬁtbl%ﬂu&fg%g%:xtﬁga 1]“? aJHa%.rPE% %%én&‘Fe%l% ng to any

of clainms 1 to ane an ene conpri sed
in product gas m ﬁqg,eec §r9é|dé/‘”§‘"'é:fﬂﬂd&§ gyt Qﬁ 3)“*19%? caigfyst Srt"aéﬁ@%'e@é%@‘eat | east
90 nol2B i nto at | eadiiméthbodide sdmprisamt the elesdsmieho, Fe and Bi as an active com-

position to obtain a product gas mixture 2, and
d) if appropriate Iowering- the temperature of the product gas mixture 2 leaving
the second reaction stage by indirect and/or direct cooling and if appropriate
adding molecular oxygen and/or inert gas to product gas mixture 2, and
25 e) then subjecting it, as a starting reaction gas mixture 3 which comprises ac-
rolein, molecular oxygen and at least one inert gas and comprises molecu-
lar oxygen and acrolein in a molar 0,:C;H,0 ratio of = 0.5, to a heterogene-
ously catalyzed partial gas phase oxidation of acrolein comprised in starting
reaction gas mixture 3 to acrylic acid in a third reaction stage charged with a -
30 fixed catalyst bed 3 whose catalysts have at least one multimetal oxide
comprising the elements Mo and V as an active composition to obtain a
product gas mixture 3, and
f)  removing acrylic acid in a separating zone A from product gas mixture 3
and recycling at least the unconverted propane and propylene comprised in
35 product gas mixture 3 to an extent of in each case at least 80 mol% based
on the particular amount comprised in product gas mixiure 3 into at least
the first of the three reaction stages, wherein '

- the conversion C” of propylene in the second reaction stage, based
- 40 on single pass through it, is = 99.5 mol%, and

185/2005 Mr/Bei March 1, 2005



40 17. The process according to any of clains 1 to 14, wherein the
unconvert e®F8390pane and propyl ene conprised in product gas mxture 3 are
‘recycled to an extent of in each case at |least 95 nol%into at |east the
first reaction stage. PF 56390 112 18.,,Jhe process according to any of
claims 1 to 17, wherein fresh propane is fed to at |east one of the three
reaction stages. 5 19.trEenyrreionss checrotain inghe thirdripagionstagenbased en 17,
wherein fresh propane kifigle®dsé throughas id 006 siokgCardd thelprddess 8aE bi leBstdnage 3,

or to both reaction st&g%ﬁr g%rcgpsq%%rn Sc&ﬁgriﬁgg%%ggsa}ﬂgp%\égg_f clains 1 to

19, wherein starting rea h gas xture y vol une of
propyl ene. 10 21. The process according to any of clains 1 to 20, wherein

the nol gr pati Thd/prozbss SERRANELOCHMII 1, 9We@rdim CS it BoOgnsl®ACt i on gas m xture 2
to propylene conprised in starting reaction gas mxture 2 is from1l to 4.
15 22. The _process according to claim21, wherein 'V, is froml to 3. 23.
The proces$: acdBe 8198653 accordngioxlaimphatherain G is S98.66R0l1%.t 0 2. 5. 24. The
process according to any of clainms 1 to 23, wherein starting reaction gas

20 m xturey 3 c i 2 290 hy. I . ReE L. . The process

accordi ng t4'o aﬁ@?éko%g?%?ccérd?r@@cﬁﬂ ﬁh%?g%'?\%st'sgég?ﬁgm%%acti on gas mxture 3
conpri 38s 27 6% by volune of acrolein. 25 26. The process according to any of
clains 1 t86. 25Thabecesnaddordimpioatiaimat, whekdn Gf is poPPang¥conpri sed in starting
" reaction.gas mxture 3 to acrolein conprised thereinis from1l to 4. 27.

The procesg according to claim26, wherein Vo is frorp 1.5 to 3.5. 30 28.
The proces$ acdb? AIasEsS BFerditiopimphaheran G5<i%-3M8f-1. 5 to 3. 29. The

process according to any of clainms 1 to 28, wherein starting reaction gas

m Xt ur gs 3 ?Pmﬁhfﬁ%eé’éaécb%@otcﬂ’aiﬁ%, Qhelehh BAT @b?.@%(ﬂ%ei n, from3 to 9% by

vol une of nol ecul ar oxygen, rom 10'to 20% by volune of propane, from50 to
20% by vol une of nol ecular nitrogen and 40 from7 to 13% by vol une of
steam PF B6390hd pceglacchitingioataws!, abeminiChis € 85.8myol% clains 1 to 29,
wherein the hourly space velocity of propylene on fixed catalyst bed 2 is ?

140 1 (STRY/T g process according to claim 1, wherein C” is < 95.0 mol%.

20
10. The process according to any of claims 1 to 8, wherein C* is 2 97 mol%.

11.  The process according to any of claims 1 to 9, wherein C* is = 98 mol%.
25 12. The process according to any of claims 1 to 9, wherein C* is = 99 mol%.
13.  The process according to any of claims 1 to 9, wherein C" is 2 99.5 mol%. |

14, The process according to claim 1, wherein CF is from 80 to 98 mol% and C* is
30 from 93 to 99.9 moi%.

15. The process accoerding to any of claims 1 to 14, wherein the unconverted pro-
pane and propyiene comprised in product gas mixture 3 are recycled to an extent
of in each case at least 85 mol% into at least the first reaction stage.

35 ‘ '

16. The process according fo any of claims 1 to 14, wherein the unconverted pro-
pane and propylene comprised in product gas mixture 3 are recycled to an extent
of in each case at least 90 moi% into at least the first reaction stage.

40 17. The process according to any of claims 1 to 14, wherein the unconverted pro-
pane and propylene comprised in product gas mixture 3 are recycled to an extent
of in each case at least 25 mol% into at least the first reaction stage.



31. The process according to any of clainms 1 to 30, wherein the hourly space
velocity BFJ®388rolein on fixed catalyst bed 2 is > 1201 (STP)/I h. 32.
The process according to any of clainms 1 to 31, wherein reaction stage 1 is
an autothernmal heterogeneously catalyqqg dehydrogenation. 10 33. The
process according to any of clains 1 to 32, wherein there is no internediate
oxygen feedi ng between reaction stages 2 and 3. 34. The process according to

any of clags thé Broddss MR RIS R cRIMS | 29EB, whehdlF fsh BFcdaR@ig fedo OUt in a

.conmbi ned reactq 15 35...Th rocess according to any of clains 1 to 34,
which is foll oﬁéﬁaﬁyo’?%rt%ec@% fegct %@?Spr oduct gas mixture 3, after

optional direct and/or indirect cooling, is frac- tionally condensed rising
in a cobumgComRE bdcBSs SefRdiRd torwwyld%%irﬁ@h%W,Whe‘ﬁéiﬁlﬁesldgﬁwah@malto of crude
acrylic acid arrld/ ar @ sor2bed V\r‘e%é]'omE er fndfogerl%arueﬁuns Q. solution. 36. The
process accor di%agf PR SEP; mofstg, I°E1'39% + §F I?Jl%xi? f)tﬁg%sess in which the
crude acrylic acid is subjected to a suspension crystallization to form

acrylic acpd FHé pRIZEEDPACRFINS] B dnyas Alairfdid i 9\ GvHERiA farfirigtreBEtionddas37. The
process accordin }%cl al m 3@,70)/\/@ Chlul s f.ol | o¥\éed by a process in which the
acrylic acid sﬂg’ggﬁs Sﬂ“%ﬂvgt‘al R T P.'gn?;\%%oy 1'6m r emai ni ng not her |iquor by
means & a wash colum. 30 38. The process according to claim37, wherein
the wash cof unmhé proBss dddoRdihPr of tlafths P& 20, @fhetdi® th iviskatatibed.of 39. The

process accordi L . her ej_n. : I 1.S,. draulic
wash col um. 38%@?‘8%@?%@00%5@4% 'gra g@lﬁgﬁsgn '%@58 g?égﬁoéﬂﬁﬁgg%ﬁ %?Efgx wher ei n
t he washi ng | i §t@tinousaetionjgasrmsturm? is M Ade ¢ i ¢ acid crystal s whi ch have

been renoved beforehand in the wash colum. 40 41. The process according to

any of 1! abys 3. bidodl kil Pl IOWRG VYA RERS3, | N whi ch the removed

acrylic acrd suspénsron crystals are ree- radically polynerized
into pol yners.
23. The process according to claim 21, wherein V, is from 1 tc 2.5.

24. The process according to any of claims 1 fo 23, wherein starting reaction gas
20 mixture 3 comprises 2 5.5% by volume of acrolein.

25. The process according to any of claims 1to 24, wherein starting reaction gas
mixture 3 comprises = 6% by volume of acrolein.

25 26. The process according to any of claims 1 to 25, wherein the molar ratio Vs of
propane comprised in starting reaction gas mixture 3 to acrolein comprised
therein is from 1 to 4.

27. - The process according to claim 26, wherein V; is from 1.5t0 3.5,
30
28. The process according to claim 26, wherein Vs is from 1.5 to 3.

29. The process according fo any of claims 1 io 28, wherein starting reaction gas

mixture 3 comprises: |

35
from 6 to 8% by volume of acrolein,
from 3 to 9% by volume of molecular oxygen,
from 10 to 20% by volume of propane,
from 50 to 20% by volume of molecular nitrogen and

40 from 7 to 13% by volume of steam.
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The process according fo any of claims 1 to 29, wherein the hourly space velocity _
of propylene on fixed catalyst bed 2 is 2 140 | (STP)/I - h.

The process according to any of claims 1 to 30, wherein the hourly space velocity
of acrolein on fixed catalyst bed 2 is 2 120 [ (STP)/I - h.

The process according to any of claims 1 to 31, wherein reaction stage 1 is an
autothermal heterogeneously catalyzed dehydrogenation.

The process according to any of claims 1 to 32, wherein there is no intermediate
oxygen feeding between reaction stages 2 and 3.

The process according to any of claims 1 to 33, wherein reaction stages 2 and 3
are carried out in a combined reactor.

The process according to any of claims 1 to 34, which is followed by a process in

- which product gas mixture 3, after optional direct and/or indirect cooling, is frac-

tionally condensed rising in a column comprising separating internals with side
draw removal of crude acrylic acid and/or absorbed with water and/or aqueous
solution.

The process according to claim 35, which is followed by a process in which the
crude acrylic acid is subjected to a suspension crystallization to form acrylic acid
suspension crystals and remaining mother liquor.

The process according to claim 36, which is followed by a process in which the
acrylic acid suspension crystals are removed from remaining mother liquor by
means of a wash column.

The process according to claim 37, wherein the wash column is one with forced
transport of the crystal bed.

The process according to claim 37 or 38, wherein the wash column is a hydraulic
wash column. '

The process according to any of claims 37 to 39, wherein the washing liquid used
is the melt of acrylic acid crystals which have been removed beforehand in the

wash column.

The process according to any of claims 37 to 40, which is followed by a process
in which the removed acrylic acid suspension crystals are melted and free-
radically polymerized into poiymers. ‘




