PF 57220 1 Process for preparing acrolein or acrylic acid or a mxture
thereof from propane Description 5 The present invention relates to a
process f oPF, 7@3 ring acrolein or acrylic acid or a mxture thereof from
propane, in which A) a reaction gas m'xt1ure i nput stream A whi ch has been
obtai ned by conbining at |east four different gaseous starting streans 1,
2, 3 and 4 wth }he roviso that the 10 three_ gaseous starting streans 1, 2
and 3 conpFr&Espryp: ,“ngégr@i%h%%%%v'tqw Ui g BRHTE hereofd1om BICRA ™y dr ogen and
gaseous starting stream3 is fresh propane is fed to the inlet into a first
reaction z%gcrﬁmoﬁeacti on gas mxture input stream A is conducted in
reaction zone through at 15 | east one catal yst bed over which, if
appropriate with supply of further gas streans, a product gas m xture
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propyl ene presgpto iHaakiei iRtd LHrdERBERIE-dhe A €MRI Ni Ng product gas m xture
stream A" conprising propane and propylene, 30 B) product gas m xture stream

A substream 2 or product gas mxture stream A" are used in a secondary
reacti on zone mBattinogjasrgistusg inpeladiteaond isosdndacted m reaaitnoroneanithyough dthe at
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25 product gas mixture A substream 2 is, if appropriate, conducted into a first
separating zone A in order to remove therefrom a portion or more of the
constituents other than propane and propylene present therein to generate a
remaining product gas mixture stream A’ comprising propane and propylene,

30 B) product gas mixture stream A substream 2 or product gas mixture stream A’ are
used in a secondary reaction zone B to charge at least one oxidation reactor
and, in the at least one oxidation reactor, the propylene present in product gas
mixture A substream 2 or in product gas mixture stream A’ is subjected to a
selective heterogeneously catalyzed partial gas phase oxidation with molecular

35 oxygen to give a product gas mixture stream B comprising acrolein or acrylic acid
or a mixture thereof as the target product, unconverted propane and, if
appropriate, unconverted propylene, and also excess molecular oxygen,

product gas mixture stream B is conducted out of reaction zone B and, in a

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



propyl ene, in a second cycle gas nethod, is recycled into reaction zone A as
t he gaseo*_% sslgggti ng stream?2 with the proviso that gaseous starting
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to give product m xtures conprising acrolein and/or acrylic acid, are known
(cf., for axanmreal olddationlirdddd obBlpgiete tateyliBracRrris alsignffichRthbribrhdt which
document) . 30, I S35 8 SALARANBPEILE ELGLARENERURL IS A Yasd
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oxydehydr oggifatidronixturé tdd Beérogeneously catalyzed partial gas phase oxidation with
molecuiar oxygen to give product mixtures comprising acrolein and/or acrylic acid, are
known (cf., for example, DE-A 102 45 585 and the prior art cited in this document).
30
In contrast to the exothermic heterogeneously catalyzed oxydehydrogenation, which is
forced by oxygen present and in which free hydrogen is neither formed as an
intermediate (the hydrogen pulled from the propane to be dehydrogenated is pulled out
directly as water (H20)) nor is detectable, a heterogeneously catalyzed
35 dehydrogenation shall be undersfood in this document to mean a (conventional)
dehydrogenation whose thermal character, in contrast to the oxydehydrogenation, is
endothermic {(an exothermal hydrogen combustion may be included in the
heterogeneously catalyzed dehydrogenation as a subsequent step) and in which free
molecular hydrogen is formed at least as an intermediate. This generally requires
40 different reaction conditions and different catalysts than the oxydehydrogenation.



3. In a correspondi ng manner, fresh propane in this docunment is understood
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of air} is added to a restricted extent to the reaction gas mixture beyond the first

30 catalyst bed passed through and between the (fixed) catalyst beds which follow the first
(fixed) catalyst bed in flow direction. For exampie, generally catalyzed by the
dehydrogenation catalysts themselves, restricted combustion of molecular hydrogen
formed in the course of the heterogeneously catalyzed propane dehydrogenation (and
also, if appropriate, of propane to a minor extent at most) can be brought about, whose

35 exothermicity substantially retains the dehydrogenation temperature (adiabatic reactor
configuration).

In comparative examples 1, 3 and 4 of DE-A 10 2004 032 129 and in the working
example of DE-A 10 2005 010 111, a heterogeneously catalyzed partial propane

40 dehydrogenation as described above is simulated in a tray reactor {3 catalyst bed
trays) by three dehydrogenation tubular reactors connected in series. Instead of such a
series connection of tubular reactors, it is also possible in these comparative examples



series connection of tubular reactors, it is also possible in these
conparativ |l es PF 57220 4 or in this working exanple to use an

(adi abatic) tray reactor according to the acconpanying figures 1 and 2
(with 3 fixed catalyst bed trays in eaclt case). In the tray reactor type
according to figure 1, the catalyst bed (2) is in each case flowed 5
through from the outside i rd. In contrast, in.the tr reactor type
nccor ding. BongaRBRGSndE TS e of BRRR ey cpRubire s et i ed « b ough
from t he i astafepasyingdiodresTiand 2ZtidineXixed qatalyst he@ tisys ib@seh cagplesent reacti on
gas m xture input gas, (3) shows the air feed and (4) are m xing el enents.
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t he wor ki ng exanple. The sanme applies to the reaction tenperatures and the
composi Ui Oficoh (Lifor el eRBAEMALH e d PRI g3, 30 Prefegged reactor
constructi on material for arl reactor parts is appropriatel Si - cont ai ni ng
stai nl ess steel or st&etalystFasepgnfae that of the 1.4841 Fy{ﬁet. Fig. 2
reactons Total catal ysieignhoftheratdiat bedipéraray= 30 t Cat al yst5.4n88 per tray =
| ot 35 Hei ght of the = 4.84 m Bul k—‘df’izb%i of each
catal yst bed = 1200 k%?’%dé{é%gf&rcgg?baysg?e%at al yst bed = 1, rhtgy ter

radi us of catalyst bednerfadiys ohcaiglysiRgd of the catal yst béd!-PeMtray = 8.33
n8 40 Di aneter of theGuidrebditsibbcatal§stberth Reactor internal=tdRé&rmeter = 3.4 m

Volume of the catalyst bed per tray =833 m3
20 Diameter of the inlet tube =14m
Reactor internal diameter =32m
Reactor height of cylindrical section {(without hoods) =21 m
Number of mixing elements =2

Entrance pressure of the reaction mixture input gas = 3.1 bar abs.
25
The catalyst to be used in each case is the catalyst of the corresponding comparative
example or of the working example. The same applies to the reaction temperatures
and the composition of the reaction gas mixture input gas.

30 Preferred reactor construction material for all reactor parts is appropriately
Si-containing stainless steel or steel, for example that of the 1.4841 type.

Fig. 2 reactor: Tofal catalyst mass in the reactor =30t

Catalyst mass per tray =10t

35 Height of the catalyst bed per tray = 4.84 m
Bulk density of each catalyst bed = 1200 kg/m?
Inner radius of catalyst bed =12m
QOuter radius of catalyst bed =141m
Volume of the catalyst bed per tray =833 m?

40 Diameter of the inlet tube =14m
Reactor internal diameter =34m

Reactor height of cylindrical section {without hoods) =19 m



React or height of cylindrical section (wthout hoods) = 19 m PF 57220 5
Number of >§7? el ements = 2 Entrance pressure of the reaction m xture

i nput gas = %ar abs. The catalyst to be used in each case is the

catal yst of the corresponding conparative 5 exanple or of the working
exanpl e. The same applies to the reaction tenperatures and the conposition
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conduct ed Prapangldebydsogenation sfage it thieytsty reactor consists merely of fresh propane

and the cycle gas which has been recycled from the partial oxidation into the
dehydrogenation and, stemming from the partial oxidation, comprises a sufficient

30 amount of steam to result in a satisfactory lifetime of the dehydrogenation catalyst
beds. In other words, the comparative examples and the example can be carried out in
this way in the tray reactors described even when the addition of the extra steam in the
dehydrogenation is dispensed with. Otherwise, the statements made on such
procedures in DE-A 10 2005 009 885, DE-A 10 2005 010111, DE-A 10 2005 009 891,

35 DE-A 102005 013 039 and DE-A 10 2004 032 129 apply. In this document too, the
loading of a catalyst bed catalyzing one reaction step with reaction gas mixture is
understood to mean the amount of reaction mixture in standard liters (= | (STP); the
volume in liters that the appropriate amount of reaction gas mixture would take up
under standard conditions (0°C, 1 bar)) which is conducted through one liter of catalyst

40 bed (e.g. fixed catalyst bed) per hour. However, the loading may also be based only on
a constituent of the reaction gas mixture. In that case, it is the amount of this



40 bed (e.g. fixed catalyst bed) per hour. However, the | oading may al so be
based only Eqﬁ.?oconstituent of the reaction gas mxture. In that case, it
is the anoﬁ t 3 this PF 57220 6 constituent in | (STP)/1.h which is
conducted through one liter of catalyst 8bed per hour (pure inert material
beds are not counted in the fixed catalyst bed). The | oading nmay al so be
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certain feedmirigdram tieydehydrogenation itself is then intended to protect the propane and, if
appropriate, propylene present in the reaction gas mixture input gas from the molecular
oxygen which is likewise present in this input gas. This protection is based on the fact
30 that the combustion, normally catalyzed heterogeneously by the same catalysts, of
molecular hydrogen to water is preferred kinetically over the full combustion of propane

and/or propylene.

DE-A 102 11 275 also already discloses the conduction of dehydrogenation cycle gas
35 by means of the jet pump principle (it is also referred to as loop mode). This document
also addresses the possibility of adding molecular hydrogen additionaily to the reaction
gas mixture in the propane dehydrogenation. DE-A 102 11 275 makes no statement on
the requirement to meter the molecular hydrogen into the motive et for the jet pump in
a certain feed hierarchy.
40
DE-A 10 2004 032 129 and DE-A 10 2005 013 039 propose not undertaking the
recycling of the cycle gas which comprises molecular oxygen and stems from the
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steam). The motive jet used is a mixture of fresh propane, external molecular
30 hydrogen, cycle gas from the partial oxidation and external steam. With regard to any
metering sequence {o be observed in generating the motive jet, DE-A 10 2005 009 885
makes no statement. This is because the applicant at that time, at which the stainless
steel pilot piant operated was new, had no indications of the requirement for a specific
metering sequence. Since then, however, it has been found that, in the course of
35 prolonged operating time, fly rust which forms in the smallest amounts in plants made
of stainless steel or made of conventional steel (i.e. generally made of steel) catalyzes
the combustion of molecular hydrogen with molecular oxygen. This is disadvantageous
in that the heat of combustion formed at least partly does not come into effect where it
is required, specifically in the endothermic dehydrogenation. Instead, even in the case
40 of the desired adiabatic dehydrogenation, it is lost at least parily since an ideal
adiabatic reaction apparatus cannot be realized. This either causes the necessity of
supplying external heat, which is associated generally with undesired cracking
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product gas mixture A substream 2 is, if appropriate, conducted into a first
30 separating zone A in order to remove therefrom a portion or more of the

constituents other than propane and propylene present therein to generate a

remaining product gas mixture stream A’ comprising propane and propylene,

B)  product gas mixture stream A substream 2 or product gas mixture stream A’ are

35 used in a secondary reaction zone B to charge at least one oxidation reactor
and, in the at least one oxidation reactor, the propylene present in product gas
mixture A substream 2 or in product gas mixture stream A’ is subjected to a
selective heterogeneously catalyzed partial gas phase oxidation with molecular
oxygen to give a product gas mixture stream B comprising acrolein or acrylic acid

40 or a mixture thereof as the target product, unconverted propane and, if
appropriate, unconverted propylene, and also excess molecular oxygen,



oxygen to give a product gas m xture stream B conprising acrolein or acrylic
acid 40 orpgg$b§6ure thereof as the target product, unconverted propane and,
i f appropriate, unconverted propyl ene, and al so excess nol ecul ar oxygen, PF
57220 9 product gas m xture streamB i § conducted out of reaction zone B
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117 146, US- A 3Zeadtiongome ADE- A 33 13 573, WD 01/96 270, |DE-A 103 160 39,
DE-A 10 2005 013 039, DE-A 10 2004 032 129, DE-A 102 11 275, DE-A 102 45

585, DE-A 10 : D = = 798 and
DE-A 10 2005 008 LS D2egL AU, L dhdl iy adihat Gast iR sienal (TG
gaseous starti rfeamp oHier thangagaensstiegms 1 .and 4 are first combined in any sequence
25 to give a gaseous starting mixture stream and gaseous starting stream 4 is only
then added to the gaseous starting mixture stream to form the gaseous motive

jet mixture stream.

Apart from the characterizing part, the process according to the invention can be
30 carried out like the corresponding processes described in the documents
EP-A 117 146, US-A 3 161 670, DE-A 33 13 573, WO 01/96 270, DE-A 103 160 39,
DE-A 10 2005 013 039, DE-A 10 2004 032 129, DE-A 102 11 275, DE-A 102 45 585,
DE-A 10 2005 009 891, DE-A 10 2005 010 111, DE-A 10 2005 022 798 and
DE-A 10 2005 009 885.
35
Preferably in accordance with the invention, the gaseous starting stream 4 is added to
the gaseous starting mixture stream (to form the motive jet mixture stream) within a
minimum time. In addition, the gaseous starting stream 4 is added to the gaseous
starting mixture stream (to form the motive jet mixture stream) in such a way that, from
40 the time of formation of the motive jet mixture stream to the time at which reaction gas
mixture input stream A reaches the first catalyst bed of reaction zone A (in flow
direction) comprising dehydrogenation catalyst, not more than 30 seconds elapse,
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unconverted propane, molecular oxygen and any unconverted propylene (main

30 residual gas), in cycle gas mode, is normally recycled into reaction zone A as the
gaseous starting stream 2. Appropriately in accordance with the invention, the entirety
of this residual gas is recycled as the gaseous starting stream 2 into reaction zone A.

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

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

40  propylene to a certain extent.
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present in product gas mixture A substream 2 are removed therefrom in a first
separation zone A in the process according to the invention and the resulting product
30 gas mixture stream A’ is used to charge the at least one oxidation reactor, substantially
the entirety of the gas streams which comprise unconverted propane and any
unconverted propylene and are obtained in separation zone B will, in the process
according to the invention, be recycled into reaction zone A, preferably as a constituent
of overall residual gas as the gaseous starting stream 2. However, it would also be
35 possible if appropriate to use portions {as described, for example in DE-A 10 2004 032
129) for other purposes, for example for energy generation and/or synthesis gas
preparation and/or as a diluent gas in reaction zone B. [n general, in the above-
described case, however, at least half or two thirds (i.e. 50% by volume or 66.6% by
volume), preferably at ieast three quariers and most preferably the entirety of the
40 aforementioned residual gas obtained in separation zone B (in each case individually
with regard to the main and/or secondary or overall residual gas) will be recycled into
reaction zone A, preferably in accordance with the invention as a constituent of
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by vol une, frequently to an extent of 2 80% by volume and in many cases to an extent of 2 90%
by volume, usually to an extent of =2 95% by volume or to an extent of 2 98% by volume
30  of constituents whose boiling point at standard pressure (1 bar) is < -30°C.

Especially when substantially ali constituents other than propane and propylene
present in product gas mixture A substream 2 are removed therefrom in a first
separation zone A in the process according to the invention and the resulting product

35 gas mixture stream A’ is used to charge at least one oxidation reactor, the composition
of the gaseous starting stream 2 comprises typically:

from 0 to 2% by volume, in many cases from 0 to 1% by volume, frequently
from 0 to 0.5% by volume of propene;

40 from 0 to 2% by volume, in many cases from 0 to 1% by volume, frequently
from 0 to 0.5% by volume of acrolein;



frequently to an extent of z 80% by volune and in many cases to an extent of
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gaseous startin tr romO to 50C, frequently fromb5 to 20C, at
pressur es fbarr’rpgﬁﬁ%?b?y{n%“gatf’%oq "from4 to 5 bar. In the inventive procedure,

the gadbous starting stream4 has to be "nolecular 20 hydrogen". This shall
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only of nolecul ar en or | St tent of at least 50% by
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70% by volume, or to an exient of at least 80% by volume, or to an extent of at least
90% by volume, or to an extent of at least 95% by volume or to an extent of at least

25 98% by volume or to an extent of at least 99% by volume of molecular hydrogen and,
in the particular remaining amount, of an inert gas. In this document, inert gas shall be
understood quite generally to mean a reaction gas constituent which behaves
substantially inertly under the conditions of the appropriate reaction (in the
aforementioned case that of the heterogeneously catalyzed dehydrogenation) and,

30 each inert reaction gas constituent taken alone, remains chemically unchanged to an
extent of more than 95 mol%, preferably to an extent of more than 99 mol%. Examples
of such inert gases are Ny, noble gases, CO: or else steam.

Appropriately in accordance with the invention, the gaseous starting stream 4 in the
35 process according to the invention has a temperature of from 20 to 100°C, frequently
from 40 to 60°C, and a pressure in the range from 1 to 5 bar.

An advantageous process according to the invention is one in which from 60 to

90 mol%, preferably from 75 to 85 mol% of the molecular hydrogen present in reaction
40  gas mixture input stream A stems from product gas mixture A substream 1 (gaseous

starting stream 1) and the remaining from 10 to 40 mol% or from 15 to 25 mol% from

the gaseous starting stream 4.
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The additional use of steam as the gaseous starting steam 5 is especially
advantageous for the catalyst lifetime in the heterogeneously catalyzed partial
dehydrogenation, as is yet to be described below. Advantageously in accordance with

30 the invention, however, the additional use of such a gaseous starting stream 5 will as
far as possible be dispensed with to leave the steam which stems from the formation of
water of reaction proceeding in the partial oxidation and is present advantageously in
gaseous starting stream 2. Steam contents in reaction gas mixture input stream A of
from 1 to 20 or to 15 or to 10% by volume, frequently from 4 to 6% by volume, have

35 been found to be appropriate in accordance with the invention.

Especially when, in the process according to the invention, product gas mixture A
substream 2 is used, in a variant less preferred in accordance with the invention, as
such to charge the at least one oxidation reactor, it is appropriate in accordance with

40 the invention to remove at least a portion of the constituents other than propane,
molecular oxygen and any propylene present in the residual gas obtained in separation
zone B therefrom before it is employed to form gaseous starting stream 2.
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secondly reduces the partial reactant and product pressure, which has a favorable

effect on the equilibrium position of the dehydrogenation. Such a diluting action can

also be caused by additional use of other inert gases (e.g. N2, COg, etc.) as further

30 gaseous starting streams. Compared to these, though, steam has, as already stated,

additionally an advantageous action on the catalyst lifetime in reaction zone A.

Figure 3 shows two possible configurations of such a reaction zone A {the diameters
specified in Figure 3 have the dimension “mm”). The numerical addresses mean:
35
1 = motive jet mixture stream
2 = product gas mixture A substream 2
3 = fixed catalyst bed
4 = motive nozzle
40 5 = mixing tube
6 = diffuser
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H2 frowp0.5 to 10, cpgeferably fammtd 5t o rhdmiiassofroiiE to 3, frequently from

0 to 2% by volume;

propane from 5 to 50, preferably from 10 to 20% by volume;
nitrogen from 30 to 80, preferably from 50 to 70% by volume;
oxygen from > Q0 to 5, preferably from 1.0 to 2.0% by volume;

25 H-0 from 2z 0 to 20, preferably from 5.0 to 10.0% by volume;
H2 from 0.5 to 10, preferably from 1 to 5% by volume

However, as already stated, minimum steam contents in reaction gas mixture input
stream A are generally preferred and pursued. With increasing propane conversion

30 pursued in reaction zone A, there is a growing requirement for presence of significant
amounts of steam in reaction gas mixture input stream A in order to ensure satisfactory
lifetimes of the dehydrogenation catalyst.

It is favorable for the process according to the invention when the molar ratio of
35 molecular hydrogen present to molecular oxygen present in reaction gas mixture input
stream A is about 2:1. The molar ratio of molecular hydrogen present to propane
present in reaction gas mixture input A is generally simultaneously < 5. The molar ratio
of steam present in reaction gas mixture input stream A to propane present therein in
the process according to the invention will in many cases be from 2 0.05t0 2 or to 1.
40
Advantageously, reaction zone A in the process according to the invention is
configured such that product gas mixture A comprises unconverted propane and
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zone A can be carried out (quasi-)adiabatically and at the same time endothermically.
In this case, reaction gas mixture input stream A is conducted at a temperature of from
450 to 700°C (or from 550 to 650°C) to the at least one catalyst bed. In the course of
adiabatic pass through it (both a fluidized bed and a fixed bed are possible; preference
30 is given in accordance with the invention to a fixed catalyst bed), the reaction gas
mixture will normally be heated first owing to the hydrogen combustion and then cooled
by from 30°C to 200°C depending on conversion and dilution. Lower reaction
temperatures enable longer lifetimes of the catalyst bed used. Higher reaction
temperatures promote increased conversions.
35
Appropriately from an application point of view, the heterogeneously catalyzed propane
dehydrogenation in reaction zone A will be realized in the form of a tray reactor.

This appropriately comprises more than one catalyst bed catalyzing the

40 dehydrogenation in spatial succession. The catalyst bed number may be from 1 to 20,
appropriately from 2 to 8, but also from 3 to 6. With increasing number of trays, it is
increasingly easy to achieve elevated propane conversions. The catalyst beds are
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700°C) and kept in this elevated temperature range within the tray reactor.

It is even more elegant to carry out the above-outlined intermediate heating in a direct

30  way (autothermal method}. To this end, a limited amount of molecular oxygen is added
to the reaction gas mixture stream normally either beyond the first catalyst bed (viewed
in flow direction) or between the downstream catalyst beds. It is thus possible
(generally catalyzed by the dehydrogenation catalysts themselves) to bring about
limited combustion of the molecular hydrogen which is present in the reaction gas

35 mixture, has been formed in the course of the heterogeneously catalyzed propane
dehydrogenation and/or has been added to the reaction gas mixture (if appropriate,
accomp'anied to a minor extent by propane combustion) (it may also be appropriate
from an application point of view to insert catalyst beds in the tray reactor which are
charged with catalysts which particularly specifically (selectively) catalyzes the

40 combustion of hydrogen (useful such catalysts are, for example, those of the
documents US 4 788 371, US 4 886 928, US 5430 209, US 5 530 171, US 5 527 979
and US 5 563 314, for example, such catalyst beds may be accommodated in the tray
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Advantageously, reaction gas mixture input stream A, especially in the case of an
30 autothermal operating mode as described, comprises:

from 15 to 25% by volume of propane,
from 2 to 6% by volume of propylene,
from 5 to 20% by volume of steam,
35 from 2 to 10% by volume of molecular oxygen,
from 40 to 75% by volume of molecular nitrogen, and
from > 0 to 3% by volume of molecular oxygen.

Typical loadings on the entire amount of dehydrogenation catalyst (sum over all beds)

40  with reaction gas mixture input stream A are, in accordance with the invention, from
250 to 5000 h! (in high-load mode even up to 40 000 h-1), preferably from 10 000 to
25 000 | (STPYI-h, more preferably from 15 000 to 20 000 | (STP) I-h. The



favorably, but not necessarily, been evacuated before being charged into the
spaces be he catal yst beds in the tray reactor. These internals
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certain tenperature and consune heat aszothey do so, and, where the
tenperature falls below this |level, condense again and release heat as they
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charge the at east one eact or
to be advantageous or the process according to the invention to remove at least a

portion of the constituents other than propane and propylene present in product gas

25 mixture A substream 2 comprising the required propylene therefrom before it is used as
the propene source for the downstream propene partial oxidation. In this case, the
requirements of DE-A 102 11 275 should be observed.

It should first be emphasized at this point that all dehydrogenation catalysts known in

30 the prior art are useful in principle for the invention heterogeneously catalyzed propane
dehydrogenation. They can be divided roughly into two groups, specifically into those
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
example platinum) deposited on a generally oxidic support. The dehydrogenation

35 catalysts which may be used thus include all of those recommended in WO 01/96 270,
EP-A 731 077, DE-A 10211 275, DE-A 10131297, WO 99/46 039, US-A 4 788 371,
EP-A-0 705 136, WO 99/29 420, 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. In
particular, the catalyst according to Exampie 1, Example 2, Example 3 and Example 4

40 of DE-A 199 37 107 may be used.
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in addition, all reactor types and process variants known in the prior art are useful in

principle for the heterogeneously catalyzed propane dehydrogenation. Descriptions of

30  such process variants are present, for example, in all prior art documents cited with
regard to the dehydrogenation catalysts and the prior art cited at the outset of this
document.

A comparatively comprehensive description of dehydrogenation processes suitable in

35 accordance with the invention is also present in Catalytica® Studies Division, Oxidative
Dehydrogenation and Alternative Dehydrogenation Processes, Study Number 4192
0D, 1993, 430 Ferguson Drive, Mountain View, California, 94043-5272 U.S.A.

Advantageously in accordance with the invention, at least 50% by volume, preferably at
40 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 present in

product gas mixture A substream 2 will be removed before it is used as the propene



dehydr ogenati on of propane and the conbustion of propane and of nol ecul ar
hydr ogen. ustion of hydrogen proceeds very nuch nore rapidly over
the 25 catalysts both in conparison to the dehydrogenation of propane and in
conparison to its conbustion in the cad® of a conpetition situation. In
addition, all reactor types and process variants known in the prior art are
useful in het enequs :
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30  As an alternative to the separation step via absorption described, preference is
therefore frequently given for the inventive purposes to a pressure swing adsorption or
a pressure rectification.

Suitabie absorbents for the above-described absorptive removal are in principle all

35 absorbents which are capable of absorbing propane and propylene. The absorbent is
preferably an organic solvent which is preferably hydrophobic and/or high-boiling.
Advantageously, this solvent has a boiling point (at a standard pressure of 1 atm) of at
least 120°C, preferably of at least 180°C, preferentially of from 200 to 350°C, in
particular from 250 to 300°C, more preferably from 260 to 290°C. Appropriately, the

40 flashpoint (at a standard pressure ¢f 1 bar) is above 110°C. Generally suitable as
absorbents are relatively nonpolar organic solvents, for example aliphatic hydrocarbons
which preferably do not contain any externally active polar group, but also aromatic



a pressure swi ng adsorption and/ or nenbrane separation (for exanple
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gaseous starting steam4). 25 However, e C3 hydr ocar bons/ C4 hydr ocar bons
separating factor in the above separating process is conparatively limted
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products sold by Haltermann, such as Halpasols i, such as Halpasol 250/340 i and

Halpasol 250/275 i, and also printing ink oils under the names PKWF and Printosol.

30 Preference is given to aromatics-free commercial products, for example those of the
PKWEFaf type. If they comprise a small residual aromatics content, this may, prior to the
use described, advantageously be reduced by rectification and/or adsorption and be
lowered to values significantly below 1000 ppm by weight. Further suitable commercial
products are n-paraffin (C43-C47) or Mihagol®5 Erdél-Raffinerie-Emsland GmbH,

35 LINPAR®14-17 from CONDEA Augusta S.p.A. (ltaly) or SASOL ltaly S.p.A., normal
paraffins (heavy) C14-Cqs from SLOVNAFT in Slovakia.

The contents (reported in area percent of gas chromatography analysis) in the
aforementioned products of linear hydrocarbons are typically:

40
total Cg to Cq3: less than 1%; Cy4: 30 to 40%,; Cy5: 20 10 33%,; Cqg: 18 t0 26%; Cy7: up to
18%; Csis: < 2%.



sol vent such as dinmethyl phthalate added in an anmount of fromO0.1 to 25% by
wei ght 20 lpgessrp2on the entire solvent mxture. Particularly suitable
absorbents are al so octanes, nonanes, gcanes, undecanes, dodecanes,
tridecanes, tetradecanes, pentadecanes,” hexadecanes, heptadecanes and

oct adecanes, of which tetradecanes in particular have been found to be
partlcularly sui t abl e. is favorabl e when the absorbent used firstly

fulfills trl\e @levc%ﬂﬁ)%tsﬁﬂﬁ"F)pthg%'rédlﬂgfr&ﬁtéﬁsg_?s. secondl y at the sanme tine does

not 25 have A %oo sly, tohe nol ecul ar
wei ght of t%o%@o/so%e?rﬂ %sCws 2B Sﬁmﬁw/wcso 1% %:dbb-- 8% ¢1ael-ga%af f i n
oils, described in DE-A 33 13 573, having from8 to 16 carbon atons.

Ex I f duct Id by Halt
cuch’ a5 Srar TP oS BL B B P bl 250/ 275 1 and

also printing ink oils under the names PKWF and Printosol. 30 Preference is

gi ven to amnpasass; C.,:e33. 400k 32.8%; B10d86YS C.f: 818%x@ple).2fose of the
PKWFaf type. If they conprise a snmall residual aromatics content, this my,

prior to the wuse described, advantageously be reduced by recti fi cation
and/ or adsdp pentonodnepesation, Hveegoseposiion of thesabspdpant Wil ghange enstesppndiog@y ppm by

wei ght 1oFurdsheesgitiofttB®brceggmerci al  products are n-paraffin (C13-Cl7) or
M hagol (r)5 Erdol - Raffi nerie-Ensl and GrbH, 35 LI NPAR(r) 14-17 from CONDEA

Augusta S.p. A (ltaly) or SASOL Italy S.p. A, normal paraffins (heavy)
Cl4- C18 f r diveSIeOMAFTeioh el aparatian ismHibiesh it rmpartiguaestigipnsnit rrassibler cent  of

gas chr onati®gsapinyoramah Yrdcessdsiariddndilibey et toane dkeducts 0 | i near

hydr ocar bo r I Cl4: 30 to
40% CL5: %re%’iéxf% i chf§é}%8't'éz)é®d“ggﬁf‘t5% %Ee A Sﬁ@%ea@%'?"ﬁhez% PF 57220
24 A tlypi @@Bor@@nﬁﬁ@u Aregsyireyef ffcrlf@m@éa@at, prefér@bBAsm&t@ 20 bagmage 48% Cl4:
39. 8% C15 péteftlly ok 5 td 85 B3, akd 4:terhferdiiire 6F #om @ t8 1%0°E:19 paficddMromD0A

UPLe2! SoBSEL%: She HEoBIANE) ok LALBED SRR it by n QB S
33 49 158530 yPey GOHENS B B R uous
oper at i on, apRan a&@nﬁ@mﬁslﬂﬁ "@fWthésn %Hﬁbfeq{t Pﬁﬁfqrﬁbl}t}iar@g@nt@@ﬂfféﬁtp§hm%I y 10
as a resul tabebrptitvecelives s, fof kRadmpkf ﬁéWE(BlGr&anha’fvh@ tﬁbb@ﬁc@‘plé@ﬂ/dr%lér'ébl ect to

10 Dot U AL Lo BOSOL T o Aol bR BReSr o

erence’ 1 s
cont act i ng speetRiedrfagasren Ktfiane 100 ulPO0y etm 720up ffﬁ forexamplepdel %’éh??é(@ a
pressure ofy)fah@roiining Halingaéndop pé@kﬁr@a(lfor eka@Pledilie® wih FRREhig FaEienggr ef er abl y

{6 80 or 043@@@ 30850 shFIHE 2L Bokl ghl tgé?k@tévzer%h@%phde%'%%%@ﬂ 9L, O 20
quench appuffage@bsorhers §uqu®sﬁ1l§¥éllm angBrincfiimaksoghars.cand ajgo ielgﬁe@fcemlsrw) in
count epgur Icedys-sphay §oﬁlﬂ5bférs SRPRIRY 58 bB&: URRRIARABS, it Y beXAdrdRs to dikw Col umms

(having but?ﬁ)é gbso?ﬁlo%qg p?éc%vre\" a bubble column with and without internals.

The propane and the propylene may be removed from the absorbent by stripping, flash
evaporation (flashing) and/or distillation.

30
The propane and propylene are preferably removed from the absorbent by stripping
and/or desorption. The desorption may be carried out in a customary manner by a
pressure and/or temperature change, preferably at a pressure of from 0.1 to 10 bar, in
particular from 1 to 5 bar, more preferably from 1 to 3 bar, and a temperature of from 0

35 to 200°C, in particular from 20 to 100°C, more preferably from 30 to 70°C, particularly
preferably from 30 to 50°C. An example of a gas suitable for the stripping is steam, but
preference is given in particular to oxygen/nitrogen mixtures, for example air. When air
or oxygen/nitrogen mixtures are used in which the oxygen content is above 10% by
volume, it may be sensible to add a gas before and/cr during the stripping process

40  which reduces the explosion range. Particularly suitable for this purpose are gases
having a specific heat capacity of 2 29 J/mol-K at 20°C, for example methane, ethane,
propane (preferred), propene, benzene, methanol, ethanol, and ammonia, carbon



20 trays), columms having structured packings (for exanple sheet netal

packi ngs hg*%ﬁ@2 specific surface area of from 100 to 1000, or to 750

n2/ n8, for exanple Mellapak(r) 250 Y) and col ums havi ng random packi ng
(for exanple filled with Raschig packings). However, it is also possible to
use trickle and spray towers, graphite block absorbers, surface absorbers

such as thhfa&rdteiaggv@awf.n wBvdr hi¥eRBRQ iBelvan itfbofdare NithtSe RGEMIPASS, 25
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To support the separating effect, it is possible to install internals which increase the
30 quench surface area in the quench chamber, as are known to those skilled in the art
from rectifications, absorptions and desorptions.

Water is a preferred scrubbing agent in that it normally does not interfere in the
downstream partial oxidation. After the water has washed the absorbent out of the

35 outlet stream laden with propane and propylene, the water/absorbent mixture may be
fed to a phase separation and the treated, low-volume outlet stream fed directly to
partial oxidation to be carried out in accordance with the invention.

In a manner advantageous for the process according to the invention, especially when

40 the propylene/propane mixture is stripped by means of air to free it of the absorbate,
starting reaction gas mixtures usable for the partial oxidation can generally be obtained
directly. In the case that their propane content should not yet be satisfactory in



or.der to further inprove the separating action between C3/C4 hydrocarbons.
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As a result of this possibility of supplying fresh propane into the starting reaction gas
30  mixture for the partial oxidation stages, the composition of these starting reaction gas
mixtures can reliably be made nonexplosive. If appropriate, a portion of residual gas
can also be recycled directly into the propylene and/or acrolein partial oxidation for this
purpose. If required, it is also possible to use a mixture of fresh propane and residual
gas for this purpose. A crucial factor in answering the question of whether the starting
35 reaction gas mixture for a partial oxidation stage is explosive or not is whether
combustion (ignition, explosion) initiated by a local ignition source (for example glowing
platinum wire) spreads in the starting reaction gas mixture under certain starting
conditions (pressure, temperature) or not (cf. DIN 51649 and the experiment
description in WO 04/007405). When there is spreading, the mixture shall be referred
40  to here as explosive. When there is no spreading, the mixture is classified as
nonexplosive in this document. When the starting reaction gas mixture is nonexplosive,
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WO 04/ 007 405). In general, however, only reaction gas m xture input stream
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reaction gdPwAM{ieat agrdiciacyf Oﬂﬁét(%ndd?”htqnén badetakinogee &?éG?tcPrﬁo Ut her wi se,
the pebcedemevaimy be as described in WO 01/96 170, which forns an integral
part of this application. 15 1In a rranner knovvn per se, the heterogeneously
catal yzed gas phase partial oxidation ylene to acrylic acid with
nol ecul ar g%'}ﬂj‘ethe PraseeeaecorHing 9 theulrweethrwswlegto@bsp to predominant acrylic

acid formation, it is advantageous in accordance with the invention to perform the
process in two stages, i.e. in two oxidation stages arranged in series, in which case the

30 fixed catalyst bed to be used and preferably also the other reaction conditions, for
example the temperature of the fixed catalyst bed, are appropriately adjusted in an
optimizing manner in each of the two oxidation stages.

Although the multimetal oxides comprising the elements Mo, Fe, Bi which are

35 particularly suitable as active compositions for the catalysts of the first oxidation stage
{propylene — acrolein) are also capable to a certain extent of catalyzing the second
oxidation stage (acrolein — acrylic acid}, preference is normally given for the second
oxidation stage to catalysts whose active composition is at least one multimetal oxide
comprising the elements Mo and V.

40
The process according to the invention for the heterogeneously catalyzed partial
oxidation of propylene over fixed catalyst beds whose catalysts have, as an active



successive along the reaction coordinate, of which the first leads to
acrolein, apstlg second fromacrolein to acrylic acid. 20 This reaction
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proces$p, starting reaction gas mixture used for the first reaction stage (propylene to acrolein) is

an inventive starting reaction gas mixture 2. Regarding the remaining parameters, the
procedure is as in the working examples of the documents mentioned (especially
regarding the fixed catalyst beds and reactant loading on the fixed catalyst beds).
When the procedure in the aforementioned working examples of the prior art is in two

30 stages and there is secondary oxygen (secondary air) feeding between the two
reaction stages, the feeding is undertaken in an appropriate manner, but is adjusted in
its amount to the effect that the molar ratio of molecuiar oxygen to acrolein in the
charge mixture of the second reaction stage corresponds to that in the working
examples of the documents mentioned. An inventive starting reaction gas mixture for

35 the heterogeneously catalyzed partial gas phase oxidation is obtainable in a simple
manner, for example, by adding as much molecular oxygen to product gas mixture A
substream 2 or to product gas mixture stream A’ as is required for the partial oxidation.
This supply can be effected in the form of pure molecular oxygen or else in the form of
a mixture of molecular oxygen and of inert gas (or else only in the presence of inert

40 gas). Preference is given in accordance with the invention to air as such a mixture. It is
essential to the invention that this oxygen supply is effected in such a way that product
gas mixture B still comprises unconverted molecular oxygen.



15 WO 04/85 363, DE-A 103 13 212 (first reaction stage), EP-A 1 159 248 (as
a two-stageg ﬁ@ﬁess), EP-A 1 159 246 (second reaction stage), EP-A 1 159
247 (as a two-stage process), DE-A 199 48 248 (as a two-stage process),
DE-A 101 01 695 (one-stage or two-stagé¥, WD 04/085 368 (as a two-stage
process), DE-A 10 2004 021 764 (two- stage), WD 04/085 362 (first reaction
stage), WO 04/085 370 (second reaction stage), 20 WO 04/ 085 365 (second
reacti on stage), WO 04/085 367 (two-stage), EP-A 990 636, EP-A 1 007 007
and EP- A 1 IngensaigtheTnplar jago espelsictiar gxaeneresentinithgplertinggeaxiamsaés
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oxi dation sta re al | ose DE- A 4 431 957, DE-A )
ona’ D a4 Trgliaiofl aftiLof a8 & REESy e S Qe Mnilie b o SOmBRBA f or mil a
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active compositions specified in EP-A 700 714,

30  Also suitable for this reaction stage are the multimetal oxide catalysts comprising Mo,
Bi and Fe which are disclosed in the documents Research Disclosure No. 497012 of
August 29, 2005, DE-A 100 46 957, DE-A 100 63 162, DE-C 3 338 380, DE-A 199 02
562, EP-A 15 565, DE-C 2 380 765, EP-A 8 074 65, EP-A 279 374, DE-A 330 00 44,
EP-A 575 897, US-A 4 438 217, DE-A 19855913, WO 98/24 746, DE-A 197 46 210

35 (those of the general formula If), JP-A 91/294 239, EP-A 293 224 and EP-A 700 714.
This applies in particular to the exemplary embodiments in these documents, and
among these particular preference is given to those of EP-A 15 565, EP-A 575 897,
DE-A 197 46 210 and DE-A 198 55 913. Particular emphasis is given in this context to
a catalyst according to Example 1c from EP-A 15 565 and also to a catalyst to be

40 prepared in a corresponding manner but whose active composition has the
composition Mo42Nig 5Zn,Fe,Bi1Pg g0ssK0.06Cx ¢ 10 SiO,. Emphasis is also given to the
example having the serial number 3 from DE-A 198 55 913 (stoichiometry:



advant ageous catal ysts for the particular oxidation stage are di scl osed by
t he docurrwgtg@?—A 103 25 488, DE-A 103 25 487, DE-A 103 53 954, DE-A 103
44 149, 15 DE-A 103 51 269, DE-A 103 50_812, DE-A 103 50 822. For the
inventive reaction stage for the heter oa neously catal yzed gas phase parti al
oxi dation of propylene to acrolein or acrylic acid or a m xture thereof,
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prepared in a corres i_ng.nmanner. but .active conposition has the
conposi ti ol W/B'fgIQ?%‘.’%%%%E@%%F?%O&%@E@RS%J%%‘ 10 Si 2. Enphasis is also
given to the exanple having the serial nunmber 3 from DE-A 198 55 913
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d= from0Oto2, preferably from 0.02 to 2,

= from O to 8, preferably from 0 to 5,

= fromQOto10and

= anumber which is determined by the valency and frequency of the elements in
IV other than oxygen.

3 ™0

30

They are obtainable in a manner known per se (see, for example, DE-A 4 023 239) and

are customnarily shaped in substance to give spheres, rings or cylinders or else used in
35 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.

In principle, active compositions of the general formuia IV can be prepared in a simple
manner by obtaining a very intimate, preferably finely divided dry mixture having a

40 composition corresponding to their stoichiometry from suitable sources of their
elemental constituents and calcining it at temperatures of from 350 to 650°C. The
calcination may be effected either under inert gas or under an oxidative atmosphere,



A multitude of the nultinetal oxide active conpositions suitable for the
step fromg& hene to acrolein and, if appropriate, acrylic acid can be
enconpasse bw general formula IV 15 M12Bi aFet X1cX2dX3eX4 OOn (1V) in
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20 X2 = thallium an alkali netal and/or an alkaline earth netal, X3 = zinc,
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a few hour snigtoek)t ypi cal |y decreases wth tenperature. Useful sources for
the el enmental constituents of the nultinetal oxide active 5 conpositions |V
are those conpounds which are already oxides and/ or those corrpounds whi ch

can be conVEPSHRIIAGECHRIWRES f3f Pﬁ@ét"ﬂﬂ@“““ﬁ‘ﬂetﬁ'éa‘éqe 39HVe REMPRATIY B8R Peoxygen.
I n addi ti omtineateieniad idesy orsnelet feemf Wheatlagyt ara gnivahipamnfismi thelstattng n

particul ar Bﬁh]bﬁ?o% are %ﬁpr‘&Eﬁét@Fy%edBgrflﬁgig%f/Edeﬂw %nogér i& d%@ (acet ates,

car bonat es, ne co ammoni um corrpounds
such ag? N%éﬁnabmﬂ}%mng RRd Qexonal REMRIREPg. Htewverire RISTERICHeh i) or
amoni um oxdihaitemiingin vekt damp dgpically, the startlng compounds are mixed with each

other in the form of an agueous solution and/ar 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

25 preferably water. Subsequently, the aqueous composition obtained is dried, and the
drying process is preferably effected by spray-drying the agueous mixture at exit
temperatures of from 100 to 150°C.

The multimetal oxide active compositions of the genera!l formula IV may be used for the

30 “propylene — acrolein (and acrylic acid if appropriate)” step either in powder form or
shaped to certain catalyst geometries, and the shaping may be effected either before
or after the final caicination. For example, unsupported catalysts can be prepared from
the powder form of the active composition or its uncalcined and/or partially calcined
precursor composition by compacting to the desired catalyst geometry (for example by

35 tableting or extruding), if appropriate with the addition of assistants, for example
graphite or stearic acid as lubricants and/or shaping assistants and reinforcing agents
such as microfibers of glass, asbestos, silicon carbide or potassium titanate. Instead of
graphite, it is also possible fo use hexagonal boron nitride as an assistant in the
shaping, as recommended by DE-A 10 2005 037 678. Examples of suitable

40  unsupported catalyst geometries include solid cylinders or hollow cylinders having an
external diameter and a length of from 2 to 10 mm. In the case of the hollow cylinder, a
wall thickness of from 1 to 3 mm is advantageous. The unsupported catalyst can of



and/ or can be deconposed on later calcining at the latest to give conpounds
whi ch are prejreaged in gaseous formcan be additionally i ncor por at ed into
. the intimate dry 15 m xture). The star{ﬁfg conmpounds for preparing

mul ti metal oxide active conpositions IV can be intimately mxed in dry or
in wet form Wen they are mxed in dry form the starting conpounds are
appropri at ebiyrselarRa hase pmeicyl ghonietigdambivd aprerduatdiamieie chrdetfi@m?D teal ci nati on
after m xi '?Qnﬂ'ﬂd optional conpacting. However, preference is given to
intimate mxing in wet form Typically, the starting conpounds are m xed
with each other in the formof an aqueous sol ution and/or suspension.
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or pot assi praférablgmathin the narigesfcbnofi50 gr 26ehirhe, it is al so possible to use
hexagonal boron nitride as an assistant in the shaping, as reconnended by
DE-A 10 2005 037 678. Exanpl es of suitable 40 unsupported cataly
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favor abl e basddWhe glLpputetsodiesorant raye iage§ulamonirr@guian shade, mmbegd’t prefeabnde
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unsupporte u ent act Ir've conp

pul ver ul en?xi‘m@[@@PE'@ﬂes 86Pr?ﬂ9§‘i erligderssigblesupaert b?@e%ére’éé{béiaﬁgi“yand/ or
partiakby oem;mm.mj soEyceafouglanesesphbiel beppna pesticyf stafiteywngetdameteeshaped
inert catakys, {%Ufborﬂﬁ{érto-ghﬁm %@f%r&ﬁ@émtm §MHPWoBve98rdE§iE[bﬁeg?@r gguce the 10

coated cata % s 'S enera t able vessel as
di scl osed, PpP@es a%?&)ﬁé‘” Py Vt'i\Q-SNGZ‘QQ"D'Q from 2 toeH) mmpand whoseggxtgrpaln 714 700 To
coat the sdppwtéris from 4 to 10 mm. In the case of rings suitable in accordance with the

invention as support bodies, the wall thickness is also typically from 1 to 4 mm. Annular

30 support bodies to be used with preference in accordance with the invention 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. Support bodies suitable in accordance with the invention are in
particular also rings of geometry 7 mm x 3 mm x 4 mm (external diameter % length x
internal diameter). The fineness of the catalytically active oxide compositions to be

35 applied to the surface of the support body is of course adjusted to the desired coating
thickness (cf. EP-A 714 700).

Multimetal oxide active compositions to be used for the step from propylene to acrolein
are also compositions of the general formula V

40
Y2 Y2 OBlY e Yia Yoo Yo Y5 Y 4Oyl V)



badi es, the powder conposition to be applied is appropriately noistened and
dried agaipp sfbgr application, for exanple by nmeans of hot air. The coating
t hi ckness of the powder conposition apg%i ed to the support body is
appropriately selected within the 15 range from 10 to 1000 pm preferably
within the range from50 to 500 pmand nore preferably within the range
from 150 t ¢y whien BB varaBles lars eaybodding@bEefdiiaks: are the custonmary porous or
nonpor ous al um num oxi des, silicon dioxide, thoriumdioxide, zirconium

di oxide, silicon carbide or silicates such as 20 nmagnesiumsilicate or

al uni num siM' Fc @l bisThgly ogkinew and atdeast ene abibe glemexits tellprisp.tanimany Hin egar d
to the target ggpaebppyr, on which the process according to the invention is

based. The.suppor i aye a i gul ar shape, although
pref er e:ﬁrceers ||5£ng8%%?3‘§@?§5| %r @ﬁgé@%ﬂéﬁuﬁ)ﬂg‘&pb'{}%ﬁl es having distinct
surface rolgRnasglkafi gietalethalipmanssisamangp. hol | ow cyl i nders. Suitable

support bodies aptikasndeireninesll Inickah cBa) 86sHes, manyanass -zl oheaasishher i cal
supports made Ofﬁ/ﬁiﬁ’%}g‘gut whose dianeter is froml to 10 mMmor to 8 mm
preferably frofﬁ1 ( However, suitable support bodies are also

cyl i nders” Wh&s&on enigemandatiigasiiope chthedlementn ahramiye apstcefivial  di aneter is
from 4 1po ¥O=mghodphohlicafsehie, Bdrof bAGer Skl € i n accordance with the

i nvention _suppoart._ baodi . th Il .t hi ckness, is, also typi from1lto
2 Anutar SEEE A abER b Stoni B, SR bR BehR, Aftdnfuhlone

wi th t he i nventhasiHrhaaigeragold exgminust. gplivm pdiup, 6lliaen. germaxv@r igad, di amet er of
from4 to 8 mMundmar@dr urdmimkness of from1l to 2 nm Support bodies
suitable in accordance with the invention are in particular also rings of
georretr% 7 mMmmx 3 mMmx 4 nm (external dianmeter x length x internal

di anet dp) . aThe frPMHeRL&s8.0f the catal ytically active oxide conpositions to be
35 appliedpte fibe ®Gutd age of the support body is of course adjusted to the
desired co%t;ng_o t@{o%ness (cf. EP-A 714 700). Multinetal oxide active
conpositions to be Usgd for the step frompropylene to acrolein are also
conposi ti ofs= oflOfHataheral fornula V 40 1 °, 12 Yee Ox ]pf [Y3c

Y4d' Y5e' Y6eYZgfrygrs 0@y2b g (V) PF 57220 33 in which the variables are each
def i nedgas pf 0l kawss 45 = only bismuth or bisnuth and at |east one of the

el enment’s telluriu afitinmony, tin and copper, 5 Y2 = nol ybdenum or
tungsten, @'r=mfﬂ°91r}31@nlﬁn and tungsten, Y3 = an alkali metal, thallium and/or
samarium wi==fram &iockHd,i ne earth netal, nickel, cobalt, copper, nanganese,

Zine, L (EPUT e ANHIER sy e VaiRoPind i8fleeflofthe efARntORE Of
~ V other than oxygen and

25 p,g = numbers whose p/qg ratio is from 0.1 to 10,

comprising three-dimensional regions of the chemical composition Y','Y%, O 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

30 the center of the region and connecting two points on the surface (interface} of the
region) is from 1 nm to 100 gm, frequently from 10 nm to 500 nm or from 1 um to 50 or
25 pm.

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

Among these, preference is given in turn to those of the general formula VI
[BigZ%Oxly [2%122°:Z* vFeeZ’+Zl¢Z O]y Vi)

40
in which the variabhles are each defined as follows:



10 Y6= phosphorus, arsenic, boron and/or antinony, Y7 = a rare earth netal,
titanium gpere@phum niobium tantalum rhenium ruthenium rhodium
silver, gold, alum num gal lium i ndi ur’r545| licon, germanium |ead, thorium
and/or uranium 15 a' fromO 01 to 8, -fromO.lto 30, c¢c' =fromOto
4, d'=fromOto 20, from> Oto 20, 20 f fromOto 6, g =fromO

to 15, h" Z-fragy l§:|én%ml§rtu Jsteh, ornﬂ%‘é@ﬁ&n\éfﬂb@uhwg%fe% determ ned by the
val ency an%sfreq er %// 0tsbh eleéments in V other than oxygen and 25 p,q =
nunmbers wh %‘ anq/gr romO0.1 to 10, conprising three-di nensional

regi ons of Zt‘Ffe thaliwrncan alsaimpetal andjor an alvaline@artiimatal, are  delinited from

their | ocalzsenvwo@ﬁrﬁ@né a%rng bbbt B@tirﬁorﬂ/' tuﬂ Qfeﬁmn FRrResdd i on fromtheir
| ocal (1 ongest direct |ine passing

Vir.
t hr oughg ﬁe %Ig:ﬁpeé]urgfnuphgtqn&gn 8'?1d/3nﬂrc88‘HHbct| ng two points on the surface
(i nterface)Z &f qopeer, sivgr end/or goldrom 1 nmto 100 pm frequently from 10 nmto
500 nmor from1l pmto 50 or 25 pm Particularly advantageous multinetal
oxi de conpos|t|onsoy n accordance with the 35 invention are those in which
Y' is only b|s K?Ti‘)n these, preference is given in turn to those of the
gener al forbr’nH érom02[t682,a" Z2b' Ox"Jp' 17221273C7z4 d' FeeZb5r ZsgZ7 h™"Oy]q (VI) 40
i n whigh the vabheblem, are each defined as follows: PF 57220 34 Z2 =
nol ybdenumer huF]ngh L nol ybdenum and tungsten, Z3 = nickel and/or
cobalt, Zz" =1 ﬁ]p %rn al kali metal and/or an alkaline earth netal, Z5 =
phosphoruse ar $em €01 bob.grefecadly fron P, 1 ik, cerium and/or lead, 5 76 =
silicon, alpugi rﬁ@mogdg ani um and/or zirconium Z7 = copper, silver and/or
gold, a" —fr O&J‘Fd)l b" = from0.2 to 2, 10 c¢" = from 3tol10, d" =

fromo0.02 "2
15 h" = =from O to 1,
X" y" = numbers which are determined by the valency and frequency of the elements in
VI other than oxygen,

p".q" = numbers whose p"/q” ratio is from 0.1 to 5, preferably from 0.5 to 2,

20  and very particular preference is given to those compositions Vi in which
= (tungsten),- and Z%, = (molybdenum), .

It is also advantageous when at least 25 mol% (preferabiy at least 50 mol% and more
preferably at least 100 mol%) of the total proportion of [Y', Y20, ([BixZ%Oxl,) of the

25 multimetal oxide compositions V (multimetal oxide compositions V1) suitable in
accordance with the invention in the muitimetal oxide compositions V (muitimetal oxide
compositions VI) suitable in accordance with the invention is in the form of three-
dimensional regions of the chemical composition Y', Y%,0, [Bi.,-Z%-O.] which are
delimited from their local environment owing to their different chemical composition

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

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

35
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
40  materials for the dilution and/or delimitation of the appropriate fixed catalyst beds, or as
a preliminary bed which protects them and/or heats the gas mixture.



e" = fromO 0l to 5, preferably from0.1to 3, f' =fromOto5, g" = fromO
to 10, (lJ:J% éromo to 1, x",y" = nunbers which are determ ned by the
val ency an f?@& ency of the elenents in VI other than oxygen, p",q" =
nunbers whose p"/q" ratio is fromO0.1 t85, preferably from0.5 to 2, 20
and very particular preference is given to those conpositions VI in which

2 Veast 25D ERED LAF SeCuTEad ISRl G b s ReS P ANRPGRT 1Cac,
100 nol % ehashpartigixidagernpiorcreiein tefcyla adidhisely petiveBoamRabomxdoptie of the
25 mul ti netcalan@y r@sulﬁéam@sad &SR8y Wiate® it prirRiph alOMlBienetA BRI IcbhPaSitidhs

suitable in_accard the 1n ent| timetal oxide

conpositi oﬁg”‘{%' 'Pr%ﬁ/[] ?‘Péjtvwélfor%awle 8%810[?%%11@1%! %gsw tabl e in accordance
with thé |nvent|on isin the formof three- dinensional regions of the

chem cal CW‘ﬂﬂgﬁlttfdeﬁbré’é@ongi?arﬁble[tt%s%zeglm@ﬁk 1981612845 &an KeEAdBpRYsdd 195}“ their

| ocal environnment qw n their different chem cal conposi tion 30 from

t heir |Oca|theegmqrqﬁ%ﬁ?a End whose maxi mum di aneter is in the range from 1
nm to 100 pm Wth regard to the shaping, the statenents nmade for the

mul tinmetal oxi dqncp?ﬂpobgew(g@%%(vcpat al ystspmapply to nultimetal oxide

conposi bl on V cata yst repar ation of nultinetal oxide active
conposi'tions V is described, for exanple, in EP-A 575 897 and also in DE-A
198 55 913in Whiehittmevariableppmeaated@iniadtlasfoﬂewe:m*rended above are al so useful,
inter alia, as inert 40 materials for the dilution and/or delimtation of

t he approp Xﬁ_d a%{: beds, or as a prelimnary bed which protects
t hem and/o NG H&: é %®re. PF 57220 35 For the second step (the
second reaoqzl—omust\lagb) FetMBahé/tero,geneously catal yzed gas phase parti al

oxi dat i;gn gga_acgrbcgngyd?glo acrylic acid, useful active conpositions for the
catal ysts rgquired are, s al r eady stated in principle all multinetal oxide
conposi t i oﬁ% Pﬁﬁﬁfl’?f"ﬁ ‘R}bmﬁﬁ’gs V, for exarrpl e those of DE-A 100 46 928. 5 A
mul titude tier eoé or frore alkalinglearthmostelsof DE- A 198 15 281, can be enconpassed
by the generalg; forang }IF MO 2V2X1bX2CX3dX4eX5f X690n (VII) 10 in which
the vari abl es ar'e each c? I'ned as follows: X =W Nbo, Ta, Cr and/or Ce,

20 = from 1 to 6,

= from 0.2 to 4,

= from0.5t0 18,

from 0 to 40,

from O to 2,

from O to 4,

from 0O to 40 and

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

25

W ™Mo o 0 oo
I

30 Embodiments which are preferred in accordance with the invention among the active
multimetal oxides V1l are those which are encompassed by the following definitions of
the variables of the general formula VII:

X'= W, Nb and/or Cr,
35 X*= Cu, Ni, Coand/or Fe,
X?= 8b,
X*= Naand/or K,
X®= Ca, Srand/or Ba,
X% = Si, Al and/or Ti,
40
a= from15to5,
b = from0.5to02,



X2 = Cu, N, Co, Fe, Mi and/or Zn, 15 X3 = Sb and/or Bi, X4 = one or nore
al kal i et glgsg7o%p = one or nore alkaline earth netals, X6 = Si, A, Ti
and/or Zr, 20 a =fromlto 6, b=1frop0.2to4, ¢ =from0.51to0 18, d
fromO to 40, e =fromOto 2, 25 f = omOto 4, g=fromOto 40 and n
a nunber which is determined by the val ency and frequency of the el enents
in VIl other=tham ®EY9en. 30 Enmbodinents which are preferred in accordance
with the mven&fro ﬁzng the active nmultinetal oxides VIl are those which
are encorrpéjsse B{}) following definitions of the variables of the
general f oemal &omi0to 0@, = W No and/or Cr, 35 X2 = Cu, Ni, Co and/or Fe, X3
= Sbh, X4 =¢Na ﬁ-@ﬁl{@foﬁana(S = Ca, Sr and/or Ba, = Si, Al and/or Ti, 40 a
=froml.5 to = fromQ.5t02 F572036 0 d = from
O to . 5 anPs Agwmber yhishe detBiciines by 14 iepci ape %eﬂuen%”ﬁﬁr%eé Relbch s
det erm ned by irhéll othleethep capgerf.r equency of the elenents in VIl other than
oxygen. However, nultinmetal oxides VII which are very particul arly preferred

:\/Blg\c/g%g?{n %g‘é"'g{,@rw ?Il\ﬂ@(}/qee)swl Igp gretvre%?Sar%gulérpyeprg%prga ?n accorcinrwc(é1 wit 10
the invention are those of the general formula VI

10
MoV Y Y2 Yo Y80, (VI

where

15  Y'= W and/or Nb,
Y2= Cu and/or Ni,
Y% = Ca and/or Sr,
Y® = Siand/or Al

20 a'= from2to4,
b'= from1to1.5,
"= from1to 3,
f= from0Oto0.5
g'= from0Oto8and
25 n'= anumber which is determined by the valency and frequency of the elements
in VIl other than oxygen.

The multimetal oxide active compositions (VII) which are suitable in accordance with
the invention are obtainable in a manner known per se, for example disclosed in
30 DE-A4335973 orin EP-A 714 700.

In principle, multimetal oxide active compositions suitable for the “acrolein — acrylic
acid” step, especially those of the general formula Vi, can be prepared in a simple
manner by obtaining a very intimate, preferably finely divided dry mixture having a

35 composition corresponding to their stoichiometry from suitable sources of their
elemental constituents and calcining it at temperatures of from 350 to 600°C. The
calcination may be carried out either under inert gas or under an oxidative atmosphere,
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 Hj, NH3,

40 CO, methane and/or acrolein or the reducing gases mentioned themselves). The
calcination time can be from a few minutes to a few hours and typically decreases with
temperature. Useful sources for the elemental constituents of the multimetal oxide



15 Y1 = Wand/or Nbo, y2 = Cu and/or Ni, Y5 = Ca and/or Sr, YS = Si and/or
,20a— Ezﬁto& b'=fromlto 1.5, ¢ =fromlto 3, f'=fromOto

0.5 ¢ Prom to 8 and 25 n' = a nunher WhICh is determ ned by the

val ency and frequency of the elenents $h VIl other than oxygen. The
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preparation o oXxl dé co
dry or in Weelenenal egrsiiupmain dipeol Yﬁdﬁéﬂanrhecﬁ%}lePbP?ﬁd it REeferaBly (yatlgy corrpounds
are appsopSubsezjugntlys etk aquebbe corapasitivh dbitaiedd/isdiried cerdl the wrléng @odessubj ect ed
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preference’ | s gl Xing rn we orm s 1s typically
done by mi?@ﬁj’ ﬁQeCstartl ng conpounds with one another in the formof an
aqueous sol ution and/or suspension. Particularly intimate dry m xtures are

ggtcfi'ufs‘?sel *rH% (?)él}r%ltuﬂgH%&ép&mc%ﬁbﬁ@es\%aawtHSsé&ﬁﬁé bOs%aBbRALIG S are
Yl I, may be used for the acrolein oxidation either in powder form or shaped to certain

catalyst geometries, and the shaping may be effected before or after the final
calcination. For example, unsupported catalysts can be prepared from the powder form
of the active composition or its uncalcined precursor composition by compacting to the
desired catalyst geometry {for example by tableting or extruding), if appropriate with the
25 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 suitable unsupported catalyst 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 cylinders, a wall thickness of from 1 to 3 mm is
30 appropriate. The unsupported catalyst may of course atso have spherical geometry, in
which case the spherical diameter may be from 2 to 10 mm (e.g. 8.2 mm or 5.1 mm).

The pulverulent active composition or its pulverulent precursor composition which is yet
to be calcined can of course also be shaped by applying to preshaped inert catalyst

35 supports. The coating of the support bodies to prepare the coated catalysts is generally
performed in a suitable rotatable vessel, as disclosed, for example, by DE-A 2 909 671,
EP-A 2093 859 or by EP-A 714 700.

To coat the support bodies, the powder composition to be applied is appropriately
40 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
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suppor made of steatite, whose di ter is om1lto 10 nmor to 8 mm
preferggl y from4 to5 nmn In ot[ﬁﬁéﬁ\’fe\mds, §G{)t abl e spherical geonetries
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al so i ncl ugpwsigh HARIBLIE RCeadrtdiihBd kS idibRE 2 to 10 nm and whose exter nal
dianeter is from4 to 10 mm In the case

D = MowV,Z'wZ2%2%:2"+2%Z° 0y,
30 E = Z',CuyH:Oy,
Z' = W,Nb, Ta, Crand/or Ce,
Z2 = Cu, Ni, Co, Fe, Mn and/or Zn,
Z* = Sbandfor B,
Z* = Li,Na, K, Rb, CsandiorH,
35 Z° = Mg, Ca, Srand/or Ba,
Z® = Si, Al Tiand/or Zr,
Zl = Mo, W, V, Nb and/or Ta, preferably Mo and/or W,
a’ = from 1 to 8,
40 b = from 0.2 to 5,
¢ = from 0 to 23,

d = from 0 to 50,



of. rings as support bodies, the wall thickness is also typically from1 to 4
mm  Annul appE9o84ipport bodies to be used with preference have a I ength of
from2 to 6 mm an external diameter of. from4 to 8 mmand a wall thickness
of froml to 2 mm Suitable support b es are also in particular rings of
geonetry 7 mx 3 mmx 4 nm (external dianeter x length x interna

di aneter). oThe=fi ngResoef the catalytically active oxide conpositions to
be applied_to the Furfgc% of the support body is of course adapted to the
desired 207 coati ng™Ri°%CRAess (cf. EP-A 714 700). Favorable nultinmetal oxide
active conposi i onsort® theCused for the "acrolein -> acrylic acid" step are
al so conpogt tions gfmiyhe sgeneral formula X 25 [DJp[E]q (I X) in which the
vari abl es gre each defingﬁ as follows: D =

Mb12Va' 7' bhz2cT z3d o9 768 ', 30 E = Z712CuhH,~Q, Z =W No, Ta, O
and/ or Ce, XZZ = Cunurhpers @hjchrase determingd by tiEnyalerky andSieqaeniyof e, 74 = Li,

Na, K, Rb, Cs and/ggmbhts ig,@(gﬁeﬁhygo@nﬁd and/or Ba, ZB = Si, A, Ti
and/or Zr, Z7 = M

= V, .Nb and/or Ta r ef er.abl apd/or W a" = froml
20 8 " 40’ bPAL T, onuTiert st el wigsn Bareicos TR T o't o 20, P
57220 39 e" =fromO to 2, f' =fromOto 5 g" =fromO to 50, h" = from
4 1o 30y Sahd which GRIBRERINRHY séFaﬁé't'ely_'pl‘éFHmﬁ{ Mt oRidd Qb RIS EDY tbe

val ency and frequency of the” elenents in | X other than oxygen and p,q =
nunbers ot her than zero whose p/q ratio is from160:1 to 1:1, 10 and which
are obtai nabl eZlCiséh@pately preformng a nul Ehetal oxi de conposition E
Z'12CuhH 'Oy (E) in finely divided form (starting conposition 1) and

subsequent | y. i ncor.porat i the 15 preformed solid startin onmposition 1
"nto an aqldBgy Qe g Staring calpRRTon )L LPSRIUENY IR PRARS o vi ded
dry m &% ur prefdrmed golibstaging chmpesitione i ingo B agueous' solutipn, an aqueous

suspension or into a finely divided dry mixture of sources of the elements Mo, V, z' Z2

Z°, 7%, Z°, Z° which comprises the abovementioned elements in the stoichiometry D

Y PV ANy R A A A A (D)
20
(starting composition 2) in the desired p:q ratio, drying the aqueous mixture which may
result, and calcining the resulting dry precursor composition before or after drying at
temperatures of from 250 to 600°C to give the desired catalyst geometry.

25 Preference is given to the multimetal oxide compositions 1X in which the preformed
solid starting composition 1 is incorporated into an aqueous starting composition 2 at a
temperature of < 70°C. A detailed description of the preparation of multimetal oxide
composition VI catalysts is contained, for example, in EP-A 668 104, DE-A 197 36 105,
DE-A 100 46 928, DE-A 197 40 493 and DE-A 185 28 646.

30
With regard to the shaping, the statements made for the multimetal oxide composition
VIl catalysts apply to multimetal oxide composition IX catalysts.

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

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

40
The performance of the partial oxidation of the process according to the invention, from
propylene to acrolein (and acrylic acid if appropriate), may be carried out with the



Z3, Z4, Z5, Z6 which conprises the abovenentioned elenents in the

st oi Chl onmepkys7R2fypl2Va Z' b. Z2c. Z3d' Z e' Z5r Z69' (D) 20 (starting conposition
2) in the desired p:q ratio, drying the,aqueous m xture which may result,
and calcining the resulting dry precurs% conposition before or after drying
at tenperatures of from 250 to 600C to give the desired catal yst geometry.
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reaction gas mxture, owing to the presence of unconverted propane, causes
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conducted either in cocurrent or in coun ercurrent e salt'melfitself is preferably
conducted in a meandering manner around the catalyst tubes.
25
When the flow to the catalyst tubes is from top to bottom, it is appropriate to charge the
catalyst tubes with catalyst from bottom to top as follows (for the flow from bottom to

top, the charge sequence is appropriately reversed):

30 - first, to a length of from 40 to 80 or to 60% of the catalyst tube length, either 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 30 or up to 20% by weight
{section C);

3B - following this, to a length of from 20 to 50 or to 40% of the total tube length,
either 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
B); and

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



The flow to the single-zone nultiple catalyst tube fixed bed reactor of the
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53% by wei ght of potassiumnitrate (KNOG3), 20 40% by wei ght of sodium
nitrite (NaNG2) and 7% by wei ght of sodiumnitrate (NaNG3). Viewed over the
react or, act | gas m xture nmay, as already stated, be

conduct edsgP?tH’é‘ré fSrPr%]%EEm% ch i “in countercurrent. The salt nmelt itself is

preferably conducted in a neandering manner around the catal yst tubes. 25
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25
in other words, the inventive partial oxidation of propylene can be carried out
particularly advantageously over a fixed catalyst bed having increased propylene
hourly space velocity and at least two temperature zones.

30 Inthis regard, reference is made, for example, to EP-A 1 159 244 and WO 04/085 362.

A typical composition of the starting reaction gas mixture for the partial oxidation of
propylene to acrolein may, in the process according to the invention, comprise:

35 from 5 to 9% by volume of propylene,
from 8 to 18% by volume of molecular oxygen,
from 6 to 30 (or to 35)% by volume of propane and
from 32 to 72% by volume of molecular nitrogen.

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



pr.opene conversion achieved in single pass is normally at values of >_ 90
nol % or ﬁ? Oq and the selectivity of acrolein formation at val ues of ?
90 nol % Adva ageously in accordance with the invention, the inventive
partial oxidation of 20 propene to acro#%in, or acrylic aci d or m xtures
thereof, is effected as described in EP-A 1 159 244 and nost preferably as
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t her eof), e;t thout secondary conponent renova nto the second reaction
stage, 1i. ?rr‘ltf‘o the acrolein partial oxidation. The nol ecul ar oxygen
required for the second step, the acrolein partial oxidation, may 10

al ready be present in {he 4&5@% bpgomﬁgqul on gas rgcycq‘gﬁe for the inventive
propyl partial oxigdati.o ) However al so be added
part | yS@r fully di rect{j tzoﬂst g%’r%éﬁ) VOl o th‘mlgcuéqr ®%irst reaction
stage, i.e. the i nventiwre GptD@@f/d Bnelpaeof al  oxi gaepaoe. to acrolein (this is
preferably effected 'nfrérh%thSW%OEy \CRRREBAArY) ainoledidr idgend! SO be
effected in the formo ?JB or of mixtures of Inert gas or oxygen).

n
15 Irrespective of the' YcH‘émﬁﬁ’ rge gas SHi¥ture (starting reaction
gas mxture) of such a partlal OXI dation of acrolein to acrylic acid

advant ggeoyst Yidi@heliidfed eldiMy RYctichYAseRkSire preferably has the following contents:

from 5 to 8% by volume of acrolein,
from 2.75 or 5.5 to 9% by volume of  molecular oxygen,
from 10 to 25% by volume of propane,

30 from 40 to 70% by volume of molecular nitrogen,
from 5 to 15% by volume of steam.

The aforementioned starting reaction gas mixture most preferably has the following
contents:
35
from 5 to 8% by volume of acrolein (preferably from 6 to 7% by
volume)
from 3 or 6 to 9% by volume of molecular oxygen,
from 10 to 20% by volume of propane (preferably from 10 to 16%
40 by volume)
from 50 to 65% by volume of molecular nitrogen,
from 7 to 13% by volume of steam,



from4 to 8% by volune of acrolein, 20 from2.25 or 4.5 to 9% by vol une of
ol ecul ar  px\Ege from6 to 30% by vol unme of propane, from 32 to 72% by

vol une of nolecular nitrogen, from5 tgQ 15% by vol une of steam 25 The

af orenenti oned starting reaction gas mXxture preferably has the foll ow ng
contents: from5 to 8% by volune of acrolein, from2.75 or 5.5 to 9% by

vol ume of nol ecul ar oxygen from1l0 to 25% by vol une of propane, 30 from 40

to 70% by yolu of nol ecu rom5s

The  af or eniATEAEAS s¥eS FRED PaZRAPBHITY PR Arethfo Bt EriEBasry Reas ha
foll owi ng reatmdsitngltaB®ulyom 5 to 8% by vol unme of acrolein (preferably from
6 to 7% by volune) from3 or 6 to 9% by voI une of nol ecul ar oxygen, from

10 to 20% by .vpl yl f . f bI 16% 40 |

e om 5051 oABE BT SFAEEN SEORIPERURES —avPlsin e TR 7o 0, vol une of
st eam PF 58P0 raaction istagpr(adreleineer acaylgemdam Eyitypgpallynd‘etpemat@etfrqm dftodne
?P?LPG; ea(t:'l[dlér aﬁﬂi\slttﬁgftcﬁﬂeébaéé VelQ&ny? thé%s’%éd ESAl §'H€H'6f?éi§r% rléggt?g@éas: 2 EEZ
second r eaE‘t”f ol '%P%g%’ l?*&@’%] ﬁ#ﬁ tO%é&’ 5%005653? / lﬁ?)Br mgret yb? @groeyn in the
range fr omoading (e a@mielaﬂndurﬂsha)acewalocg)pméwe\tetbdacatawsbbect) liretypicaibydfroatofl yst
28800}‘ n?;tT gf’fgmqswﬁmtdrmmﬁﬁ(gng}/m BF RioteS Aef&é.ﬁrcéglnggl;agls\vee 1@&3&@ /ﬂgogcgr
vel ocity ofR ?ﬁgo %(-HQBgﬁ Ea‘i’%% (1%@(?'@ ﬁ"hsorwﬁ%éggTé /%@ﬁl@@'% r'ﬁ’c?“%éﬁgq P

(STP)/1 h eincée the&@‘tnig (@Eﬁ’c)ni Hadhmodurends be udext |0Iaecordhma§jwnﬂgmeam)mnda0|1351
(STP) /1. ,tke% a]u{l;géldg.(vgp_ﬂé H&S beRavg0l (STP)/1-h, or > 1601 (STP)/I-h are

particul ar ferre since the starting reaction gas mxture to be used
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fixed bed reactor of the charge gas 20 mxture is |likew se preferably from

above. TheTHS ﬁ&w%&%asﬂ%?e-g&% HlmtiHl%%gtally%t ELHB% fixed bed reactor of the charge gas

20  mixiure is likewise preferably from above. The heat exchange medium used in the
second stage too is appropriately a salt melt, preferably consisting of 60% by weight of
potassium nitrate (KNO3} and 40% by weight of sodium nitrite (NaNO,), or of 53% by
weight of potassium nitrate (KNO3), 40% by weight of sodium nitrite (NaNO;) and 7%
by weight of sodium nitrate (NaNQO;). Viewed over the reactor, as already stated, salt

25 melt and reaction gas mixture may be conducted either in cocurrent or in
countercurrent. The salt melt itself is preferably conducted in a meandering manner
around the catalyst tubes.

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

- first, to a iength of from 50 to 80 or to 70% of the catalyst tube length, either 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 30 (or up to 20) % by weight

35 (section C);

- following this, to a length of from 20 to 40% of the total tube length, either 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 50 or up to 40% by weight

40 (section B); and



second stage too is appropriately a salt nelt, preferably consisting of 60%
by wei ght ef smepassiumnitrate (KNG3) and 40% by wei ght of sodiumnitrite
(NaNCQ2), or of 53% by weight of potassjumnitrate (KNO3), 40% by wei ght of
sodiumnitrite (NaNOQ2) and 7% by weight” of sodiumnitrate (NaNG3). Vi ewed
over the reactor, as already stated, salt 25 nelt and reaction gas m xture
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acid (especially at high acrolein |oadings on the fixed catal yst bed and

i of St eaTELoRh ol e Ak BB IADAB IgH WLdao ST Ry ol s0 consi st
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t enper 4B ur epereari#elysprISenper ature 10 sensitivity). Frombottomto top,
first with up to 30 (or 20)% by weight of inert material and subsequently
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25 However, the performance of the partial oxidation of acrolein to acrylic acid may also
be carried out with the catalysts described, for example, in a two-zone multiple catalyst
tube fixed bed reactor as described in DE-199 10 508. For the acrolein conversion, the
above statements apply. Also in the case in which an acrolein partial oxidation as
described above is carried out as the second stage of a two-stage propylene oxidation
30 to acrylic acid in a two-zone multiple catalyst tube fixed bed reactor, the charge gas
mixture (starting reaction gas mixture) will appropriately be obtained directly by using
the product gas mixture of the partial oxidation directed to the first step (if appropriate
after indirect or direct (for example by supplying secondary air) intermediate cooling
thereof) (as has already been described above). The oxygen required for the acrolein
35 partial oxidation is preferably added in the form of air (if appropriate alsc in the form of
pure molecular oxygen or in the form of a mixture of molecular oxygen and an inert
gas) and, for example, added directly to the product gas mixture of the first step of the
two-stage partial oxidation (propylene — acrolein). However, it may also, as already
described, already be present in the starting reaction gas mixture for the first reaction
40 stage.



25 However, the performance of the partial oxidation of acrolein to acrylic
acid may ab&qwgbg carried out with the catalysts described, for exanple, in
a two-zone multiple catalyst tube fixeg bed reactor as described in DE-199
10 508. For the acrol ein conversion, th&® above statenents apply. Also in
the case in which an acrolein partial oxidation as described above is
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mixture of the partial oxidation and may be recycled partly as inert diluent gas into the
30 charge for the first and/or if appropriate second step of the partial oxidation of
propylene to acrolein and/or acrylic acid.

However, such residual gas comprising propane, molecular oxygen and any

unconverted propylene will preferably, advantageously in accordance with the
35 invention, be recycled exclusively as gaseous starting stream 2 into the

heterogeneously catalyzed propane dehydrogenation in reaction zone A.

Overall, a tube bundle reactor within which the catalyst charge changes appropriately
along the individual catalyst tubes with completion of the first reaction step {such two-
40 stage propylene partial oxidations in a single reactor are taught, for example, by EP-A
911 313, EP-A 979 813, EP-A 990 636 and DE-A 28 30 765) forms the simplest
implementation form of the two oxidation stages for the two steps of the partial



m.xture for the first step ("propylene -~ acrolein”) may be residual gas
com ng fropgthesy 25 partial oxidation. This is, as already stated, a gas

whi ch conpri ses nol ecul ar oxygen and repmins after the target product
removal (acrolein and/or acrylic acid r val) fromthe product gas mxture
of the partial oxidation and may be recycled partly as inert diluent gas

into the gQd#damemm bRbykhetd édr?l'[c it fdpphdpriaep ireiHafdccof1es eadiyst tapet t he
partial oxi atIO@ af " I’O@)@p pe. ko ﬁcrotl el n ﬁnd/or acrylic acid. However,
such resi diffif 34 Stc'ﬁ?’rﬁ?rir ?‘1‘8 HPISERdMARERPES ar oxygen and any unconverted
propyl ene will preferably, advantageously in accordance with the 35
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Is generally from200 to 370C, frequently from 220 to 330C. The reaction
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frequepd | y1d9 onpd®aRd be-£9923061H. (STP)/1h or to 4000 | (STP)/Ih. The hourly
space velocity of propylene may be from 100 to 200 or 300 and nore |

(STP)/Ih. In principle, the two oxidation stages in the process according to
t he i nvent indptiregactien stages, an excess of molecular oxygen relative to the amount required

in accordance with the reaction stoichiometry has an advantageous effect on the
kinetics of the particular gas phase partial oxidation and on the catalyst lifetime.

30
In principle, it is also possible to realize the heterogeneously catalyzed gas phase
partial oxidation of propylene to acrylic acid to be carried out in accordance with the
invention in a single tube bundie reactor as follows. Both reaction steps proceed in an
oxidation reactor which is charged with one or more catalysts whose active

35 composition is a multimetal oxide which comprises the elements Mo, Fe and Bi and is
capable of catalyzing the reaction of both reaction steps. This catalyst charge can of
course change continuously or abruptly along the reaction coordinate. Of course, it is
possible in one embodiment of an inventive two-stage partial oxidation of propylene to
acrylic acid in the form of two oxidation stages connected in series to partly or fully

40 remove carbon dioxide and steam which have formed as a by-product in the first
oxidation stage and are present in the product gas mixture leaving the first oxidation
stage from this product gas mixture, if required, before it is passed on into the second



configured as described, for exanple, in DE-A 198 37 517, DE-A 199 10 506,
DE-A 25 1p@ 595508 and DE-A 198 37 519. In both reaction stages, an excess
of nol ecul ar oxygen relative to the amount required in accordance with the
reaction stoichionmetry has an advant agedus effect on the Kkinetics of the
particul ar gas phase partial oxidation and on the catalyst lifetinme. 30 In
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bed which has at least two temperature zones.

Overall, a two-stage partial oxidation of propylene to acrylic acid will preferably be
30 carried out as described in EP-A 1 159 248 or in WO 04/085 367 or WO 04/085 369.

The product gas mixture stream B which leaves the partial oxidation to be carried out in
accordance with the invention (after the first and/or the second reaction stage) is, in the
case of a preparation of acrolein and/or acrylic acid, composed substantially of the

35 target product acrolein or acrylic acid or a mixture thereof with acrolein, unconverted
molecular oxygen (with a view to the lifetime of the catalysts used, it is favorable when
the oxygen content in the product gas mixture of both partial oxidation stages is still
from at least 1.5 to 4% by volume), propane, unconverted propylene, molecular
nitrogen, steam which has formed as a by-product and/or has been used as a diluent

40  gas, carbon oxides which have been formed as a by-product and/or used as a diluent
gas, and small amounts of other lower aldehydes, fower alkanecarboxylic acids (e.g.
acetic acid, formic acid and propionic acid) and maleic anhydride, benzaldehyde,



be an integral part of this docunent. 25 In other words, the inventive
partial oxpgajigep of acrolein to acrylic acid can be carried out with
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EP- A 1§§15 D?;&ﬁgéﬁ-%%%f @%@ %’ojﬁ) i%%ﬁ%%ﬂgﬁﬁaﬁﬁ%@@%o, WO 02/ 09 839,
DE- A 102 35Pgi7 06807d3EB411 8838 239,ER-A MERs 24, g8 00/58-58010/0 9¥583561, DE- A 103
%E i8$§OEEDE-&500 B@Q)BBhﬁdlE%fA%2&$§. Igr%ﬁarel’%ﬁ-ié\ V88 tBrenRidhg é@'iie%cﬁ@@j ig6A85573’2
257 Epoa 190aa WO 1002 fold destnctigbrR 10 00k B 25 dng i 2aluBien ™ 707,
36 243, DEpatentoFavprage rempyal mettygis3pe alsg thmproppssas tdescribed 5B, An acrylic
105" 36 2o doaiments WO 01063 4S8 INTAKROOTG1, BECR102909208%Ad D A0SR B0 Tos
37 84y, - ERCRB Ao Eestdfied fRpRTiAY mapoa Ruthglprosssedtial siamgRass 2o "\
00/ 53 560, degsrived FBtheaiocuments WO 01/77 056, WO 03/041 832, WO 02/055 469,

WO 03/078 378 and WO 03/041 833,

30 A common feature of the above separating processes is (as already mentioned at the
outset) that a residual gas stream which comprises substantially those constituents of
product gas mixture B whose bailing point at standard pressure (1 bar) is < -30°C (i.e.
the constituents which are difficult to condense or else volatile) normally remains at the
top of the particular separating column which comprises separating internals and in

35 whose lower section product gas mixture B 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
gas mixture B, including the particular target product, are normally obtained in the
40 condensed phase,
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the separ afoh P RCHTPeRIR))cA¥ fon St €am may be present in the 5 residual gas
only in traces or in anounts of up to 20% by volune or nore. According to
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into both stages of the partial oxidation and/or be incinerated for the
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Fenoval . - APYRBLG Oﬁﬁﬁgasg@ﬁmeam?og% BN siigMebnlsTapEiad 2one A. Howeve'

is also possible to separately utilize such further residual gases or fo recycle them into
reaction zone A.

30 The preferably full recycling of the remaining overall residual gas thus aliows
continuous conversion of propane to acrylic acid and/or acrolein in confinuous
operation.

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

The advantageousness of such a procedure exists both at lower (< 30 mol%}) and at
high (= 30 mol%) dehydrogenation conversions (based on singie pass through reaction
40 zone A). Generally, it is favorable in the case of the invention when the hydrogen
content in reaction gas mixture input stream A is in an at least stoichiometric ratio
(based on oxygen combustion to water) to the amount of oxygen present therein.



and in sonme cases propylene, they frequently no | onger conprise any

ol ecul ar 22 gp¥ygen. Typically, they are recycled, conmbined with the main
residual gas to give an overall residual gas, as the gaseous starting
stream 2 into reaction zone A However,%%t is also possi ble to separately
utilize such further residual gases or to recycle theminto reaction zone
A. 30 The preferably full recycling of the renaining overall residual gas

thus allo ontin us conver,si on of opane to. acrylic acid and/or

o o nO T BB SR EH RERE aphin PR B dieied s ST dne ¢ hat ¢ he
recycling eeasioci gesdniatuwie Blobtaimadaintacoerdaper with thg in@btiomprefeyébly dagiadhan zone A
make it pO%kx*ﬂ’qeﬁ tﬁé’pu@@@ét%‘é@ nﬁ:hﬁfeeﬂa Wh%h%@‘b@éﬁ'e@&e@ﬁefohﬁﬁlﬂd |f@'p9ﬂﬁﬁ'i§tetlﬂ/

| h
Dt aBeotseaboly relrest cPMas SRl FETehast pSGid dir <88l 9 0y and a
high (? 30|tsn:h1 )% adshyaly ceyeprisingosepamiing intémals Withagidaldraw remoeyélef pagle t hr ough

irﬁsgtn 't ?gn K@é‘(ﬁd@nd/crﬁgé'ﬁ%r%bﬁ rdetans%fwgeé%ﬁéwbﬁaqu%owg?tgﬁeaefdﬁ%aﬁategeamA
T P By Sttt B 090 gg Bi4 pit DS 1003 823 et it |

water) to wtbdram)umSUbsbqoeaygepmefpr@iymlbjetctm!rtelarﬁusPéanrZWStamzatﬂon a@kidhﬁbd al so
be enphgsi é@gh@é‘&@s@ﬂ}%‘n@:oﬁ%F}%tatlé‘ﬂh|cﬁ%Fé/fo'rrﬁe@§Féjprbf%rétW%\ﬁ%jleﬁrfr%Fﬂ a product

t t t h
O Tt | PR B Tty o Do AT s ol RGP R R Bt 1" @
appr opr i at estxyis3helmetof acryitly avid cryslialsewhictcbae trapnirembredt béforehbhy inctbadensed,

as ;:endl Ing Wa8k cENRMPF ErttditnBre, 'tﬁesﬁiﬁﬂ c:olurﬂn & pﬁ@ﬁekbfm( &W\Juﬁj F&&e@%ﬂﬁ%ﬁér‘t ng
internals

bed b
ot il b CQf%g"?e'&’?da‘ﬁvﬁéB% P S B R A PR R Cima e e o
WO 04/ 085 Specifiriet@is, ex@acmgios 26WO ﬁéﬂé'rolﬁaewél:@%/!)‘ﬂ‘cS@&ﬁmﬂ W Bﬁaﬂhﬁ/ﬁi’u S

subsequent InayfesbRivad. Yo StHE @@rﬁ@dpré@réucéu@@iemmq@cwmghﬂaltrhérma&ér%.@md the 10

acrylic acid sus n ref erabl y renoved
from  remarmaits R edreinss botdrielen el obe LA ba £ick Fedfbdabions y . ¢ ne
wash | i qui domgewtndmhafae ireharmetly belpy Ithe side dekveefitbe afusieisndb abidas seen
renmoved bebofhmedmi n the wash colum. Furthernore, the wash colum is
preferg@ly one having forced transport of the crystal bed. It is nore
preferably a hydraulic or a mechanical wash colum. For 15 specific details,
t he descri pisingrenfonaprpstalization slageot B3hoaposide wrebtaiDagslioadd 83gngmay be

foll owed. poritgptoherogveys e we@h@%ﬂfcﬂ@@t‘st%n@ihgl RBufdbid Qﬁbﬁddu@&gmt her 11 quor
whi ch renmai ns %nto th fracti nga conzﬂensa ion (cf. also EP-A 1 015 410).

The secondaPREraRsRI e(ﬁilcg]c 31318 mal Iy bel ow the side draw of the
crude acrylic acid as a purge stream 20 Using only one crystallizati on

st age, !>5/ t 'E§aﬁ1pfé€3n ﬁ{p}?ﬁ eﬁlv% %{(QHEQHE?I%%HICPCFB%}I% {r%pr %46} sta%éést yteglg

99. 8% wel gh gly sui

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

The heterogeneously catalyzed partial propane dehydrogenation is carried out in a tray
30 loop reactor according to Figure 4, to which the numerical addresses below relate.

A vertical tubular reactor (11) (internal diameter: 80 mm) is encased in a support heater
(9) (enables substantial adiabaticity of the tubular reactor) provided with thermal
insulation (10). The temperature of the support heater is 500°C. In the center of the

35 tubular reactor is disposed a central tube (external diameter: 20 mm) which comprises
a sleeve for a continuous thermal element and a sleeve for a staged thermal element.
In addition, it comprises lines leading into the tubular reactor, through which reaction
gas samples can be taken from the tubular reactor, and lines leading into the tubular
reactor, through which air can be injected into the tubular reactor.

40
The tubular reactor comprises three trays (5, 6, 7) which consist of three identical beds
of inert material (bed height: 100 mm; steatite spheres of diameter from 1.5 to 2.5 mm)}



super absorbents based on poly-Na acrylate. 25 Exanple and conparative
exanpl e (CpF%tTQE@tI on material: type 1.4841 stainless steel) 1. General
experinmental setup of reaction zone A aﬁd its operating node The

het er ogeneously catal yzed partial propa 3 dehydrogenation is carried out in
a tray 30 |loop reactor according to Figure 4, to which the nunerical
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Upst r eam ofielegiedgenation sate (terlion someAnt ed a m xi ng el ement. 15 The product
gas mxgure A leaving the last tray (12) is divided into two haI ves of

i dentical conposition. One half BHA i.s (product gas m xture A substream 1)
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resi duad stream A (12) as described and generates reaction gas mixture input stream A (4).

The loading on the totai amount of catalyst (calculated without inert material) on all
trays with propane is always 350 | (STP)/I-h.

30  The entrance pressure of reaction gas mixture input stream A is 2.3 bar. lts
temperature is 500°C. The pressure drop over the dehydrogenation reactor is approx.
200 mbar. Upstream of (in each case before the mixing element) the second and
upstream of the third catalyst bed (in flow direction), air (500°C, reaction pressure) is
injected into the reaction gas mixture. The amount is such that the highest temperature
35 inthe downstream catalyst bed in each case is from 575 to 580°C.

fl. General experimental setup of the heterogeneously catalyzed two-stage partial
oxidation of propylene to acrylic acid and its operating mode

40  Experimental arrangement

First reaction stage:



gas fromthe partial oxidation, fresh propane and nol ecul ar hydrogen. This
starting pkxggsg stream (3) is the notive jet of a jet punp which divides

. product gas m xture 25 stream A (12) a%agescribed and generates reaction gas
m xture input stream A (4). The loading on the total anount of catal yst
(calculated without inert material) on all trays wth propane is always 350
| (STP)/1h. 30 The entrance pressure of reaction gas m xture input streamA

is 2.3 bar, Its. t t » 0 Th el v
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exper i ment gharged fipmdep takotiget @ W@MEousl y catal yzed two-stage parti al

oxi dation of propylene to acrylic acid and its operating node 40

Experi nment al._arrangengn } reaction stage: PF 57220 52 A reaction tube
(V2A steel ,ge‘é@jtneﬁnal li'%]%tféégé‘o mm wall thickness 2 nm internal dianeter

28 mm |ength: 350 cm Sigatitedings ohgedestiml mmbe @xt € Mialextraatatiameteo m
centergeg in the m ddl ex ﬁngtrhzeim@amtdié}ﬁetbqtag,a ;§rg|jram§q,rﬁ§mdate a t her noel enent
with 5 which the tenperature in the reaction tube can be determned for its
entire length) is charged fromtop to bottomas follows: Section 1: Length
50 cm St eabpeiOrdings okengoMdeP 7 nmx 7 nmx 4 nm (external dianmeter 10 x

length x internal di anghilykt &farge 6 Lhoribdedierud Bikturdes 0B byAveitigngt h 140 cm

Cat al yst charge of a h i, Xt ur 09 i al.ternatively
30% by wei ght) of st ea%ﬂg@%ﬁ%ﬁ%go%}%g@%@f&ys ?{WQ%EQ%QB%& IJ#}m (ext ernal
di anmet 8 x | ength x i nt@rwal* dmamtaxtaryal gismetgedepgthieinggipal dianetenantdvel y 70%

by wei ght) of unsupporg®d byaisdiit Shlteriatiosly Teed howeidht) SeGhsuPPorded daagéth 160 cm
20 Catal yst charge of on(§ mmx 3 mmx 2 mm = external dianmeter x

| ength x internal dianeter) unstupported catalyst according to Exanple 1 of
DE- A 10046957 (stoichionetry: [Bi2w® . 2W310.5

[ M012Co5. S5BectiddsSi 1. SOkengad®Bo ¢rh) . Alternatively, it is also possible here

167012231 August 20, - 200BVErEne oA i PRS- B S = M
t her nost at ed by neans @fmagtesX|lengirintaral diameter) unsupported catalyst according

to Example 1 of DE-A 10046957 (stoichiometry: [Bi;W,Oq - 2W0QO3]o 5

[Mo4,C05 sFes94Si1 50Ko 06041 ). Alternatively, it is also possible here to

use one of the catalysts EUC1 to EUC11 from Research Disclosure

25 No. 497012 of August 29, 2005.

From top to bottom, the first 175 cm are thermostated by means of a salt bath A
pumped in countercurrent. The second 175 cm are thermostated by means of a salt
bath B pumped in countercurrent.

30
Second reaction stage:

A reaction tube (V2A steel; external diameter 30 mm, wall thickness 2 mm, internal
diameter 28 mm, length: 350 cm, and also a thermal tube (external diameter 10 mm),

35 centered in the middle of the reaction tube, to accommodate a thermoelement with
which the temperature in the reaction tube can be determined for its entire length) is
charged from top to bottom as follows:

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



punped in countercurrent. The second 175 cm are thernostated by neans of a
sal t bathpg ed in countercurrent. 30 Second reaction stage: A reaction
. tube (V2A steel’; external dianeter 30 wal | thickness 2 nm internal
dianeter 28 nmm length: 350 cm and als¢’a thernmal tube (external dianeter
10 m, 35 centered in the mddle of the reaction tube, to acconmodate a

t her noel eng ?E tigM 3:h whi Eghdﬂlpg Lpnperature in the reaction tube can be

det er mi ned Its entire %%éas charged fromt B {0 bottom as follows:
Section 1: Length 20 CQP;?@’SE? 9% Pl PPRgEe U@HWP&? 27 Weightm x 4 mm
(external dianmeter x laegttively BOtdiynedight) aineedity riegs o geosletrgi7mamy bed. PF
57220 53 Section 2: Lenghh 08 n‘ﬁﬁg&%rﬁ&lﬁém@@l&f% & x ﬁwté]ﬂﬁ‘%ﬁé‘rﬂ@t%san@ xture

of 25% by vel gt (al tepgativel t?lp%natépﬁff@%pyweipeﬁgf 5364 FREPALIOD: anet er)

georretr? 7 mMmm x 3 mm X
and 5 75% by wei ght (aécrtlenr4at| vely 70% by wei ght) of coated catalyst from
section 4. Section 3: Length 50 cm Catalyst charge of a honpgeneous m xture
of 15% by ht, 10 (alt tively 20% by wei ght) of steatite rings of
geonetry 7 G WPE m Eﬁ M?@Q‘t ernal dianmeter x length x internal dianeter)
and 85% by wei ght_ (al Cefahyat cheehs oBHPGygameiogh tixtare of dalehl waight yst from
sectiong4. 15 Section g.uehéﬂeélpzé?& G éﬁéféétuté?rlﬁdd&ﬁg%fmféﬂ?‘?'rﬁﬁw (7 mmx 3

nm x 4 mm = ext ernal aneter” x |en erna I a coat ed cat al yst
according to Prepar atf‘@rf“'@%‘a Pa Iﬁa%&%ﬁ%’g%x U@?rﬁ?@ﬁ%‘ﬁt@f

MD12V3W 1. 2Cu2. 40x) ZOBF%dIYIWth(aitdmtheimBOP/hbyWBnght) oi@ﬁatedmatabsltﬁmnrmstat ed
by nmeans of a salt bat Q?c@on Runped in countercurrent. The second 175 cmare
thernostated by neans of a salt bath D punped in countercurrent. 25 I11.
Process for preparing acrylic acid from propane (the steady operating state
is dedbriBedjori4 a nehemgth 80 pnant A reaction gas m xture input streamA

whi ch has the follow ng, %@r@r?e 6PAMNUIAL OF I 8ds m@@h& gas) is fed
to the first catal yst Bname?

er xalengtﬁx ||[1tee?n%ﬁ 8i5m%§e coa(fe& c§alyst aclcordlng to
Preparation Example 5 of DE-A 10046928 (stoichiometry:

Mo42VsW 4 Cuz ,0y).

20
From top to bottom, the first 175 cm are thermaostated by means of a salt bath C
pumped in countercurrent. The second 175 cm are thermostated by means of a salt
bath D pumped in countercurrent.
25 lll.  Process for preparing acrylic acid from propane (the steady operating state is
described) in a new pilot plant
A reaction gas mixture input stream A which has the following contents (% by volume
based on overall gas) is fed to the first catalyst bed of a tray reactor as described in I
30
% by volume
acrylic acid 0.01
acetic acid 0.015
water 9.23
35 1-butene 0.01
ischutene 0.02
propane 18.46
propylene 3.98
ethane 1.16
40  ethylene 0.22
CO; 2.34

CcO 0.26



30 % by volune acrylic acid 0.01 acetic acid 0.015 water 9.23 35 1-butene
0. 01 isobu rsj.zgooz propane 18.46 propylene 3.98 ethane 1.16 40 ethyl ene
0.22 Cx 2.3 CO 0.26 PF 57220 54 N2_59.7 02 1.62 CH4 0.12 H2 2.83 5
It is obtained (it conprises) from(in the sequence of residual gas (23C,
3.1 bar), fresh propane (25C, 4 bar), hydrogen (25C, 8 bar), steam (200C,
2.5 bar), Ngehydrogena 4on cycle gas (600C, 1.9 bar)): 10 - 41.9% by vol une
of residual "gas fromthe partial oxidation (gaseous starting stream 2)
whi ch has Phe fol | owi ngB8ontents: % by volune acrylic acid 0.02 15 acetic
acid 0.04 CHO 2. 73 i8dbButene 0.01 acrolein 0.05 propane 17.30 20
pr opyl ene %,32 et hane; 3220 ethylene 0.22 CO2 2.41 CO 0.61 25 N2 71.21
02 3.87

5

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

10  -41.9% by volume of residual gas from the partial oxidation (gaseous starting stream
2) which has the following contents:

% by volume
acrytic acid 0.02

15  acetic acid 0.04
H.O 2.73
isobutene 0.01
acrolein 0.05
propane 17.30

20  propylene 0.32
ethane 1.20
ethylene 0.22
CO, 2.41
CO 0.61

25 N2 71.21
02 3.87

- 3.9% by volume of fresh propane (gaseous starting stream 3) which has the
following contents:

30
% by volume
propane 98.91
isobutane 0.05
propylene 0.1
35 ethane 0.92
ethylene 0.01

- 1.02% by volume of molecular hydrogen (gaseous starting stream 4)
- 2.03% by volume of steam (gaseous starting stream 5) and
40 - 51.15% by volume of dehydrogenation cycle gas (product gas mixture A
substream 1 or gaseous starting stream 1)



- .3.9% by volune of fresh propane (gaseous starting stream 3) which has the
foll ow ng peepys: 30 % by volune propane 98.91 isobutane 0.05 propylene
0.1 35 ethane 0.92 ethylene 0.01 1.02%by vol une of nol ecul ar hydrogen
(gaseous starting stream4) 2.03% by v% ume of steam (gaseous starting
stream 5) and 40 - 51.15% by vol unme of dehydrogenation cycle gas (product
gas m xtur t i ] E 55

Resi dual gggéd*j%g%% {r‘%’g’ é'%%é?ﬁhﬂgiggéﬁaﬁﬁéésinggeﬁ%@giﬂ%%i)tihﬁesgéqeﬁ%g he sequence
Speci 11 ed_ BEEIHIOBIYE thoMODLe b miieriP B EAMEN & BROLGRS be DKEBESSS. 3 bar
by i ndi r ecteatrexabareyeohitinyedwdt ighs prixidech sgatreaind.ure A substream 2. 5 The
resulting product gas m xture A substream 2 has the follow ng contents: %

721" By TBRESHINEE predipr TEe dprubaalin 2035 5ro oisB5BBENENC [ pane and

propyl ene present in product gas m xture A substream 2 is renoved 20
absorptively by absor pyj@ndiim&KW 4/7 of technical -grade tetradecane from
Hal t er mann ﬁerm&my as LEE absorbent, and stripped by neans of air to free
it thereff? (the pro<1, ure is as described in DE-A 10 2004 032 129) to

obt ai n t heisobglehewi ng @Rarge gas for the partial oxidation which has the

fol | ownpg BRIpLRAL S: 251@py volume H20 2.39 tetradecane 0.01 isobutene
0.01 propyiene 7.52
ethane 1.21
ethylene 0.26
CO, 2.61
15 N 58.41
02 0.23
H: 3.55

The propane and propylene present in product gas mixture A substream 2 is removed
20  absorptively by absorption in PKWF 4/7 af technical-grade tetradecane from
Haltermann, Germany as the absorbent, and stripped by means of air to free it
therefrom (the procedure is as described in DE-A 10 2004 032 129) to obtain the
following charge gas for the partial oxidation which has the following contents:

25 % by volume
H20 2.39
tetradecane 0.01
isobutene 0.01
propane 15.15

30  propylene 7.95
ethane 1.10
ethylene 0.20
CO:; 1.05
N2 56.99

35 0 15.16

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

partial oxidation reaction stage described. The propylene loading on the fixed bed

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

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



pr-opane 15.15 30 propylene 7.95 ethane 1.10 ethylene 0.20 CO2 1.05 N2
56.99 35 O0PFlEy226 This charge gas mxture (it |lies outside the explosion
range) is used to charge the first parg#al oxi dation reaction stage

descri bed. The propyl ene | oading on the Tixed bed catalyst charge is
selected at 185 | (STP)/I1Fh. The pressure at the entrance to the first 40
reaction stage is 3.1 bar. TA = 322C;, TB = 328C. The product gas m xture

| eaving the first reacg/i n ﬁt age has the follow ng contents: PF 57220 56 %
by volune acrylic acid’® WU R&etic acid 0.14 5 H20 10.65 1-butene 0.01
acrol ei n 6299lic geidpane0#%. 16 propyl ene 0.17 10 ethane 1.10 ethylene 0.20
CO2 1.62 Gehfibaskd N2 BA402 15 02 6.25 CPA, the propene conversion at the
end of pea bon zone A1oi6§ 64.5 nol % CPB, the propene conversion at the
end of eactiron zone B, 1S 94.9 nol% 20 Sufficient air (25C) is netered to
t he product!-j#enar xt ur 80f the first stage that the nolar 02:acrolein ratio
in the resgktdigilg M xtup®aoi s 1.25. This mxture is then used directly to
charge the §0§3l%?‘§d reaciiggg stage (T = 231.7C). The acrolein |oading on the
fixed cat alpy ed is | (STP)/1h. 25 Tc = 263C, To = 269C. The pressure
at the ent PERYENEo t heOsldcond reaction stage is 2.1 bar. The product gas

m xt ur gl eawiang t he seqomd reaction stage has the followi ng contents: 30 %

by vol une %ﬁ{y}@niec aci d0%72

CO. 1.62

CO 0.23

N2z 57.02
15 O 6.25

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

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

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

25 T¢=263°C; Tp = 269°C. The pressure at the entrance to the second reaction stage is
2.1 bar.

The product gas mixture leaving the second reaction stage has the foilowing contents:

30 % by volume
acrylic acid 6.72
acetic acid 0.22
H.0 11.06
formaldehyde 0.14

35 acrolein 0.05
formic acid 0.03
maleic anhydride 0.06
benzoic acid 0.01
propane 14.62

40 propylene 0.28
ethane 1.02

ethylene 0.18



acetic acid 0.22 H2O 11.06 fornal dehyde 0.14 35 acrolein 0.05 formc acid
0. 03 nul eipg sy@hgdride 0.06 benzoic acid 0.01 propane 14.62 40 propyl ene
0.28 ethane 1.02 ethylene 0.18 PF 572 57 CO2 2.03 CO0.52 N2 59.86 02
3.20 5 propionic acid 0.0032 CAc, the atrolein conversion at the end of
reaction zone C Is 68.1 mol % CAD, the acrolein conversion at the end of
reaction zews D, is 99.3 nmppde 10 In both reaction stages, the reaction gas
m xture fll%gss t hrough t he tgﬁ catal yst tubes fromthe top downward. The
contents are anal yzed by s of gas chromat ography anal ysis. 15 The
acrylic acNd is renoved fra®8& he product gas mixture as in the exenplary
enbodi nent g,of DE-A 10 20Qdr@®32 129 and the residual gas is recycled into
the heterq eneousl% cat alr% dehydrogenati on as the gaseous starting
stream cess so be carried out as described, but with the
di fference that each catalyst tray in reaction zone Ais only charged with

the sanme agpunhe 8éroleflebNERERNRINOBrE B rahdth.zohe €, is/88. NRIsi%addi tional use of
inert material for dilution purposes. 25 |V. Change in the process

according to Ill. with increasing operating tine Wth increasing operating
time of th&*pitheacrpleimeonversionmtdpg erthef reacticamone B, [ ¥HB0w0!%Gas ni xture
streamy@ falls even when the dehydrogenati on cat alyst is regenerat ed or

e et iR CeagpsBoR R EeERL 95 iy bab Ay il R e B RGRPEE T ect i on)
of the trajromeheten davwisdect abl e.

The contents are analyzed by means of gas chromatography analysis.

15
The acrylic acid is removed from the product gas mixture as in the exemplary
embodiments of DE-A 10 2004 032 129 and the residual gas is recycled into the
heterogeneously catalyzed dehydrogenation as the gaseous starting stream 2.

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

25 V. Change in the process according to ili. with increasing operating time

With increasing operating time of the pilot plant, the propylene content in product gas
mixture stream A falls even when the dehydrogenation catalyst is regenerated or
reptaced by a freshly produced charge.

30
At the same time, a decrease in the maximum temperature in the first fixed catalyst bed
(in flow direction) of the tray reactor is detectable.

With generation of the motive jet mixture stream in the sequence of residual gas, fresh
35 propane, steam (then indirect heat exchange) and only then molecular hydrogen, it is
possible to restore the original results in new operation.

US Provisional Patent Application No. 60/726,176, filed on October 14, 2005, US
Provisional Patent Application No. 60/729,750, filed on October 25, 2005, and US

40  Provisional Patent Application No. 60/732,657, filed on November 3, 2005, are
incorporated into the present patent application by reference.



W.th generation of the notive jet m xture streamin the sequence of residual
gas, freshpp3poppopane, steam (then indirect heat exchange) and only then
nmol ecul ar ﬁy rogen, it is possible to restore the original results in new
operation. US Provisional Patent Applic%ﬁion No. 60/726,176, filed on
Oct ober 14, 2005, US Provisional Patent Application No. 60/729, 750, filed
on Cctober 25, 2005, and US 40 Provisional Patent plication No.
60/ 732, 657W'Thi refegenss IRREFRYEMENtioNEgSeadhings; HEBPRES 8 %'at"?r}&%‘dtqf‘é”%'%%ent
pat ent appkbiahé presbit inedrtibe RELpoddible 7220 58 Wth reference to the
abovenenti oned teachi ngs, nunerous alterations and deviations fromthe
present invention are possible. It may therefore be assuned that the
idn}/fenti onI [t%iylﬁlihéretfdre bfsm@@@flned tHahmeag\m;mﬁ.edthﬁn mggcgge ofgf&% gbpevr\%@ﬂfprneld -
i fferept t han s eC| ri,bed her.ein : at is claine
"R Pt R hertol et i CR e s rBE TV eP T RBTER & mixt ur 6 ¢ her aof
fron1 propane, in whlch 5 A) a reaction gas m xture input stream A which has
been obtained by conbining at |east four different gaseous starting streans
1, 2, 3 and 4 with the proviso that the three gaseous starting streans 1, 2
and 3 conprise propane, gaseous starting stream4 is nol ecul ar hydrogen and
gaseous 10 starting stream 3 is fresh propane is fed to the inlet into a
first reaction zone A, reaction gas mxture input stream A is conducted in
reaction zone A through at |east one catal yst bed over which, if
appropriate with supply of further gas 15 streans, a product gas m xture
stream A conprising propane and propylene is fornmed by parti al
het er ogeneously cat al yzed dehydrogenati on of propane, product gas m xture
stream A is conducted out of the first reaction zone A 20 by discharge
therefromand divided into two product gas m xture A substreans | and 2
with identical conposition, and product gas m xture A substreaml1l, in a
first cycle gas nmethod, is recycled into the first reaction zone A as the
gaseous starting stream 1, 25 product gas m xture A substream2 is, if
appropriate, conducted into a first separating zone A in order to renove
therefroma portion or nore of the constituents other than propane and
propyl ene present therein to generate a remaining product gas m xture
stream A" conprising propane and



pr.opyl ene, 30 B) product gas m xture stream A substream 2 or product gas

m xture st ?0 are used in a secondary reaction zone B to charge at

| east one oxidalion reactor and, in the at | east one oxidation reactor, the
propyl ene present in product gas m xtuwge A substream 2 or in product gas

m xture stream A" is 35 subjected to a sel ective heterogeneously catal yzed
partial gagHapaseimedidation with nol ecul ar oxygen to give a product gas

m xture stream B conprising acrolein or acrylic acid or a m xture thereof
as the target product, unconverted propane and, if appropriate, unconverted
propyl ene, 1. ané pabsss dorqesparingl acidianr exylieasid 40a priddedhergakframxt ure stream
B i's conduct edpibn®fin W@t i on zone B and, in a second separating zone B,

t ar get ngroduct present in product gas mxture streamB is renoved and, from
t he remai ning residual gas conprising PF 57220 60 unconverted propane,

nol ecul ar oxygéh ancbagtn gasaoiruae tredt greapy Aaviech s bdeaabtaireddar t i on

conpri sing unconveigh@fhiRg SPaat fodFifsehtaasE0VsAREHIAN StrdMYs 1 W BURES Wi

propylene, in a s ﬁond cséclt]et ﬁ?é‘ nmet hod,” i s recycled |Bto greacuon zone A
as the gaseous st:l ¢ PRY'SSthdhs Dol 09590HR SETB LG Kok 2N B SEt ar t i ng
streans 2, 3 and 4raprheaggsentidistaringesiregas4 supolecilan ivdgpgestandgiaseatsher t han

gaseougp starti ng siiifAgstledth 8 iSREI NOfanLisIey R the iMIATRB Birs@bAdtRNIZBhe M Xt Ure
stream and a jet d{)unp whi ch conprises a notive nozzle, a mXxing zone, a

di ffuser and a suctiion nozzle is subsequently operated with the gaseous
notive jet mxture streamas the 10 notive jet, the conveying direction of

the motive jet decesmioRLeMmikidfomptt stlebm AR donBudted 7l @atich Adne Alindud® zone
and the diffuser pqql nt one A and

i h | et.. he f i
t he suction direct (I)‘??Sk)?'q‘? h%glgﬁtzqeﬁo‘?lﬁghg’bufpg?F%Prg?rffléer iﬁtﬁ] éﬁ?{ﬁ%hf)@pﬁ?r&a%ut | et
conducl$ ng productstigagsng Riaguet gasrmainrasioean Acomnrisieg prergdeiadd zone A, and

the reduced pressuyrepyensisddradiby ganesl surtdgehedds\neRally fad ddhybradiedatsdnon of
product gas m xturg F{g%mA into the two substreans 1 and 2, sucks in
product gas m xture A'substream 1 and transports it through the m xing zone
via the diffuser with sinmultaneous mxing it with the notive jet, and the
reacti on gas m xt yreductpas mbttoressmedm A @rovadudted bt of thveafjrsi reacteinezesed i nto t he

inlet g the first,seagh] héfé?r%rr&ngjﬁﬁd%ﬁi% prdARE GHS miktdeld NY Streans 2

and 3 and any additional gaseous st jnP L )
substreams 1 and 2 with identical composition, and product gas mixture A

substream 1, in a first cycle gas method, is recycled into the first reaction
zone A as the gaseous starting stream 1,

25 product gas mixture A substream 2 is, if appropriate, conducted into a first
separating zone A in order to remove therefrom a portion or more of the
constituents other than propane and propylene present therein to generate
a remaining product gas mixture stream A’ comprising propane and
propylene,

30

B) product gas mixture stream A substream 2 or product gas mixture stream A’
are used in a secondary reaction zone B to charge at least one oxidation
reactor and, in the at least one oxidation reactor, the propylene present in
product gas mixture A substream 2 or in product gas mixture stream A' is

35 subjected to a selective heterogeneously catalyzed partial gas phase
oxidation with molecular oxygen to give a product gas mixture stream B
comprising acrolein or acrylic acid or a mixture thereof as the target
product, unconverted propane and, if appropriate, unconverted propylene,
and also excess molecular oxygen,

40
product gas mixture stream B is conducted out of reaction zone B and, in a
second separating zone B, target product present in product gas mixture
stream B is removed and, from the remaining residual gas comprising



st.reans other than gaseous streans 1 and 4 are first conbined in any 25
sequence tppgyygpa gaseous starting nmixture stream and gaseous starting
stream 4 is only then added to the gaseous starting m xture streamto form
the gaseous notive jet mxture stream 2. The process according to claim1,
wherein reaction gas mxture input strein A 30 has been obtai ned by

conbi ning five di er{%ﬁ&'étrteQ%?S‘é%lﬁ% ﬁqb%%albnﬁx@%h%ﬂa%n}ungonvgneél prafiéna, #nd

gaseous startlng j §an15 I'S stea rocess accor to'c a|n12

wherein the gaseou§ @M%gcoﬁq‘é@ﬁé]”8?’?\”&”98@%”661@8'88@3%? 9EP A9 &Y eans 1
and 4 are conbi nedircongiried proyleyes mcuse®hdicy¢lagas 8Bthrdx tsueeydrdieom i n t he

sequence of gaseow@aaroarzbh@&a%tths@aseousg,@éﬁ@i&réénaﬁw.MQhe ﬁltd'v%érfhaﬁ and then
gaseous

starting stream ims 1 to 3,
wher ei n° not nore tq@ﬁo%éagtgggﬁa%mg? g Ehaﬂﬁ@g& '?%a' 5? r?g&lrf% of the
nmotive jet m xtur etiepmsathardharhgaseqos startmgatream harerceatbunedrtoga@ an xture

i nput stream A re 8§u§r|ﬁ8t|\fé ieShixEab alrysh, é}ﬁﬁa t phRpWHIcoriRedal N 1 ow
direction. PF 5723%63 J I e p 9 oﬁﬁﬁ'

| gwgrocess gﬁf % tan¥1 I lains 1 to 3,
wherei n not nore trﬂgwelrt?ﬂge% '%qécfr}igg L\SSH’Q 2SY5RE 8?2?& mati on of the
nmotive jet m xtureubsequently eperated withitbe gasagischotive dettmistiureysteeam )s thee i nput

streama r eaC hes trh@tlvfeljétsihe%h@é dlhﬁﬂon of thé%‘ﬂﬁ’ﬂlbﬁﬁi dé@(ﬁlﬁpr'@séé%l thtugh.
di recti on. ﬁ%% ?cess ccor ng.to_any

react i on zone A 1 haNOHE RorBE RRA Mrrecd®ind in€ 4R obitf g UL
claims 1 to 6, maféhmflmwéagmmzoae Pﬁ@ﬂdw@@éﬂ@tg@rrbr@gwyofdb@ a¥igiipadnozzle in

dehydrogenati on ofthgupeaidn of theafutieCisduaiigqirb@ioahs wixtire strea®tA enthgone A.

first reaction zone A, and the reduced pressure generated in the suction

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

20
wherein

gaseous starting streams 2 and 3 and any additional gaseous starting
streams other than gaseous streams 1 and 4 are first combined in any

25 sequence to give a gaseous starting mixture stream and gaseous starting
stream 4 is only then added to the gaseous starting mixture stream fo form
the gaseous motive jet mixture stream.

2. The process according to claim 1, wherein reaction gas mixture input stream A
30 has been obtained by combining five different gaseous starting streams 1, 2, 3, 4
and 5 and gaseous starting stream 5 is steam.

3.  The process according to claim 2, wherein the gaseous starting streams other
than gaseous starting streams 1 and 4 are combined to give the gaseous starting
35 mixture stream in the sequence of gaseous starting stream 2, gaseous starting
stream 5 and then gaseous starting stream 3.

4, The process according to any of claims 1 to 3, wherein not more than 30
seconds elapse from the time of formation of the motive jet mixture stream to the
40 time at which reaction gas mixture input stream A reaches the first catalyst bed
of reaction zone A in flow direction.



10

PF 57220

61
5. The process according to any of claims 1 to 3, wherein not more than 10
seconds elapse from the time of formation of the motive jet mixture stream to the
time at which reaction gas mixture input stream A reaches the first catalyst bed
of reaction zone A in flow direction.

6.  The process according to any of claims 1 to 5, wherein reaction zone A is a tray
reactor.

7.  The process according to any of claims 1 to 6, wherein the partial
heterogeneously catalyzed dehydrogenation of propane is effected autothermally
in reaction zone A.



