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(57) ABSTRACT 

Apparatus for the long-term operation of a heterogeneously 
catalyzed gas phase partial oxidation of at least one organic 
compound over a catalyst bed, in Which, in order to counteract 
the deactivation of the catalyst bed, the Working pressure in 
the gas phase is increased during the operating time of the 
catalyst bed. 
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APPARATUS FOR LONG-TERM OPERATION 
OF A HETEROGENEOUSLY CATALYZED 
GAS PHASE PARTIAL OXIDATION OF AT 
LEAST ONE ORGANIC COMPOUND 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a divisional application of prior 
US. patent application Ser. No. 11/121,986, ?led May 5, 
2005. The parent application claims bene?t to US. Provi 
sional PatentApplication 60/572, 124, ?led May 19, 2004 and 
to German Application No. 102004025445.1 ?led May 19, 
2004. 

DESCRIPTION 

[0002] The present invention relates to a process for the 
long-term operation of a heterogeneously catalyZed gas phase 
partial oxidation of at least one organic compound in at least 
one oxidation reactor, in Which a starting reaction gas mixture 
comprising the at least one organic compound, molecular 
oxygen and at least one inert diluent gas is passed through at 
least one catalyst bed at elevated temperature. 
[0003] A complete oxidation of an organic compound With 
molecular oxygen means here that the organic compound is 
converted under the reactive action of molecular oxygen in 
such a Way that all of the carbon present in the organic 
compound is converted to oxides of carbon and all of the 
hydrogen present in the organic compound to oxides of 
hydrogen. All different conversions of an organic compound 
under the reactive action of molecular oxygen are summa 
riZed here as partial oxidations of an organic compound. 
[0004] In particular, partial oxidations shall refer here to 
those conversions of organic compounds under the reactive 
action of molecular oxygen in Which the organic compound to 
be partially oxidiZed, on completion of conversion, contains 
at least one more oxygen atom in chemically bound form than 
before the partial oxidation Was carried out. 
[0005] A diluent gas Which behaves substantially inertly 
under the conditions of the heterogeneously catalyZed gas 
phase partial oxidation refers to those diluent gases Whose 
constituents remain unchanged under the conditions of the 
heterogeneously catalyZed gas phase partial oxidation, each 
constituent being vieWed alone, to an extent of more than 95 
mol %, preferably to an extent of more than 99 mol %. 

BACKGROUND OF THE INVENTION 

[0006] It is commonly knoWn that partial and heteroge 
neously catalyZed oxidation of a very Wide range of organic 
compounds using molecular oxygen in the gas phase alloWs 
numerous basic chemicals to be obtained. Examples include 
the conversion of propylene to acrolein and/or acrylic acid 
(cf., for example, DE-A 23 51 151), the conversion of tert 
butanol, isobutene, isobutane, isobutyraldehyde or the methyl 
ether of tert-butanol to methacrolein and/ or methacrylic acid 
(cf., for example, DE-A 25 26 238, EP-A 92097, EP-A 58927, 
DE-A 41 32 263, DE-A 41 32 684 and DE-A 40 22 212), the 
conversion of acrolein to acrylic acid, the conversion of meth 
acrolein to methacrylic acid (cf., for example, DE-A 25 26 
238), the conversion of o-xylene, p-xylene or naphthalene to 
phthalic anhydride (cf., for example, EP-A 522 871) or the 
corresponding acids, and also the conversion of butadiene to 
maleic anhydride (cf., for example, DE-A 21 06 796 and 
DE-A 16 24 921), the conversion of n-butane to maleic anhy 
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dride (cf., for example, GB-A 14 64 198 and GB 12 91 354), 
the conversion of indanes to, for example, anthraquinone (cf., 
for example, DE-A 20 25 430), the conversion of ethylene to 
ethylene oxide or of propylene to propylene oxide (cf., for 
example, DE-B 12 54 137, DE-A 21 59 346, EP-A 372 972, 
WO 89/0710, DE-A 43 11 608 and Beyer, Lehrbuch der 
organischen Chemie [Textbook of organic chemistry], 17th 
edition (1973), HirZel Verlag, Stuttgart, p. 261), the conver 
sion of propylene and/or acrolein to acrylonitrile (cf., for 
example, DE-A 23 51 151), the conversion of isobutene and/ 
or methacrolein to methacrylonitrile (i.e. the term partial 
oxidation in this document shall also include partial ammoxi 
dation, i.e. a partial oxidation in the presence of ammonia), 
the oxidative dehydrogenation of hydrocarbons (cf., for 
example, DE-A 23 51 151), the conversion of propane to 
acrylonitrile or to acrolein and/ or acrylic acid (cf., for 
example, DE-A 10 13 1297, EP-A 1090 684, EP-A 608 838, 
DE-A 10 04 6672, EP-A 529 853, WO 01/96270 and DE-A 10 
02 8582), the conversion of isobutane to methacrolein and/or 
methacrylic acid, and also the reactions of ethane to give 
acetic acid, of ethylene to give ethylene oxide, of benZene to 
give phenol, and also of 1-butene or 2-butene to give the 
corresponding butanediols, etc. 
[0007] The catalysts used are normally in the solid state. 
[0008] Particularly frequently, the catalysts used are oxide 
catalysts or are noble metals (e. g. Ag). In addition to oxygen, 
the catalytically active oxide composition may comprise only 
one other element or more than one other element (multiele 
ment oxide compositions). Particularly frequently, the cata 
lytically active oxide compositions used are those Which 
comprise more than one metallic element, in particular more 
than one transition metal. In this case, reference is made to 
multimetal oxide compositions. Typically, multielement 
oxide compositions are not simple physical mixtures of 
oxides of the elemental constituents, but rather heterogeneous 
mixtures of complex poly compounds of these elements. 
[0009] Usually, heterogeneously catalyZed gas phase par 
tial oxidations, in particular those mentioned above, are car 
ried out at elevated temperature (generally a feW hundred ° C., 
typically from 100 to 6000 C.). 
[0010] Since most heterogeneously catalyZed gas phase 
partial oxidations proceed highly exothermically, for reasons 
of heat removal, they are appropriately carried out frequently 
in a ?uidized bed or in isothermal ?xed bed reactors Where 
they are disposed in a reaction chamber around Which a heat 
exchange medium is passed for the purpose of indirect heat 
exchange (for example, the catalyst bed may be disposed as a 
?xed bed in the catalyst tubes of a tube bundle reactor around 
Which a salt melt is conducted for heat removal). 
[0011] HoWever, heterogeneously catalyZed gas phase par 
tial oxidations may in principle also be carried out in catalyst 
beds disposed in adiabatic reactors. 
[0012] It is knoWn that the Working pressure (absolute pres 
sure) in heterogeneously catalyZed gas phase partial oxida 
tions may either be beloW 1 bar, be 1 bar or be above 1 bar. In 
general, it is from 1 to 10 bar, usually from 1 to 3 bar. 
[0013] The target conversion is effected during the resi 
dence time of the reaction gas mixture in the catalyst charge 
through Which it is passed. 
[0014] OWing to the generally marked exothermic charac 
ter of the usually heterogeneously catalyZed gas phase partial 
oxidations of organic compounds With molecular oxygen, the 
reaction partners are typically diluted With a gas Which is 
substantially inert under the conditions of the catalytic partial 
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oxidation in the gas phase and is capable of absorbing heat of 
reaction released With its heat capacity. 
[0015] One of the most frequently used inert diluent gases 
is molecular nitrogen Which is used automatically When the 
oxygen source used for the heterogeneously catalyZed gas 
phase partial oxidation is air. 
[0016] OWing to its general availability, another inert dilu 
ent gas Which is used in many cases is steam. Both nitrogen 
and steam are additionally, in an advantageous manner, 
uncombustible inert diluent gases. 
[0017] In many cases, cycle gas is also used as an inert 
diluent gas (cf., for example, EP-A 1180508). Cycle gas 
refers to the residual gas Which remains after a one-stage or 
multistage (in the multistage heterogeneously catalyZed gas 
phase partial oxidation of organic compounds, the gas phase 
partial oxidation, in contrast to the one-stage hetero geneously 
catalyZed gas phase partial oxidation, is carried out not in one, 
but rather in at least tWo, reactors connected in series (Which 
can merge into one another seamlessly in a common casing), 
in Which case oxidant can be supplemented betWeen succes 
sive reactors; multiple stages are employed especially When 
the partial oxidation proceeds in successive steps; in these 
cases, it is frequently appropriate to optimiZe both the catalyst 
and the other reaction conditions to the particular reaction 
step and to carry out the reaction step in a dedicated reactor, 
in a separate reaction stage; hoWever, it can also be employed 
if, for reasons of heat removal or for other reasons (cf., for 
example, DE-A 19902562), the conversion is spread over a 
plurality of reactors connected in series; an example of a 
heterogeneously catalyZed gas phase partial oxidation Which 
is frequently carried out in tWo stages is the partial oxidation 
of propylene to acrylic acid; in the ?rst reaction stage, the 
propylene is oxidiZed to acrolein and, in the second reaction 
stage, the acrolein to acrylic acid; correspondingly, the prepa 
ration of methacrylic acid is usually carried out in tWo stages 
starting from isobutene; hoWever, When suitable catalyst 
charges are used, both aforementioned partial oxidations can 
also be carried out in one stage (both steps in one reactor) 
heterogeneously catalyZed gas phase partial oxidation of at 
least one organic compound When the target product is 
removed more or less selectively (for example by absorption 
into a suitable solvent) from the product gas mixture. In 
general, it consists predominantly of the inert diluent gases 
used for the partial oxidation, and also of steam typically 
by-produced in the partial oxidation or added as a diluent gas 
and carbon oxides formed by undesired complete oxidation. 
In some cases, it also contains small amounts of oxygen 
Which has not been consumed in the partial oxidation (re 
sidual oxygen) and/or unconverted organic starting com 
pounds. 
[0018] The steam formed as a by-product ensures in most 
cases that the partial oxidation proceeds Without signi?cant 
changes in volume of the reaction gas mixture. 
[0019] According to the above, the inert diluent gas used in 
most heterogeneously catalyZed gas phase partial oxidations 
of organic compounds consists of 290% by volume, fre 
quently of 295% by volume, of N2, H2O and/or CO2, and 
thus substantially of uncombustible inert diluent gases. 
[0020] The inert diluent gases used are ?rstly helpful in 
taking up the heat of reaction and secondly ensure safe opera 
tion of the heterogeneously catalyZed gas phase partial oxi 
dation of an organic compound by keeping the reaction gas 
mixture outside the explosion range. In hetero geneously cata 
lyZed gas phase partial oxidations of unsaturated organic 
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compounds, it is frequently also possible to use saturated 
hydrocarbons, i.e. combustible gases, as inert diluent gases. 

[0021] It is also knoWn that heterogeneously catalyZed gas 
phase partial oxidations of at least one organic compound 
over catalyst beds disposed in at least one oxidation reactor 
can be operated substantially continuously over prolonged 
periods over one and the same catalyst beds. The reaction 
conditions may generally be kept substantially constant. 
[0022] HoWever, the catalyst bed loses quality in the course 
of the operating time. In general, the activity in particular of 
the at least one catalyst bed deteriorates. This is disadvanta 
geous in particular because the reactant conversion is thus 
reduced With increasing operating time of the at least one 
catalyst bed under otherWise constant operating conditions, 
Which reduces the possible space-time yield. 
[0023] EP-A 990 636 and EP-A ll 06 598 attempt to take 
into account the aforementioned development in the long 
term operation of a heterogeneously catalyZed gas phase par 
tial oxidation of at least one organic compound over one and 
the same catalyst bed by gradually increasing the temperature 
of the catalyst bed in the course of the operating time under 
otherWise substantially constant operating conditions, in 
order to substantially retain the partial conversion on single 
pass of the reaction gas mixture through the at least one 
catalyst bed. 
[0024] A disadvantage of the procedure recommended in 
EP-A 99 636 and in EP-A ll 06 598 is that, With increasing 
increase in the temperature of the catalyst bed, its aging 
process is generally accelerated, Which is Why the catalyst 
bed is typically fully exchanged on attainment of the maxi 
mum value of the temperature of the catalyst bed. 
[0025] EP-A 614 872 and DE-A 10 35 0822 recommend 
delaying the necessity of the full catalyst exchange by regen 
erating the catalyst bed from time to time (for example con 
ducting a hot mixture of molecular oxygen and inert gas 
through the catalyst bed from time to time). HoWever, a dis 
advantage of this procedure is that it entails an interruption in 
the production over a prolonged period. 
[0026] DE-A 10 23 2748 recommends, as a compromise 
solution, instead of fully exchanging the catalyst bed, only 
replacing a portion thereof With a fresh catalyst charge. 
[0027] A disadvantage of this proposal is that a partial 
change of the catalyst bed is also associated With signi?cant 
cost and inconvenience. 

[0028] As an approach to a solution, it has also already been 
proposed in principle to provide a more extensive catalyst bed 
I accommodated, in a comparatively costly and inconvenient 
manner, in an isothermal reactor and a smaller catalyst bed II 
accommodated, in a comparatively less costly and inconve 
nient manner, in an adiabatic reactor, With the aim that the 
adiabatic reactor begins to provide assistance Where the iso 
thermal reactor by itself no longer achieves the highest con 
version, in order thus to delay to a maximum the exchange of 
the catalyst bed in the isothermal reactor. 

[0029] HoWever, a disadvantage of this procedure is that it 
requires an increased number of reactors and thus increased 
investment. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0030] FIG. 1 is a schematic diagram of a rotary tube fur 
nace used for calcinations. 
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[0031] FIG. 2 shows ammonia released as a function of the 
material temperature as a percentage of the total amount of 
ammonia released during thermal treatment. 
[0032] FIG. 3 shoWs the ammonia concentration in the 
atmosphere in Which thermal treatment Was effected during 
the thermal treatment. 
[0033] FIG. 4 shoWs the molar amounts ofmolecular oxy 
gen and ammonia Which Were conducted into the rotary tube 
over the thermal treatment. 

[0034] FIG. 5 shoWs the pore distribution of the ground 
active composition poWder before shaped in Example B. 
[0035] FIG. 6 shoWs the individual contributions of the 
individual pore diameters for the active composition before 
shaped in Example B. 
[0036] FIG. 7 shoWs the pore distribution of the ground 
active composition poWder before shaped in Example B for 
multimetal oxide active composition removed from the annu 
lar coated catalyst. 
[0037] FIG. 8 shoWs the individual contributions of the 
individual pore diameters for the active composition before 
shaped in Example B for multimetal oxide active composition 
removed from the annular coated catalyst. 

DETAILED DESCRIPTION OF THE INVENTION 

[0038] In vieW of the prior art described, it is an object of 
the present invention to provide an improved process for the 
long-term operation of a hetero geneously catalyZed gas phase 
partial oxidation of at least one organic compound in at least 
one oxidation reactor and over at least one (one and the same) 
catalyst bed. 
[0039] Accordingly, a process has been found for the long 
term operation of a heterogeneously catalyZed gas phase par 
tial oxidation of at least one organic compound in at least one 
oxidation reactor, in Which a starting reaction gas mixture 
comprising the at least one organic compound, molecular 
oxygen and at least one inert diluent gas is passed through at 
least one catalyst bed at elevated temperature, Which com 
prises, in order to counteract the deactivation of the at least 
one catalyst bed, increasing the Working pressure in the gas 
phase, based on an identical hourly space velocity on the at 
least one catalyst bed of starting reaction gas mixture in l 
(STP)/l~h, during the operating time of the catalyst bed. 
[0040] Pressure increases Which are a result of deposition 
in solid form in the ?xed catalyst bed of components present 
in the reaction gas mixture in the course of the operating time 
are excluded. 

[0041] The hourly space velocity on a catalyst bed cata 
lyZing a reaction step of (starting) reaction gas mixture refers 
to the amount of (starting) reaction gas mixture in standard 
liters (:l (STP); the volume in liters that the appropriate 
amount of (starting) reaction gas mixture Would take up under 
standard conditions, i.e. at 25° C. and 1 bar) Which is con 
ducted per hour through one liter of catalyst bed. The hourly 
space velocity may also be based only on one constituent of 
the (starting) reaction gas mixture. In that case, it is the 
amount of this constituent in l (STP)/l~h Which is conducted 
per hour through one liter of the catalyst bed. 
[0042] The realiZation of the inventive increase in the Work 
ing pressure in the gas phase is possible, for example, in a 
simple manner by mounting a pressure regulator (an appara 
tus for regulating the Working pressure in the at least one 
oxidation reactor) doWnstream (i.e. connected doWnstream of 
the at least one oxidation reactor) of the (outlet for the reac 
tion gas mixture of the) at least one oxidation reactor contain 
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ing the at least one catalyst bed. This may be, for example, a 
vane regulator or, in a particularly simple manner, a throttle 
apparatus, for example a throttle valve. Alternatively, it is also 
possible, for example, to insert only partially permeable per 
forated diaphragms into the How path of the reaction gas 
mixture, in order thus to automatically increase the pressure 
drop of the reaction gas mixture on its ?oW path and thus, at 
the same hourly space velocity on the at least one catalyst bed 
of starting reaction gas mixture, the Working pressure. Such a 
perforated diaphragm may have, for example, a plurality of 
passages (holes in the simplest case) Which may successively 
be partly or fully closed. 

[0043] The pressure regulating unit does not necessarily 
have to be mounted directly doWn-stream of the relevant 
oxidation reactor. Rather, it is su?icient to realiZe the inven 
tive procedure When the pressure regulating apparatus is 
introduced into the further ?oW path of the product gas mix 
ture leaving the oxidation reactor in question and the pressure 
increase is propagated into the oxidation reaction as a result of 
back pressure. In other Words, When the product gas mixture 
leaving the oxidation reactor is subsequently conducted into 
the loWer region of a column for absorbing the target product 
in an absorption liquid introduced, for example, in the upper 
region of the column, the pressure regulator may also be 
disposed at the top of the absorption column. HoWever, this 
variant Will generally be less preferred, since column pres 
sures are typically comparatively restricted for safety rea 
sons. The absorption behavior might also be adversely 
affected. The same applies to the case in Which the product 
gas mixture, on its further path, is conducted into the loWer 
region of a column for fractional condensation of the target 
product. In general, the aforementioned columns comprise 
separating internals to increase the mass transfer surface area. 

[0044] In the case of a series connection of oxidation reac 
tors, a pressure regulating apparatus may be mounted doWn 
stream of each of the individual reactors in the context of the 
present invention. 
[0045] The success of the inventive procedure can presum 
ably be attributed to the pressure increase being accompanied 
by an increase in the residence time of the reactants over the 
catalyst surface. This increased residence time is then pre 
sumably suf?cient in order to again enable the target reaction 
over reaction sites Which have already been deactivated to a 
certain extent. In addition, the inventive measure is also 
accompanied by increased partial pressures of the relevant 
reactants. 

[0046] The magnitude of the increase in the Working pres 
sure Which is selected in the individual case in the process 
according to the invention depends both upon the extent of the 
deactivation of the catalyst bed at the time at Which the Work 
ing pressure is increased and upon the speci?c reaction sys 
tem. Typically in accordance With the invention, the increase 
in the Working pressure (in this document, alWays based for 
reasons of standardization on the entry point of the reaction 
gas mixture into the catalyst bed, Which is calculated in this 
context to include inert preliminary beds) Will be at least 25 
bar or at least 50 bar before the catalyst bed is partly or fully 
exchanged. In general, the aforementioned increase in the 
Working pressure in the process according to the invention 
Will be from 25 or 50 mbar to 3000 mbar, frequently from 100 
mbar to 2500 mbar, in many cases from 200 to 2000 mbar, 
often from 300 to 1500 mbar, sometimes from 400 to 1000 
mbar and not rarely from 500 to 750 mbar. 
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[0047] Advantageously in accordance With the invention, 
the inventive pressure increase Will be undertaken continu 
ously and as a function of the deactivation rate of the at least 
one catalyst bed (a measure of the activity is the temperature 
Which is required in order to achieve, at the same hourly space 
velocity on the catalyst bed and the same Working pressure, 
the same reactant conversion based on single pass of the 
reaction gas mixture through the catalyst bed). HoWever, it 
may also be undertaken in stages. 
[0048] The highest value of the inventive increase in the 
Working pressure is generally achieved When a further 
increase in the Working pressure is accompanied by a signi? 
cant reduction in the selectivity of target product formation. 
The latter may occur, for example, When excessively long 
residence times of the reactants over the sites on the catalyst 
surface Which are still fully active lead to increasing full 
combustion, Which reduces the yield of target product. HoW 
ever, such a reduction in selectivity can also be accepted With 
Willingness, for example, if the demanded conversions Would 
still be achievable only at temperatures Which Would damage, 
for example, the catalyst and/or the reactor. 
[0049] This in?uence on the selectivity is normally also the 
reason Why the heterogeneously catalyZed gas phase partial 
oxidation of at least one organic compound on the catalyst 
bed is not carried out at the greatest possible Working pres sure 
from the start. Ultimately, increased Working pressures also 
cause increased starting reaction gas mixture compression 
costs. Another restriction for the inventive pressure increase 
may be the resulting difference betWeen the highest and the 
loWest temperature in the catalyst bed, since in many partial 
oxidations this difference should frequently be 2100° C., 
preferably 280° C. or 260° C. or 240° C., or 220° C., or 
2 10° C. 

[0050] Frequently, the Working pressures at the start of the 
process according to the invention Will be from 1 .2 to 2 bar. At 
the time at Which the catalyst bed is exchanged, the Working 
pressure Will accordingly, in accordance With the invention, 
typically be up to 3 bar. 
[0051] In principle, the process according to the invention 
is suitable for all heterogeneously catalyZed gas phase partial 
oxidations listed speci?cally at the outset of this document. 
These include in particular the hetero geneously catalyZed gas 
phase partial oxidation of propane to acrylic acid described in 
the documents WO 01/96270, DE-A 10316465, DE-A 
10245585, DE-A 10246119. The aforementioned documents 
should be regarded as an integral part of this document. 
[0052] HoWever, the inventive procedure is particularly 
suitable for the heterogeneously catalyZed ?xed bed gas 
phase partial oxidation, carried out preferably in a tube 
bundle reactor in one stage, of propene to acrolein and/or 
acrylic acid, and for the ?rst and second stage of a heteroge 
neously catalyZed ?xed bed gas phase partial oxidation, car 
ried out in tube bundle reactors in tWo stages, of propene to 
acrolein or of acrolein to acrylic acid, as described, for 
example, in the documents EP-A 700 893, EP-A 700 714, 
DE-A 19 91 0508, DE-A 19 91 9596, DE-A 10351269, DE-A 
10350812, DE-A 10350822, EP-A 11 59 247, DE-A 10 31 
3208, DE-A 102004021764, DE-A 19 94 8248, EP-A 990 
636, EP-A 11 06 598, DE-A 30 02 8289 and DE-A 10232482. 
[0053] The process according to the invention is suitable 
for a heterogeneously catalyZed gas phase ?xed bed partial 
oxidation of propene to acrolein especially When the catalysts 
used are those Whose active composition is a multielement 
oxide Which comprises the elements molybdenum and/or 
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tungsten, and also at least one of the elements bismuth, tel 
lurium, antimony, tin and copper, or is a multimetal oxide 
comprising the elements Mo, Bi and Fe. Multimetal oxide 
compositions of the aforementioned type Which comprise 
Mo, Bi and Fe and are particularly suitable in accordance With 
the invention are in particular the multimetal oxide composi 
tions comprising Mo, Bi and Fe Which are disclosed in DE-A 
10 34 4149 and in DE-A 10 34 4264. These are in particular 
also the multimetal oxide active compositions of the general 
formula I of DE-A 19 95 5176, the multimetal oxide active 
compositions of the general formula I of DE-A 19 94 8523, 
the multimetal oxide active compositions of the general for 
mulae I, II and III of DE-A 10 10 1695, the multimetal oxide 
active compositions of the general formulae I, II and III of 
DE-A 19 94 8248 and the multimetal oxide active composi 
tions of the general formulae I, II and III of DE-A 19955168 
and also the multimetal oxide active compositions speci?ed 
in EP-A 700714. 

[0054] An application of the process according to the 
invention is also suitable When the catalysts used for the at 
least one ?xed catalyst bed to be used in accordance With the 
invention, in the case of the partial oxidation of propene to 
acrolein, are the multimetal oxide catalysts comprising Mo, 
Bi and Fe Which are disclosed in the documents DE-A 
10046957, DE-A 10063162, DE-C 3338380, DE-A 
19902562, EP-A 15565, DE-C 2380765, EP-A 807465, 
EP-A 279374, DE-A 3300044, EP-A 575897, U.S. Pat. No. 
4,438,217, DE-A 19855913, WO 98/24746, DE-A 19746210 
(those of the general formula II), JP-A 91/294239, EP-A 
293224 and EP-A 700714. This applies in particular to the 
exemplary embodiments in these documents, and among 
these particular preference is given to those of EP-A 15565, 
EP-A 575897, DE-A 19746210 and DE-A 19855913. Par 
ticular emphasis is given in this context to a catalyst according 
to example 1c from EP-A 15565 and also to a catalyst to be 
prepared in a corresponding manner but Whose active com 
position has the composition Mo12Ni6_5Zn2Fe2BilPO_OO65KO_ 
O6OX.10SIO2. Emphasis is also given to the example having 
the serial number 3 from DE-A 19855913 (stoichiometry: 
Mo l2Co7Fe3BiO_6KO_O8Si1_6Ox) as an unsupported holloW 
cylinder catalyst of geometry 5 mm><3 mm><2 mm or 5 mm><2 
mm><2 mm (each external diameter><height><intemal diam 
eter) and also to the unsupported multimetal oxide II catalyst 
according to example 1 of DE-A 19746210. Mention should 
also be made of the multimetal oxide catalysts of Us. Pat. 
No. 4,438,217. The latter is true in particular When these have 
a holloW cylinder geometry of the dimensions 5.5 mm><3 
mm><3.5 mm, or 5 mm><2 mm><2 mm, or 5 mm><3 mm><2 mm, 
or 6 mm><3 mm><3 mm, or 7 mm><3 mm><4 mm (each external 
diameter><height><intemal diameter). Likewise suitable in the 
context of the present invention are the multimetal oxide 
catalysts and geometries of DE-A 10101695 or WO 
02/062737. 

[0055] Also very suitable in the context of the present 
invention are example 1 of DE-A 10046957 (stoichiometry: 
[Bi2W2O9X2WO3]O.5'[MO12CO5.6Fe2.94Si1.59KO.O8Ox]1) as 
an unsupported holloW cylinder (ring) catalyst of geometry 5 
mm><3 mm><2 mm or 5 mm><2 mm><2 mm (each external 
diameter><length><intemal diameter), and also the coated cata 
lysts 1, 2 and 3 of DE-A 10063162 (stoichiometry: Mo12Bil_ 
oFe3Co7Si1_6KO_O8), except as annular coated catalysts of 
appropriate coating thickness and applied to support rings of 
geometry 5 mm><3 mm><1.5 mm or 7 mm><3 mm><1.5 mm 

(each external diameter><length><internal diameter). 
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[0056] A multitude of multimetal oxide active composi 
tions particularly suitable for the catalysts of a propene partial 
oxidation to acrolein in the context of the present invention 
can be encompassed by the general formula I 

MO12BiaF6bXlcX2dX3eX4pn (I) 

in Which the variables are each de?ned as folloWs: 

[0057] Xl:nickel and/or cobalt, 
[0058] XZ?haIlium, an alkali metal and/ or an alkaline 

earth metal, 
[0059] X3:Z1I1C, phosphorus, arsenic, boron, antimony, tin, 

cerium, lead and/or tungsten, 
[0060] X4:silicon, aluminum, titanium and/or Zirconium, 
[0061] a:from 0.5 to 5, 
[0062] bIfrom 0.01 to 5, preferably from 2 to 4, 
[0063] c:from 0 to 10, preferably from 3 to 10, 
[0064] dIfrom 0 to 2, preferably from 0.02 to 2, 
[0065] e:from 0 to 8, preferably from 0 to 5, 
[0066] f:from 0 to 10 and 
[0067] n:a number Which is determined by the valency and 

frequency of the elements in I other than oxygen. 
[0068] They are obtainable in a manner known per se (see, 
for example, DE-A 4023239) and are customarily shaped 
undiluted 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. It Will be appreciated that 
they may also be used as catalysts in poWder form. 
[0069] In principle, active compositions of the general for 
mula I can be prepared in a simple manner by obtaining a very 
intimate, preferably ?nely divided dry mixture corresponding 
to their stoichiometry from suitable sources of their elemental 
constituents and calcining it at temperatures of from 350 to 
6500 C. The calcination may be effected 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 mixture of inert gas, NH3, CO and/or H2). 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 compo 
sitions I are those compounds Which are already oxides and/ 
or those compounds Which can be converted to oxides by 
heating, at least in the presence of oxygen. 
[0070] In addition to the oxides, such useful starting com 
pounds include in particular halides, nitrates, formates, 
oxalates, citrates, acetates, carbonates, amine complexes, 
ammonium salts and/ or hydroxides (compounds such as 

NH4OH, (NH4)2CO3, NH4NO3, NH4CHO2, CH3COOH, 
NH4CH3CO2 and/or ammonium oxalate Which decompose 
and/or can be decomposed on later calcining at the latest to 
give compounds Which are released in gaseous form can be 
additionally incorporated into the intimate dry mixture). 
[0071] The starting compounds for preparing multimetal 
oxide active compositions I can be intimately mixed in dry or 
in Wet form. When they are mixed in dry form, the starting 
compounds are advantageously used as ?nely divided poW 
ders and subjected to calcination after mixing and optional 
compacting. HoWever, preference is given to intimate mixing 
in Wet form. Customarily, the starting compounds are mixed 
With each other in the form of an aqueous solution and/or 
suspension. Particularly intimate dry mixtures are obtained in 
the mixing process described When the starting materials are 
exclusively sources of the elemental constituents in dissolved 
form. The solvent used is preferably Water. Subsequently, the 
aqueous composition obtained is dried, and the drying pro 
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cess is preferably effected by spray-drying the aqueous mix 
ture at exit temperatures from the spray toWer of from 100 to 
1500 C. 

[0072] Typically, the multimetal oxide active compositions 
of the general formula I are used in the ?xed catalyst bed not 
in poWder form, but rather shaped into certain catalyst geom 
etries, and the shaping may be effected either before or after 
the ?nal calcination. For example, unsupported catalysts can 
be prepared from the poWder form of the active composition 
or its uncalcined and/ or partially calcined precursor compo 
sition by compacting to the desired catalyst geometry (for 
example by tableting or extruding), optionally With the addi 
tion of assistants, for example graphite or stearic acid as 
lubricants and/or shaping assistants and reinforcing agents 
such as micro?bers of glass, asbestos, silicon carbide or 
potassium titanate. Examples of suitable unsupported cata 
lyst 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. It Will be appreciated that the 
unsupported catalyst can also have spherical geometry, and 
the spherical diameter can be from 2 to 10 mm. 

[0073] A particularly advantageous holloW cylinder geom 
etry is 5 mm><3 mm><2 mm (external diameter><length><inter 
nal diameter), in particular in the case of unsupported cata 
lysts. 
[0074] It Will be appreciated that the pulverulent active 
composition or its pulverulent precursor composition Which 
is yet to be calcined and/or partially calcined may 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 dis 
closed, for example, by DE-A 2909671, EP-A 293859 or 
EP-A 714700. To coat the support bodies, the poWder com 
position to be applied is advantageously moistened and dried 
again after application, for example by means of hot air. The 
coating thickness of the poWder composition applied to the 
support body is advantageously selected Within the range 
from 10 to 1000 um, preferably Within the range from 50 to 
500 um and more preferably Within the range from 150 to 250 
um. Alternatively, the poWder composition to be applied may 
also be applied to the support bodies directly from a suspen 
sion or solution thereof (for example in Water). 
[0075] Useful support materials are the customary porous 
or nonporous aluminum oxides, silicon dioxide, thorium 
dioxide, Zirconium dioxide, silicon carbide or silicates such 
as magnesium silicate or aluminum silicate. They generally 
behave substantially inertly With regard to the target reaction 
on Which the process according to the invention in the ?rst 
reaction stage is based. The support bodies can have a regular 
or irregular shape, although preference is given to regularly 
shaped support bodies having distinct surface roughness, for 
example spheres or holloW cylinders. It is suitable to use 
substantially nonporous, surface-roughened spherical sup 
ports made of steatite (e.g. Steatite C220 from CeramTec) 
Whose diameter is from 1 to 8 mm, preferably from 4 to 5 mm. 
HoWever, suitable support bodies also include cylinders 
Whose length is from 2 to 10 mm (eg 8 mm) and Whose 
external diameter is from 4 to 10 mm (eg 6 mm). In the case 
of rings suitable as support bodies according to the invention, 
the Wall thickness is also typically from 1 to 4 mm.According 
to the invention, annular support bodies to be used preferably 
have a length of from 2 to 6 mm, an external diameter of from 
4 to 8 mm and a Wall thickness of from 1 to 2 mm. Suitable as 
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support bodies according to the invention are in particular 
rings of the geometry 7 mm><3 mm><4 mm or 5 mm><3 mm><2 
mm (external diameter><length><intemal diameter). It Will be 
appreciated that the ?neness of the catalytically active oxide 
compositions to be applied to the surface of the support body 
Will be adapted to the desired coating thickness (cf. EP-A 714 
700). 
[0076] Multimetal oxide active compositions Which are 
particularly suitable for the catalysts of the ?xed catalyst bed 
of a propene partial oxidation to acrolein in the context of the 
present invention are also compositions of the general for 
mula ll 

in Which the variables are each de?ned as folloWs: 
[0077] Yl:only bismuth or bismuth and at least one of the 

elements tellurium, antimony, tin and copper, 
[0078] Y2:molybdenum or molybdenum and tungsten, 
[0079] Y3:an alkali metal, thallium and/or samarium, 
[0080] Y4:an alkaline earth metal, nickel, cobalt, copper, 
manganese, Zinc, tin, cadmium and/ or mercury, 

[0081] Y5:iron or iron and at least one of the elements 
chromium and cerium, 

[0082] Y6rphosphorus, arsenic, boron and/or antimony, 
[0083] Y7:a rare earth metal, titanium, Zirconium, nio 

bium, tantalum, rhenium, ruthenium, rhodium, silver, gold, 
aluminum, gallium, indium, silicon, germanium, lead, tho 
rium and/ or uranium, 

[0084] a':from 0.01 to 8, 
[0085] b'Ifrom 0.1 to 30, 
[0086] c':from 0 to 4, 
[0087] d'Ifrom 0 to 20, 
[0088] e':from >0 to 20, 
[0089] f‘Ifrom 0 to 6, 
[0090] g'Ifrom 0 to 15, 
[0091] h'Ifrom 8 to 16, 
[0092] x', y'Inumbers Which are determined by the valency 
and frequency of the elements in H other than oxygen and 

[0093] p, qInumbers Whose p/q ratio is from 0.1 to 10, 
comprising three-dimensional regions of the chemical com 
position YlaY 2170K, Which are delimited from their local 
environment as a consequence of their different chemical 
composition from their local environment, and Whose maxi 
mum diameter (longest line passing through the center of the 
region and connecting tWo points on the surface (interface)) is 
from 1 nm to 100 um, frequently from 10 nm to 500 nm or 
from 1 pm to 50 or 25 pm. 
[0094] Particularly advantageous multimetal oxide compo 
sitions H are those in WhichYl is only bismuth. 
[0095] Among these, preference is given in turn to those of 
the general formula III 

in Which the variables are each de?ned as folloWs: 
[0096] Z2:molybdenum or molybdenum and tungsten, 
[0097] Z3Inickel and/or cobalt, 
[0098] Z‘l?hallium, an alkali metal and/ or an alkaline earth 

metal, 
[0099] Zsrphosphorus, arsenic, boron, antimony, tin, 

cerium and/or lead, 
[0100] Z6:silicon, aluminum, titanium and/or Zirconium, 
[0101] Z7:copper, silver and/or gold, 
[0102] a":from 0.1 to 1, 
[0103] b":from 0.2 to 2, 
[0104] c":from 3 to 10, 
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[0105] d":from 0.02 to 2, 
[0106] e":from 0.01 to 5, preferably from 0.1 to 3, 
[0107] f":from 0 to 5, 
[0108] g":from 0 to 10, 
[0109] h":from 0 to 1, 
[0110] x", y":numbers Which are determined by the 

valency and frequency of the elements in Ill other than 
oxygen, 

[0111] p", q":numbers Whose p"/q" ratio is from 0.1 to 5, 
preferably from 0.5 to 2, 

and very particular preference is given to those compositions 
III in Which Z21, ,,:(tungsten) b” and Z2l2:(molybdenum)l2. 
[0112] It is also advantageous When at least 25 mol % 
(preferably at least 50 mol % and more preferably at least 100 
mol %) of the total proportion of [Yla'Y2b OX'L, 
([Bia "Z21, ,,Ox,,]p ,,) of the multimetal oxide compositions ll 
(multimetal oxide compositions Ill) suitable in accordance 
With the invention in the multimetal oxide compositions ll 
(multimetal oxide compositions Ill) suitable in accordance 
With the invention are in the form of three-dimensional 
regions of the chemical composition Y1a,Y2bOx, 
[Bia,,Z2b”Ox”] Which are delimited from their local environ 
ment as a consequence of their different chemical composi 
tion from their local environment, and Whose maximum 
diameter is in the range from 1 nm to 100 pm. 
[0113] With regard to the shaping, the statements made for 
the multimetal oxide 1 catalysts apply to the multimetal oxide 
ll catalysts. 
[0114] The preparation of multimetal oxide active compo 
sitions H is described, for example, in EP-A 575897 and also 
in DE-A 19855913, DE-A 10344149 and DE-A 10344264. 
[0115] Suitable active compositions for catalysts of at least 
one ?xed catalyst bed suitable for the partial oxidation of 
acrolein to acrylic acid in the context of the present invention 
are the multimetal oxides knoWn for this reaction type Which 
comprise the elements Mo and V. 
[0116] Such multimetal oxide active compositions com 
prising Mo and V can be taken, for example, from Us. Pat. 
No. 3,775,474, U.S. Pat. No. 3,954,855, US Pat. No. 3,893, 
951, and Us. Pat. No. 4,339,355, or EP-A 614872 or EP-A 
1041062, or WO 03/055835, or WO 03/057653. 
[0117] Especially suitable are also the multimetal oxide 
active compositions ofDE-A 10 32 5487 and also ofDE-A 10 
32 5488. 
[0118] Also particularly suitable as active compositions for 
the ?xed bed catalysts for the partial oxidation of acrolein to 
acrylic acid in the context of the present invention are the 
multimetal oxide compositions of EP-A 427508, DE-A 29 09 
671, DE-C 31 51 805, DE-B 26 26 887, DE-A 43 02 991, 
EP-A 700 893, EP-A 7147 00 and DE-A 19 73 6105. Particu 
lar preference is given in this context to the exemplary 
embodiments of EP-A 714 700 and of DE-A 19 73 6105. 
[0119] A multitude of these multimetal oxide active com 
positions comprising the elements Mo andV can be encom 
passed by the general formula IV 

in Which the variables are each de?ned as folloWs: 

[0120] XIIW, Nb, Ta, Cr and/or Ce, 
[0121] X2:Cu, Co, Fe, Mn and/or Zn, 
[0122] X3:Sb and/or Bi, 
[0123] X4:one or more alkali metals, 
[0124] X5:one or more alkaline earth metals, 
[0125] X6:Si, Al, Ti and/or Zr, 
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[0126] a:from 1 to 6, 
[0127] b:from 0.2 to 4, 
[0128] c:from 0.5 to 18, 
[0129] d:from 0 to 40, 
[0130] e:from 0 to 2, 
[0131] f:from 0 to 4, 
[0132] g:from 0 to 40 and 
[0133] n:a number Which is determined by the valency and 

frequency of the elements in IV other than oxygen. 
[0134] Preferred embodiments among the active multim 
etal oxides IV in the context of the present invention are those 
Which are encompassed by the following de?nitions of the 
variables of the general formula IV: 
[0135] XIIW, Nb and/or Cr, 
[0136] X2:Cu, Ni, Co and/or Fe, 
[0137] X3:Sb, 
[0138] X4:Na and/or K, 
[0139] XSICa, Sr and/or Ba, 
[0140] X6:Si, Al and/or Ti, 
[0141] a:from 1.5 to 5, 
[0142] b:from 0.5 to 2, 
[0143] c:from 0.5 to 3, 
[0144] d:from 0 to 2, 
[0145] e:from 0 to 0.2, 
[0146] f:from 0 to 1 and 
[0147] n:a number Which is determined by the valency and 

frequency of the elements in IV other than oxygen. 
[0148] HoWever, multimetal oxides IV Which are very par 
ticularly preferred according to the invention are those of the 
general formula V 

Mogvaylbyiysfvsgon, (v) 

Where 
[0149] YIIWand/or Nb, 
[0150] YZICu and/or Ni, 
[0151] YSICa and/or Sr, 
[0152] Y6:Si and/or A1, 
[0153] a':from 2 to 4, 
[0154] b'Ifrom 1 to 1.5, 
[0155] c':from 1 to 3, 
[0156] f‘Ifrom 0 to 0.5 
[0157] g'Ifrom 0 to 8 and 
[0158] n':a number Which is determined by the valency and 

frequency of the elements in V other than oxygen. 
[0159] Multimetal oxide active compositions (IV) are 
obtainable in a manner knoWn per se, for example disclosed in 
DE-A 4335973 or in EP-A 714700. In particular, suitable 
multimetal oxide active compositions comprising Mo andV 
in the context of the present invention for the partial oxidation 
of acrolein to acrylic acid are also the multimetal oxide active 
compositions of DE-A 10 261 186. 
[0160] In principle, such multimetal oxide active composi 
tions comprising Mo and V, especially those of the general 
formula IV, can be prepared in a simple manner by obtaining 
a very intimate, preferably ?nely divided dry mixture having 
a composition corresponding to their stoichiometry from suit 
able sources of their elemental constituents and calcining it at 
temperatures of from 350 to 6000 C. The calcination may be 
carried out either under inert gas or under an oxidative atmo 
sphere, 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 H2, NH3, CO, methane 
and/ or acrolein or the reducing gases mentioned themselves). 
The calcination time can be from a feW minutes to a feW hours 
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and typically decreases With temperature. Useful sources for 
the elemental constituents of the multimetal oxide active 
compositions IV include those compounds Which are already 
oxides and/or those compounds Which can be converted to 
oxides by heating, at least in the presence of oxygen. 
[0161] The starting compounds for preparing multimetal 
oxide compositions IV can be intimately mixed in dry or in 
Wet form. When they are mixed in dry form, the starting 
compounds are advantageously used as ?nely divided poWder 
and subjected to calcining after mixing and optional compac 
tion. HoWever, preference is given to intimate mixing in Wet 
form. 
[0162] This is typically done by mixing the starting com 
pounds in the form of an aqueous solution and/or suspension. 
Particularly intimate dry mixtures are obtained in the mixing 
process described When the starting materials are exclusively 
sources of the elemental constituents in dissolved form. The 
solvent used is preferably Water. Subsequently, the aqueous 
composition obtained is dried, and the drying process is pref 
erably effected by spray-drying the aqueous mixture at exit 
temperatures of from 100 to 1500 C. 
[0163] The multimetal oxide active compositions compris 
ing Mo andV, especially those of the general formula IV, may 
be used for the process according to the invention of a partial 
oxidation of acrolein to acrylic acid either in poWder form or 
shaped to certain catalyst geometries, and the shaping may be 
effected before or after the ?nal calcination. For example, 
unsupported catalysts can be prepared from the poWder form 
of the active composition or its uncalcined precursor compo 
sition by compacting to the desired catalyst geometry (for 
example by tableting or extruding), optionally With the addi 
tion of assistants, for example graphite or stearic acid as 
lubricants and/or shaping assistants and reinforcing agents 
such as micro?bers of glass, asbestos, silicon carbide or 
potassium titanate. Examples of suitable unsupported cata 
lyst geometries are 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. It Will be appreciated that the unsupported 
catalyst may also have spherical geometry and the spherical 
diameter may be from 2 to 10 mm. 

[0164] It Will be appreciated that the pulverulent active 
composition or its pulverulent precursor composition Which 
is yet to be calcined can also be shaped by applying to pre 
shaped inert catalyst supports. The coating of the support 
bodies to prepare the coated catalysts is generally performed 
in a suitable rotatable vessel, as disclosed, for example, by 
DE-A 2909671, EP-A 293859 or by EP-A 714700. 
[0165] To coat the support bodies, the poWder composition 
to be applied is appropriately moistened and is dried again 
after application, for example by means of hot air. The coating 
thickness of the poWder composition applied to the support 
body is advantageously selected Within the range from 10 to 
1000 um, preferably Within the range from 50 to 500 um and 
more preferably in the range from 150 to 250 pm. 
[0166] Useful support materials are customary porous or 
nonporous aluminum oxides, silicon dioxide, thorium diox 
ide, 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 regularly shaped support bodies having distinct sur 
face roughness, for example spheres or holloW cylinders. It is 
suitable to use substantially nonporous, surface-roughened, 
spherical supports made of steatite Whose diameter is from 1 
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to 10 m (e. g. 8 mm), preferably from 4 to 5 mm. However, 
suitable support bodies also include cylinders Whose length is 
from 2 to 10 mm and Whose external diameter is from 4 to 10 
mm. In the case of rings Which are suitable in accordance With 
the invention as support bodies, the Wall thickness is also 
typically from 1 to 4 mm. Annular support bodies to be used 
With preference in accordance With the invention have a 
length of from 3 to 6 mm, an external diameter of from 4 to 8 
mm and a Wall thickness of from 1 to 2 mm. Suitable support 
bodies according to the invention are also in particular rings 
of geometry 7 mm><3 mm><4 mm (external diameter><length>< 
internal diameter). It Will be appreciated that the ?neness of 
the catalytically active oxide compositions to be applied to 
the surface of the support body is adapted to the desired 
coating thickness (cf. EP-A 714 700). 
[0167] Advantageous multimetal oxide active composi 
tions comprising Mo and V and Which are to be used in the 
context of the present invention for an acrolein partial oxida 
tion to acrylic acid are also compositions of the general for 
mula VI 

[DlplElq (v1) 

in Which the variables are each de?ned as folloWs: 

[0170] Z :W, Nb, Ta, Cr and/or Ce, 
[0171] Z2:Cu, Ni, Co, Fe, Mn and/or Zn, 
[0172] Z3:Sb and/or Bi, 
[0173] Z4:Li, Na, K, Rb, Cs and/or H, 
[0174] ZSIMg, Ca, Sr and/or Ba, 
[0175] Z6:Si, Al, Ti and/or Zr, 
[0176] Z7:Mo, W, V, Nb and/or Ta, 
[0177] a":from 1 to 8, 
[0178] b":from 0.2 to 5, 
[0179] c":from 0 to 23, 
[0180] d":from 0 to 50, 
[0181] e":from 0 to 2, 
[0182] f":from 0 to 5, 
[0183] g":from 0 to 50, 
[0184] h":from 4 to 30, 
[0185] i":from 0 to 20 and 
[0186] x", y":numbers Which are determined by the 

valency and frequency of the elements other than oxygen in 
VI and 

[0187] p, qInumbers other than Zero Whose p/q ratio is 
from 160:1 to 1:1, 

and Which are obtainable by separately performing a multi 
metal oxide composition E 

in ?nely divided form (starting composition 1) and subse 
quently incorporating the preformed solid starting composi 
tion 1 into an aqueous solution, an aqueous suspension or into 
a ?nely divided dry mixture of sources of the elements Mo, V, 
Z1, Z2, Z3, Z4, Z5, Z6 Which comprises the abovementioned 
elements in the stoichiometry D 

(starting composition 2) in the desired p:q ratio, drying the 
aqueous mixture Which may result, and calcining the result 
ing dry precursor composition before or after drying at tem 
peratures of from 250 to 600° C. to give the desired catalyst 
geometry. 
[0188] Preference is given to those multimetal oxide active 
compositions VI in Which the preformed solid starting com 
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position 1 is incorporated into an aqueous starting composi 
tion 2 at a temperature of <700 C. A detailed description of the 
preparation of multimetal oxide composition Ill catalysts is 
contained, for example, in EP-A 668104, DE-A 19736105 
and DE-A 19528646. 
[0189] With regard to the shaping, the statements made for 
the multimetal oxide active composition lV catalysts apply to 
the multimetal oxide active composition VI catalysts. 
[0190] Further multimetal oxide active compositions com 
prising Mo and V Which are advantageous in the context 
described are also multielement oxide active compositions of 
the general formula Vll 

lAlplBlqlclr (VII) 

in Which the variables are each de?ned as folloWs: 

[0191] AIMo l 2VaXl bX2 6X3 dX4eX5 1X20,” 
[0192] BIXZ7CuhHZ-Oy, 

[0194] XIIW, Nb, Ta, Cr and/or Ce, preferably W, Nb 
and/ or Cr, 

[0195] X2 Cu, Ni, Co, Fe, Mn and/or Zn, preferably Cu, Ni, 
Co and/or Fe, 

[0196] X3:Sb and/or Bi, preferably Sb, 
[0197] X4:Li, Na, K, Rb, Cs and/or H, preferably Na and/ 

or K, 
[0198] XSIMg, Ca, Sr and/or Ba, preferably Ca, Sr and/or 

Ba, 
[0199] X6:Si, Al, Ti and/or Zr, preferably Si, Al and/or Ti, 
[0200] X7IMo, W, V, Nb and/or Ta, preferably Mo and/or 
W’ 

[0201] XSICu, Ni, Zn, Co, Fe, Cd, Mn, Mg, Ca, Sr and/or 
Ba, preferably Cu and/or Zn, more preferably Cu, 

[0202] a:from 1 to 8, preferably from 2 to 6, 
[0203] b:from 0.2 to 5, preferably from 0.5 to 2.5 
[0204] c:from 0 to 23, preferably from 0 to 4, 
[0205] d:from 0 to 50, preferably from 0 to 3, 
[0206] e:from 0 to 2, preferably from 0 to 0.3, 
[0207] f:from 0 to 5, preferably from 0 to 2, 
[0208] g:from 0 to 50, preferably from 0 to 20, 
[0209] h:from 0.3 to 2.5, preferably from 0.5 to 2, more 

preferably from 0.75 to 1.5, 
[0210] i:from 0 to 2, preferably from 0 to 1, 
[0211] jIfrom 0.1 to 50, preferably from 0.2 to 20, more 

preferably from 0.2 to 5, 
[0212] kIfrom 0 to 50, preferably from 0 to 20, more pref 

erably from 0 to 12, 
[0213] x, y, ZInumbers Which are determined by the 

valency and frequency of the elements in A, B, C other than 
oxygen, 

[0214] p, qrpositive numbers 
[0215] r:0 or a positive number, preferably a positive num 

ber, Where the p/(q+r) ratio:from 20:1 to 1:20, preferably 
from 5:1 to 1:14 and more preferably from 2:1 to 1:8 and, 
in the case that r is a positive number, the q/r ratio:from 
20:1 to 1:20, preferably from 4:1 to 1:4, more preferably 
from 2:1 to 1:2 and most preferably 1:1, 

Which contain the fraction [A]P in the form of three-dimen 
sional regions (phases) A of the chemical composition 

the fraction [B] q in the form of three-dimensional regions 
(phases) B of the chemical composition 
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the fraction [C], in the form of three-dimensional regions 
(phases) C of the chemical composition 

Where the regions A, B and, Where present, C are distributed 
relative to each other as in a mixture of ?nely divided A, ?nely 
divided B and, Where present, ?nely divided C, and Where all 
variables are to be selected Within the prede?ned ranges With 
the proviso that the molar fraction of the element Mo in the 
total amount of all elements in the multielement oxide active 
composition VII other than oxygen is from 20 mol % to 80 
mol %, the molar ratio of Mo present in the catalytically 
active multielement oxide compositionVII to V present in the 
catalytically active multielement oxide composition VII, 
Mo/V, is from 15:1 to 1:1, the corresponding molar Mo/Cu 
ratio is from 30:1 to 1:3 and the corresponding molar Mo/ 
(total amount of W and Nb) ratio is from 80:1 to 1:4. 
[0216] In the context of the present invention, preferred 
multielement oxide active compositions VII are those Whose 
regions A have a composition Within the folloWing stoichio 
metric pattern of the general formula VIII: 

Mo12VaX1l7X2CX5jX6gO,C (VIII) 
Where 
[0217] XIIWand/or Nb, 
[0218] XZICu and/or Ni, 
[0219] XSICa and/or Sr, 
[0220] X6:Si and/or A1, 
[0221] a:from 2 to 6, 
[0222] b:from 1 to 2, 
[0223] c:from 1 to 3, 
[0224] f:from 0 to 0.75, 
[0225] g:from 0 to 10, and 
[0226] x:a number Which is determined by the valency and 

frequency of the elements in (VIII) other than oxygen. 
[0227] The term “phase” used in connection With the mul 
tielement oxide active compositions VIII means three-dimen 
sional regions Whose chemical composition is different to that 
of their environment. The phases are not necessarily x-ray 
homogeneous. In general, phaseA forms a continuous phase 
in Which particles of phase B and, Where present, C are 
dispersed. 
[0228] The ?nely divided phases B and, Where present, C 
advantageously consist of particles Whose largest diameter, 
i.e. longest line passing through the center of the particles and 
connecting tWo points on the surface of the particles, is up to 
300 um, preferably from 0.1 to 200 pm, more preferably from 
0.5 to 50 um and most preferably from 1 to 30 um. HoWever, 
particles having a longest diameter of from 10 to 80 um or 
from 75 to 125 um are also suitable. 
[0229] In principle, the phases A, B and, Where present, C 
may be in amorphous and/or crystalline form in the multiele 
ment oxide active compositions VII. 
[0230] The intimate dry mixtures on Which the multiele 
ment oxide active compositions of the general formula VII are 
based and Which are subsequently to be treated thermally to 
convert them to active compositions may be obtained, for 
example, as described in the documents W0 02/ 24327, DE-A 
4405514, DE-A 4440891, DE-A 19528646, DE-A 
19740493, EP-A 756894, DE-A 19815280, DE-A 19815278, 
EP-A 774297, DE-A 19815281, EP-A 668104 and DE-A 
1 973 6105. 
[0231] The basic principle of preparing intimate dry mix 
tures Whose thermal treatment leads to multielement oxide 
active compositions of the general formula VII is to preform, 
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in ?nely divided form, separately or combined together, at 
least one multielement oxide composition B Qil7CuhHl-Oy) as 
the starting composition 1 and, Where appropriate, one or 
more multielement oxide compositions CQilssbjHkOz) as the 
starting composition 2, and subsequently to intimately con 
tact, in the desired ratio (corresponding to the general formula 
VII), the starting compositions 1 and, Where appropriate, 2 
With a mixture Which comprises sources of the elemental 
constituents of the multielement oxide composition A 

Mo QVaXbIXCZXjXfXfSXgSOX (A) 

in a composition corresponding to the stoichiometry A, and 
optionally to dry the resulting intimate mixture. 
[0232] The intimate contacting of the constituents of the 
starting compositions 1 and, Where appropriate, 2 With the 
mixture comprising the sources of the elemental constituents 
of the multimetal oxide compositionA (starting composition 
3) may be effected either in dry or in Wet form. In the latter 
case, care has to be taken merely that the preformed phases 
(crystallites) B and, Where appropriate, C do not go into 
solution. In an aqueous medium, the latter is usually ensured 
at pH values Which do not deviate too far from 7 and at 
temperatures Which are not excessively high. When the inti 
mate contacting is effected in Wet form, there is normally ?nal 
drying to give the intimate dry mixture to be thermally treated 
in accordance With the invention (for example by spray-dry 
ing). In the case of dry mixing, such a dry mass is obtained 
automatically. It Will be appreciated that the phases B and, 
Where appropriate, C preformed in ?nely divided form may 
also be incorporated into a plastically reshapeable mixture 
Which comprises the sources of the elemental constituents of 
the multimetal oxide composition A, as recommended by 
DE-A 10046928. The intimate contacting of the constituents 
of the starting compositions 1 and, Where appropriate, 2 With 
the sources of the multielement oxide compositionA (starting 
composition 3) may of course also be effected as described in 
DE-A 19815281. 

[0233] The thermal treatment to obtain the active compo 
sition and the shaping may be effected as described for the 
multimetal oxide active compositions IV to VI. 

[0234] Quite generally, multimetal oxide active composi 
tion IV to VII catalysts may advantageously be prepared in 
accordance With the teaching of DE-A 10 325 487 or DE-A 10 
325 488. 

[0235] The performance of the reaction stage (and the 
application of the process according to the invention) from 
propene to acrolein can be carried out With the catalysts 
described as suitable for the ?xed catalyst bed in question, in 
the simplest manner and appropriately from an application 
point of vieW, in a tube bundle reactor charged With the ?xed 
bed catalysts, as described, for example, in EP-A 700 714 or 
DE-A 4 431949 orWO 03/057653, orWO 03/055835, orWO 
03/059857, or WO 03/076373. 

[0236] In other Words, in the simplest manner, the ?xed 
catalyst bed is disposed in the uniformly charged metal tubes 
of a tube bundle reactor and a heating medium (one-Zone 
method), generally a salt melt, is conducted around the metal 
tubes. Salt melt (heating medium) and reaction gas mixture 
may be conducted in simple co- or countercurrent. HoWever, 
the heating medium (the salt melt) may also be conducted 
around the tube bundle in a meandering manner vieWed over 
the reactor, so that only vieWed over the entire reactor does a 
co- or countercurrent to the How direction of the reaction gas 
mixture exist. The volume ?oW rate of the heating medium 
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(heat exchange medium) is typically such that the tempera 
ture rise (caused by the exothermicity of the reaction) of the 
heat exchange medium from the inlet point into the reactor to 
the outlet point from the reactor is from 0 to 10° C., frequently 
from 2 to 8° C., often from 3 to 6° C. The inlet temperature of 
the heat exchange medium into the tube bundle reactor is 
generally from 250 to 450° C., frequently from 300 to 400° C. 
or from 300 to 380° C. The associated reaction temperatures 
also then move Within these temperature ranges. Suitable heat 
exchange media are in particular ?uid heating media. It is 
particularly appropriate to use melts of salts such as potas 
sium nitrate, potassium nitrite, sodium nitrite and/ or sodium 
nitrate, or of loW-melting metals such as sodium, mercury and 
also alloys of different metals. Ionic liquids can also be used. 
[0237] Appropriately, the starting reaction gas mixture is 
fed to the charge of ?xed bed catalyst preheated to the desired 
reaction temperature. 
[0238] Especially in the case of desired high (eg 2130 l 
(STP)/l~h, or 21401 (STP)/l~h, or 21501 (STP)/l~h, or 2160 
l (STP)/l~h, but generally E6001 (STP)/l~h, frequently 2350 
l (STP)/l~h) hourly space velocities of propene on the ?xed 
catalyst bed, the propene partial oxidation process is appro 
priately carried out in a tWo- or multiZone tube bundle reactor 
(hoWever, it is likeWise possible to carry it out in a one-Zone 
tube bundle reactor). A preferred variant of a tWo-Zone tube 
bundle reactor Which can be used for this purpose in accor 
dance With the invention is disclosed by DE-C 2830765. 
However, the tWo-Zone tube bundle reactors disclosed in 
DE-C 2513405, US. Pat. No. 3,147,084, DE-A 2201528, 
EP-A 383224 and DE-A 2903582 are also suitable. Another 
process description is given by EP-A 1106598. 
[0239] In other Words, in a simple manner, the at least one 
?xed catalyst bed to be used in accordance With the invention 
is then disposed in the uniformly charged metal tubes of a 
tube bundle reactor and tWo substantially spatially separated 
heating media, generally salt melts, are conducted around the 
metal tubes. The tube section over Which the particular salt 
bath extends represents a reaction Zone. 

[0240] For example, a salt bathA preferably ?oWs around 
that section of the tubes (the reaction Zone A) in Which the 
oxidative conversion of propene (in single pass) proceeds 
until a conversion value in the range from 40 to 80 mol % is 
achieved and a salt bath B preferably ?oWs around the section 
of the tubes (the reaction Zone B) in Which the subsequent 
oxidative conversion of propene (in single pass) proceeds 
until a conversion value of generally at least 93 mol % is 
achieved (if required, reaction Zones A, B may be folloWed by 
further reaction Zones Which are kept at individual tempera 

tures). 
[0241] Within the particular temperature Zone, the salt bath 
may in principle be conducted as in the one-Zone method. The 
inlet temperature of the salt bath B is normally from at least 5 
to 10° C. above the temperature of the salt bathA. OtherWise, 
the inlet temperatures may be Within the temperature range 
for the inlet temperature recommended for the one-Zone 
method. 
[0242] OtherWise, the tWo-Zone high-load method for the 
propene partial oxidation to acrolein may be carried out as 
described, for example, in DE-A 10 30 8836, EP-A 11 06 598, 
or as described in WO 01/36364, or DE-A 19 92 7624, or 
DE-A 19 94 8523, DE-A 10 31 3210, DE-A 10 313213 or as 
described in DE-A 19 94 8248. 
[0243] Generally, the process according to the invention in 
a propene partial oxidation to acrolein is suitable for propene 
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hourly space velocities on the ?xed catalyst bed of 270 l 
(STP)/l~h, or 2701 (STP)/l~h, Z901 (STP)/l~h, Z1101 (STP)/ 
l-h, 2130 l (STP)/l~h, 2140 l (STP)/l~h, 2160 l (STP)/l~h, 
2180 l (STP)/l~h, 2240 l (STP)/l~h, 2300 l (STP)/l~h, but 
normally 2600 l (STP)/l~h. Here, the hourly space velocity is 
based on the volume of the ?xed catalyst bed excluding any 
sections used Which consist exclusively of inert material (as is 
generally the case in this document, unless explicitly stated 
otherWise). 
[0244] To prepare the ?xed catalyst bed for an inventive 
partial oxidation of propene to acrolein, it is possible to use in 
the process according to the invention only the appropriate 
shaped catalyst bodies having multimetal oxide active com 
position or else substantially homogeneous mixtures of 
shaped catalyst bodies having multimetal oxide active com 
position and shaped bodies having no multimetal oxide active 
composition Which behave substantially inertly With respect 
to the heterogeneously catalyZed partial gas phase oxidation 
of propene to acrolein (and consist of inert material) (shaped 
diluent bodies). Useful materials for such inert shaped bodies 
are in principle all of those Which are also suitable as support 
materials for “propene-to-acrolein” coated catalysts. Useful 
such materials are, for example, porous or nonporous alumi 
num oxides, silicon dioxide, thorium dioxide, Zirconium 
dioxide, silicon carbide, silicates such as magnesium or alu 
minum silicate or the steatite already mentioned (for example 
Steatite C-220 from CeramTec). 
[0245] The geometry of such inert shaped diluent bodies 
may in principle be as desired. In other Words, they may be, 
for example, spheres, polygons, solid cylinders or else rings. 
According to the invention, the inert shaped diluent bodies 
selected Will preferably be those Whose geometry corre 
sponds to that of the ?rst-stage shaped catalyst bodies to be 
diluted by them. 
[0246] In general, it is favorable When the chemical com 
position of the active composition used for the described 
propene partial oxidation to acrolein does not change over the 
?xed catalyst bed. In other Words, although the active com 
position used for an individual shaped catalyst body may be a 
mixture of different multimetal oxides comprising, for 
example, the elements Mo and/or W and also at least one of 
the elements Bi, Fe, Sb, Sn and Cu, the same mixture is then 
advantageously used for all shaped catalyst bodies of the 
?xed catalyst bed. 
[0247] In the propene partial oxidation to acrolein, the vol 
ume-speci?c (i.e. normaliZed to the unit of volume) activity 
preferably normally increases continuously, abruptly or in 
stages Within the ?xed catalyst bed in the How direction of the 
starting reaction gas mixture. 
[0248] The volume-speci?c activity may, for example, be 
reduced in a simple manner by homogeneously diluting a 
basic amount of shaped catalyst bodies prepared in a uniform 
manner With shaped diluent bodies. The higher the fraction of 
the shaped diluent bodies selected, the loWer the amount of 
active composition, or catalyst activity, in a certain volume of 
the ?xed bed. 
[0249] A volume-speci?c activity increasing at least once 
in the How direction of the reaction gas mixture over the ?xed 
catalyst bed can thus be attained in a simple manner, for 
example, by beginning the bed With a high fraction of inert 
shaped diluent bodies based on one type of shaped catalyst 
bodies, and then reducing this fraction of shaped diluent 
bodies in the How direction either continuously or, at least 
once or more than once, abruptly (for example in stages). 
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However, an increase in the volume-speci?c activity is also 
possible, for example, by, at constant geometry and active 
composition type of a shaped coated catalyst body, increasing 
the thickness of the active composition layer applied to the 
support, or, in a mixture of coated catalysts having the same 
geometry but having different proportions by Weight of the 
active composition, increasing the fraction of shaped catalyst 
bodies having the higher proportion by Weight of active com 
position. Alternatively, the active compositions themselves 
may also be diluted by, in the course of active composition 
preparation, for example, incorporating inert diluting mate 
rials such as hard-?red silicon dioxide into the dry mixture of 
starting compounds to be calcined. Different addition 
amounts of diluting material automatically lead to different 
activities. The more diluting material is added, the loWer the 
resulting activity Will be. A similar effect can also be 
achieved, for example, by appropriately varying the mixing 
ratio in mixtures of unsupported catalysts and of coated cata 
lysts (With identical active composition). It Will be appreci 
ated that the variants described may also be employed in 
combination. 
[0250] Of course, mixtures of catalysts having chemically 
different active compositions and, as a consequence of this 
different composition, different activities may also be used 
for the ?xed catalyst bed of an inventive propene partial 
oxidation to acrolein. These mixtures may in turn be diluted 
With inert diluent bodies. 
[0251] Upstream and/or doWnstream of the sections, hav 
ing active composition, of the ?xed catalyst bed of an inven 
tive propene partial oxidation to acrolein may be disposed 
beds consisting exclusively of inert material (for example 
only shaped diluent bodies). These may likeWise be brought 
to the temperature of the ?xed catalyst bed. The shaped dilu 
ent bodies used for the inert bed may have the same geometry 
as the shaped catalyst bodies used for the sections of the ?xed 
catalyst bed having active composition. HoWever, the geom 
etry of the shaped diluent bodies used for the inert bed may 
also be different to the aforementioned geometry of the 
shaped catalyst bodies (for example, spherical instead of 
annular). 
[0252] Frequently, the shaped bodies used for such inert 
beds have the annular geometry 7 mm><7 mm><4 mm (external 
diameter><length><intemal diameter) or the spherical geom 
etry having the diameter d:4-5 mm. 
[0253] In many cases, the section of the ?xed catalyst bed 
having active composition is structured as folloWs for a pro 
pene partial oxidation to acrolein in the How direction of the 
reaction gas mixture in the process according to the invention. 

[0254] First, to a length of from 10 to 60%, preferably from 
10 to 50%, more preferably from 20 to 40% and most pref 
erably from 25 to 35% (i.e., for example, to a length of from 
0.70 to 1.50 m, preferably from 0.90 to 1.20 m), each of the 
total lengths of the section of the ?xed bed catalyst charge 
having active composition, one homogeneous mixture or tWo 
successive homogeneous mixtures (having decreasing dilu 
tion) of shaped catalyst bodies and shaped diluent bodies 
(both preferably having substantially the same geometry), in 
Which the proportion by Weight of shaped diluent bodies (the 
mass densities of shaped catalyst bodies and of shaped diluent 
bodies generally differ only slightly) is normally from 5 to 
40% by Weight, preferably from 10 to 40% by Weight or from 
20 to 40% by Weight and more preferably from 25 to 35% by 
Weight. DoWnstream of this ?rst Zone is then frequently 
advantageously disposed, up to the end of the length of the 
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section of the ?xed catalyst bed having active composition 
(i.e., for example, to a length of from 2.00 to 3.00 m, prefer 
ably from 2.50 to 3.00 m), either a bed of shaped catalyst 
bodies diluted only to a lesser extent (than in the ?rst Zone), 
or, most preferably, a sole bed of the same shaped catalyst 
bodies Which have also been used in the ?rst Zone. 
[0255] The aforementioned is especially true When the 
shaped catalyst bodies used in the ?xed catalyst bed are 
unsupported catalyst rings or coated catalyst rings (especially 
those Which are listed in this document as preferred). For the 
purposes of the aforementioned structuring, both the shaped 
catalyst bodies or their support rings and the shaped diluent 
bodies in the process according to the invention advanta 
geously have substantially the ring geometry 5 mm><3 mm><2 
mm (external diameter><length><intemal diameter). 
[0256] The aforementioned is also true When, instead of 
inert shaped diluent bodies, shaped coated catalyst bodies are 
used Whose active composition content is from 2 to 15% by 
Weight loWer than the active composition content of the 
shaped coated catalyst bodies at the end of the ?xed catalyst 
bed. 
[0257] A pure inert material bed Whose length, based on the 
total length of the ?xed catalyst bed, is appropriately from 1 
or 5 to 20% generally begins the ?xed catalyst bed in the How 
direction of the reaction gas mixture. It is normally used as a 
heating Zone for the reaction gas mixture. 
[0258] Typically, the catalyst tubes in the tube bundle reac 
tors for the stage of partial oxidation of propene to acrolein 
are manufactured from ferritic steel and typically have a Wall 
thickness of from 1 to 3 mm. Their internal diameter is gen 
erally (uniformly) from 20 to 30 mm, frequently from 21 to 26 
mm. Appropriately from an application point of vieW, the 
number of catalyst tubes accommodated in the tube bundle 
vessel is at least 5000, preferably at least 10 000. Frequently, 
the number of catalyst tubes accommodated in the reaction 
vessel is from 15 000 to 30 000. Tube bundle reactors having 
a number of catalyst tubes above 40 000 are usually excep 
tional for this reaction stage. Within the vessel, the catalyst 
tubes are normally arranged in homogeneous distribution, 
and the distribution is appropriately 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., for example, EP-B 468290). 
[0259] The performance of the reaction stage (and the 
application of the process according to the invention) from 
acrolein to acrylic acid may be carried out With the catalysts 
described as suitable for the ?xed catalyst bed of this reaction, 
in the simplest manner and appropriately from an application 
point of vieW, in a tube bundle reactor charged With the ?xed 
bed catalysts, as described, for example, in EP-A 700 893 or 
DE-A 4 431949 orWO 03/057653, orWO 03/055835, orWO 
03/059857, or WO 03/076373. 
[0260] In other Words, in the simplest manner, the ?xed 
catalyst bed to be used is disposed in the uniformly charged 
metal tubes of a tube bundle reactor and a heating medium 
(one-Zone method), generally a salt melt, is conducted around 
the metal tubes. Salt melt (heating medium) and reaction gas 
mixture may be conducted in simple co- or countercurrent. 
HoWever, the heating medium (the salt melt) may also be 
conducted around the tube bundle in a meandering manner 
vieWed over the reactor, so that only vieWed over the entire 
reactor does a co- or countercurrent to the How direction of the 
reaction gas mixture exist. The volume ?oW rate of the heat 
ing medium (heat exchange medium) is typically such that the 


































