
5 

10 

0050/46976 

Industrial heterogeneously catalyzed gas-phase oxidation of pro­
pane to acrolein 

The present invention relates to a novel process for the indus-
trial heterogeneously catalyzed gas-phase oxidation of propane to 
acrolein in an oxidation reactor which is fed with a gas mixture 
comprising, apart from propane and molecular oxygen as oxidant, 
at most one diluent gas which is essentially inert under the 
conditions of the heterogeneously catalyzed gas-phase oxidation. 

Acrolein is an important intermediate, for example for the prep­
aration of glutaraldehyde, methionine, folic acid and acrylic 

15 acid. 

It has long been known that acrolein can be produced industrially 
by heterogeneously catalyzed gas-phase oxidation of propylene 
with molecular oxygen over catalysts present in the solid state 

20 (cf., for example, DE-A 19 62 431, DE-A 29 43 707, DE-C 1 205 
502, EP-A 257 565, EP-A 253 409, US-A 29 41 007 etc.). 

25 

A disadvantage of this procedure is that propylene is a rela­
tively expensive starting material. 

EP-A 117 146 discloses the production of acrolein from propane by 
first partially dehydrogenating propane in the absence of oxygen 
over suitable catalysts and subsequently converting the propylene 
present in the resulting product mixture, without prior separ-

3o ation, into acrolein by the abovementioned heterogeneously cata­
lyzed gas-phase oxidation. A disadvantage of this procedure is 
the necessity for a separate dehydrogenation stage. 

35 It is now generally known that acrolein can be produced directly 
by heterogeneously catalyzed gas-phase oxidation of propane with 
molecular oxygen (cf., for example, US-A 4 472 314; Wm. Curtis 
Conner Jr. und Stuart Soled, "Propane Oxidation over Mixed Metal 
Oxides", pp. 1224-38 in Stud. Surf. Sci. Catal., 7 (1981); US-A 4 

40 302 610; J. Barrault and L. Magaud, "Selective oxidation of pro­
pane in the presence of bismuth-based catalysts", pp. 305-14 in 
Stud. Surf. Sci. ·Catal. 81 (1994); Ikuya Matsuura and Naomasa 
Kimura, "Oxidation and ammoxidation of propane over tetragonal 
type Ms+oP04 catalysts", pp. 271-79 in Stud. Surf. Sci. Catal. 82 

45 (1994); Wu Tong-Hao et.al. in Journal of Natural Gas Chemistry, 1 
(1994) pp. 53-60; JP-A 6-199 731; Kim, Y.C. et al., Applied Ca­
talysis, 70 (1991), pp. 175-87; Kim, Y.C. et al., Chemistry 
Letters, 4 (1989) pp. 531-34; JP-A-2-83348; Takita Y. et al., 
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Chemistry Letters, 10 (1989) pp. 1733--36i Kim, Y.C. et al., J. 
Chem. Soc., Chem. Commun. (1989) pp. 6.52"'.'5~; Kim, Y.C. et al., 
Catalytic Science and Technology, Vol. : f, =.J{odanska Ltd. ( 1991) 

·. ~ : .. 

pp. 439-40; Takita Y. et al., .Catalysis Today, 13 ( 1992) pp. 
5 673-78; Y. Moro-oka, Stud. Surf. Sci. Catci:f. 75c ( 1993) pp. 

1983-86; US-A-4 260 822, GB-1340891 arid U$-A 3 293 290). The 
catalysts to be used for this purpose are _O)tide compositions 
present in the solid state. The catalytically active oxide com­
position can contain, in addition to oxy9~n, only one other 

10 element or more than one other element (niuitimetal oxide composi­
tions). Catalytically active oxide compositions are particularly 
frequently·ones comprising more than one ~~tallic element, in 
particular transition metal. These mul~ielement oxide composi­
tions are usually not simple physical ~i~tufeS of oxides of the 

15 elemental constituents, but heterogeneous· mixtures of complex 
polycompounds of these elements. 

Catalysts which have been found to be parfi~ularly suitable for 
the gas-phase catalytic oxidation of propane to acrolein are 

20 multimetal oxide compositions of the general formula I 

25 where 

xi = v, Nb, Ta, Cr, w, Ga, Ce and/or La, 

x2 = Li, Na, K, Rb, Cs, Cu, Ag, Au, Pd. and/or Pt, 
x3 = Sn, Pb, Sb, :Bi, Te, Fe, Co and/or Ni, 

30 
x4 = Si, Al, Ti and/or Zr, 

a = 0 2, } with the proviso that•the·sum of 
d = 0 2, a and d is at least 0 ~.2.0 •. .... .. , ·. 

35 b = 0 1.5,} with the proviso that the ;E!Um of 
c = 0 10, b and c is at least 0.1; 

e = 0 0.5, 

f = 0 0.5, 

g = 0 20 and 40 "·:· .. •" 

h = a number different from zero which is =determined by the 
. valence and frequency of the elements :different from oxygen 

.. 

in I. 

· 45 owing to the fact that propane reacts more··. s'luggishly than does 
propylene, the heterogeneously catalyzedgas.:.phase oxidation of 
propane to acrolein is carried out at acomparatively high tern-
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perature, typically at from 350 to 650°C. since the gas-phase par­
tial oxidation of the propane proceeds exo'f::hermically, it is 
advantageous to carry it out industrially}in, for example, fluid­
ized catalyst bed reactors or in multitube.fixed-bed reactors in 

5 which a heat transfer medium (eg. salt bat~ or metal melt) is 
passed through the space surrounding the tubes. The working pres­
sure (absolute pressure) in this industrial heterogeneously cata­
lyzed gas-phase partial oxidation of propane can be below 1 atm, 
at 1 atm or above 1 atm. It is generally-f:rom 1 to 2 atm, but can 

10 also be up to 10 atm. The target react~on·qccurs during the resi­
dence time of the reaction mixture in the catalyst charge through 
which it is passed. 

In the industrial heterogeneously catalyzed gas-phase partial 
lS oxidation of propane with molecular oxygen there is particular 

interest, on the one hand, in a high space-time yield of the 
desired target compound acrolein. owing to.the fact that propane 
reacts more sluggishly than does propylene, it has therefore 

20 
of ten been recommended in the prior art that the gas-phase cata­
lytic partial oxidation of propane, unlike:.the gas-phase cata­
lytic partial oxidation of propylene, be carried out using a re­
action gas starting mixture containing an excess of propane over 
the other reactant, the molecular oxygen. Ort the other hand, this 
partial oxidation of propane has a pronounced exothermic char-

25 acter because of which it is recommended inthe prior art, in 
respect of the industrial gas-phase catalytic oxidative reaction 
of propane to give acrolein, that either an upper limit be placed 
on the proportion by volume of propane in the reaction gai;; start­
ing mixture or the reactants be diluted with a gas which is es-

3o sentially inert under the conditions of the. gas-phase catalytic 
partial oxidation of propane. A diluent gas which is essentially 
inert under the conditions of the heterogen~ously catalyzed gas­
phase partial oxidation is normally considered to be a diluent 
gas whose constituents remain unaltered, taking each constituent 

35 individually, to the extent of at least 97 mol% under the condi­
tions of the heterogeneously catalyzed gas~phase partial oxida­
tion. Examples of such inert diluent gases recommended in the 
prior art for the industrial gas-phase cat~lytic partial oxida-

40 
tion of propane are N2 , co2 , CO, noble gasef:S· . and water vapor. A 
particularly important advantageous effect9f the concomitant use 
of an inert diluent gas is seen in the prior art as being that, 
at a prescribed oxygen to propane ratio, the: addition of an inert 
diluent gas reduces the explosive tendency-of the gas mixture, 
ie. the addition of an inert diluent gas increases the energy 

45 input required for a self-propagating combu.s,tion reaction in the 
gas mixture, which is extremely important f~r the safety of an 
industrial procedure. In addition, the prior art attributes an 
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advantageous effect in respect of the selectivity of product 
formation to the inert diluent gases. . ... 

As a result, the prior art describes no industrial catalytic gas-
5 phase partial oxidation of propane with molecular oxygen to give 

acrolein in which the feed gas mixture {reaction gas starting 
mixture) comprises more than 70 % by vol~~ of propane. 

10 
The above statement also applies, in part:i,cular, to EP-A 609 122, 
EP-A 10902 and also to CN-A 1 105 352, ait.9·:JP-A 2/83 384 even ad­
vises strongly against the use of a propan~_content of over 60% 
by volume in the reaction gas starting mixture (the use of a feed 
gas mixture containing more than 70% by volume of propane is re­
ported in the literature in connection witP, the catalytic gas-

15 
phase oxidation of propane with molecular oxygen to give acrolein 
only by A.N. Schatalowa and coauthors in ·:Nt!_ftechimija 8 ( 1968), 
No. 3, pp. 364-369 or the equivalent Russ:i;~n original document 
176878 (published in 1966); however, thes~:·publications do not 

20 
relate to an industrial process for prepa;ii)lg acrolein, but are 
restricted to laboratory experiments for testing catalysts; in 
the context of such small-scale experiments., the question of the 
explosive tendency of the reaction mixture is, however, of sur­
bordinate importance; this is also evidenced by the high reaction 

25 
temperature of 600°C employed). 

However, a disadvantage of this teaching of the prior art is that 
for a prescribed catalyst and reaction temperature neither the 
selectivity of the acrolein formation, nor'the conversion of pro-

30 pane achieved in a single pass through thef ·J::eactor, nor the ex­
plosive tendency of the reaction gas starting mixture are fully 
satisfactory. 

It is an object of the present invention t,o.·:provide an improved 
35 industrial process for the heterogeneouslyA:;atalyzed gas-phase 

oxidation of propane to acrolein in an oxicia.tion reactor which is 
fed with a gas mixture comprising, apart from propane and molecu­
lar oxygen as oxidant, at most one diluen:t:::gas which is essen­
tially inert under the conditions of the h~:f~rogeneously cata-

40 lyzed gas-phase oxidation. 

:.'::· .. 

We have found that this object is achieved :J>Y a process for the 
industrial heterogeneously catalyzed gas-~fi.~.se oxidation of pro­
pane to acrolein in an oxidation reactor ~~~ch is fed with a gas 

45 mixture comprising, apart from propane and:molecular oxygen as 
oxidant, at most one diluent gas which is ~.ssentially inert under 
the conditions of the heterogeneously catai*~ed gas....;phase oxida-
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tion, which process is distinguished from·the industrial pro­
cesses of the prior art in that the sluggishly reacting propane 
itself is used as additional diluent gas $tj>~:that the reaction gas 

. ,._.. 

starting mixture which is fed to the ox.id~ti.on reactor comprises 
5 more than 70 % by volume of propane and at-'.;least 5 % by volume of 

molecular oxygen. Possible further const.it,~~nts of the starting 
mixture for the reaction are the inert.diluent gases mentioned 
above by way of example, viz. N2 , co2 ,. co,.<rioble gases such as He 

. _·, :.··. 

10 
and/or water vapor. ,. .: 

. : ~ 

However, their proportion in the feed gas mixture is preferably 
low, ie. process variants according to the.\present invention in­
clude those in which the feed gas mixture.~bmprises at least 75 % 

.'. :: 

by volume, at least 80 % by volume, at le~Sj~85 % by volume or at 
15 least 90 - 95 % by volume of propane. The<:proportion by volume of 

molecular oxygen is in all cases at least .. !{'::'% by volume and can 
extend to a value which corresponds to io&.:~ by volume minus the 
proportion by volume of the propane. In th~';·iatter case, the gas 
mixture fed to the oxidation reactor contaitis no inert diluent 

20 gases, ie. the reactant propane is diluted ~nly with itself. 

25 

30 

35 

40 

45 

Accordingly, reaction gas starting mixture.S. :which are suitable 
according to the present invention comprise 

from > 70 to 95 % by volume of propa11~,, 

from 5 to <30 % by volume of molecu+ar oxygen and 

from 0 to 25 % by volume of inert di.i,tjent gases. 

Preference is given to reaction gas startingmixtures comprising 

from 75 to 90 % by volume of propane; '' 
,,. 

'" 
~.· .. ·' . 

from 10 to 25 % by volume of moleculaii; qxygen and 
._,_;;;"· 

from 0 to 15 % by volume of inert dilu~'nt gases. 
>.: :: 

Particular preference is given to reaction.,:g~~ starting mixtures 
comprising . . .;·:~ . 

from 80 (preferably> 83.4) to 90 % by:~()lume of propane, 
.. :::.::;:_.- .· 

from 10 to 20 % by volume of molecular:i,qxygen and 

from 0 to 10 % by volume of inert dilli~ht gases. 

· ... ; 
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The proportion of inert diluent gases is p~~ferably less than 5 % 
by volume, less than 3 % by volume or less :.tha.n 1 % by volume re­
spectively. It is particularly advantageoµ·~>·for the reaction gas 
starting mixture to contain no inert diluent gases. In this text, 

5 an industrial process for the heterogeneoµ~ly catalyzed gas-phase 
oxidation of propane to give acrolein with)l\olecular oxygen in an 
oxidation reactor refers to such a process.in which the amount of 
feed gas mixture passed through the oxidation reactor is at least 
500 standard m3/h (standard mJ = cubic met~is at 1 atm and 25°C). 

10 In general, the above throughput is at le.ast 700 standard m3/h and 
frequently at least 1,000 or 5,000 standa·:r.~'.m3/h. A throughput of 
100,000 standard m3/h will normally not b~_.\~xceeded, ie. typical 
industrial throughputs are from 10,000 to 60,000 standard m3/h. 

15 Suitable catalysts to be used for the proc;~ss of the present in­
vention, particularly when using the above .,;reaction gas starting 
mixtures, are the multimetal oxide composit:,'.i,ons of the general 
formula I as are described in the documente:;fcited above in the 
discussion of the prior art. 

20 

25 

30 

35 

40 

45 

As multimetal oxide compositions to be usec:iaccording to the 
present invention, preference is given to those of the general 
formula II 

where 

xs = 

x6 = 

x1 = 
a' = 
b' = 
c' = 
d' = 
e' = 

f' = 

(II), 

v, Nb, Ce, Ta, Fe, Ga and/or P, preferably v, Nb and/or Ce, 
particularly preferably V and/or Nb, 

Ag, Li, Na, K, Rb, Cs, Tl, Pd, Pt, AU.; cu, Pb and/or Te, 
preferably Ag, Li and/or Na, particui~:rly preferably Ag, 

Si, Al, Ti and/or Zr, 

0.2 2, 

0.3 - 1.5, 

0 2, pl;'eferably 0.2 - 1, 

0 o.s, preferably 0.001 - 0.1, 

0 20 and 
;:. 

a number different from zero which ±~,;·determined by the va­
lence and frequency of the elements .different from oxygen 
in I, 
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7 
and those of the general formula III 

where 

xs = 
x9 = 

xlO = 
a" = 
b" = 
c" = 
d" = 

(III), 

V, Nb, Ta, Cr, Mo and/or W, preferably V, Nb and/or Ta, 

Sn, Sb, Bi, Te, Fe, Co, Ni, Cu, La. -and/or Ce, preferably 
Sn, Sb, Bi and/or Te, 

Li, Na, K, Rb and/or....Cs, 

1 10, 

0 0.5, 

0 0.5 and 

a number different from zero which ~s determined by the va­
lence and frequency of the elements different from oxygen 
in II. 

The preparation of these multimetal oxide compositions I to III 
is known to those skilled in the art and described in the prior 
art. Typically, suitable sources of the elem~ntal constituents of 
the multimetal oxide composition are used to produce an intimate 
dry mixture which is generally calcined at·from 450 to 650°C for 
some hours. The calcination is most simply.carried out in air. 
Subsequently, the active composition resulti~g from the calcina­
tion is either used as such or is shaped to the desired catalyst 
geometry in a manner known per se. Naturally, the shaping can 
also be carried out before calcination. Shaping to the desired 
catalyst geometry can be achieved, for example, by application to 
preformed inert catalyst supports where, as already mentioned, 
the application can be carried out before .o.r after the final cal­
cination. Use can be made here of the cust~mary support materials 
such as porous or nonporous aluminum oxide$',_' silicon dioxide, 
thorium dioxide, zirconium dioxide, silico~ :'carbide or silicates 
such as magnesium or aluminum silicate. Th~ support bodies can 
have regular or irregular shapes, with reg\l).arly shaped support 
bodies having a distinct surface roughness·,:: 'eg. spheres or hollow 

40 cylinders, being preferred. Suitable suppo#t;~ are essentially 
nonporous, rough, spherical supports compri.s:i.ng steatite and hav­
ing a diameter of from 1 to 6 mm, preferably from 4 to 5 mm. The 
thickness of the layer of active composition.is advantageously 
selected in the range from 50 to 500 µm, pr~ferably in the range 

45 from 150 to 250 µm. At this point, it may b~·remarked that in the 
production of such coated catalysts the pow~er composition with 
which the support bodies are to be coated is generally moistened 
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before application ·and after application _i.~ dried again, eg. by 
means of hot air. 

For producing the coated catalysts, th~coa:ting of the support 
5 bodies is generaliy carried out in a ~uita~l~ rotatable-container 

as is already known, for example, from. DE~~: 29 09 671 or from 
EP-A 293 859. The relevant composition is generally calcined be­
fore being applied to the support. 

lO Of course, the multimetal oxide compositions. according to the 
present invention can also be used as unsupported catalysts. For 
this purpose, the intimate· dry mixture is -~j:'eferably compacted 
directly to give the desired catalyst geollle;t:ry ( eg. by tabletting 

15 
or extrusion) and calcined. For this shapi11:g step it is possible 
to add, if desired, auxiliaries customary per se, eg. graphite or 
stearic acid as lubricant and/or shaping a·:f~.-and reinforcers such 
as microfibers of .glass, asbestos, silicon :'carbide or potassium 
titanate. Here too, calcination can generar.l.Y. also be carried out 

20 
prior to shaping. 'One suitable unsupported _:c::~atalyst geometry is a 
hollow cylinder having an external diameter:_and length of from 2 
to 10 mm and a wall thickness of from 1 to:;.~. mm. As regards the 
sources of the elemental constituents of .th.e mul timetal oxide 
compositions I to III, it is only important that, as is generally 

25 
known, they are either oxides or else comp9~nds which can be con-. 
verted into oxide.s by heating, at least in .the presence of oxy­
gen. Apart from the oxides, other suitable _$tarting compounds are 
therefore, in particular, halides, nitratesf_formates, oxalates, 
acetates, carbonates or hydroxides. Other su,itable starting com­
pounds of Mo, V, w and Nb are their oxo co~i;>ounds (molybdates, 

30 
vanadates, tungstates and niobates) or the acids derived from 
these. 

The intimate mixing of the starting compounqs for producing 
35 multimetal oxide compositions to be used according to the present 

invention can be carried out dry or wet. :i;.f:,it is carried out 
dry, the starting compounds are advantageou,sJy used as fine powd­
ers and after mixing and, if desired, compa:dtion are subjected to 

. ··:.'·.: 

calcination. However, the intimate mixing is.preferably carried 
40 out wet. Here, the starting compounds are .1J~gally mixed with one 

another in the form of an aqueous solution :,~*d/or suspension. For 
example, the drying process can directly foi~ow the preparation 
of the aqueous mixture and be carried out by' .spray drying (the 
outlet temperatures are advantageously froilt"::.lOO to 150°C), which 

: ·-,;•. 

45 gives a particularly intimate dry mixture. 
. . ·. ~ 

.;_._ 
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It is important for the purposes of the present invention that 
the process of the present invention can:~~so be carried out 
using multimetal oxide compositions I, I!\and/or III with the 
excep'tion of those multimetal oxide compo~:~tions which are ob-

5 tainable by intimately mixing dehydrogen~ting oxides such as mag­
nesium, zinc, aluminum, chromium, copper ,>·potassium and/or iron 
oxide with an oxidic bismuth molybdate (with or without addition 
of a small amount of water) and, (if desir~d after drying) 
hardening at elevated temperature (eg. about 600°C). 

10 

This means that the proce.ss of the present. invention can also be 
successfully carried out using multimetal-oxide compositions I, 
II and/or III with the exception of those multimetal oxide com­
positions comprising a dehydrogenating met~l oxide such as mag-

15 nesium, zinc, alluminum, chromium, copper/potassium and/or iron 
oxide as were used in the publications by, A.:N. Schatalowa stated 
as prior art. 

20 

25 

The reaction temperature employed in the iz).dustrial process of 
the present invention is advantageously fro.m 350 to 650°C. The 
process of the present invention ensures a·~particularly high 
safety standard of temperatures s 550°C, preferably s 500°C. Since 
temperatures of < 400°C have a disadvantag~pus effect on the con­
version, the most favorable temperature r~11ge according to the 
present invention is thus from 400 to 550°C.~ preferably from 400 
to 500°C and particularly preferably from 425 to 475°C. 

These statements ~pply particularly when multimetal oxide com-
30 positions of the general formulae I, II and/or III are employed 

as catalysts. 

Of course, the reaction gas starting mixtt:1r.e to be used according 
to the present invention can be preheated :before being fed to the 

35 catalyst charge. It is here not disadvantageous if the reaction 
gas starting mixture is preheated to the de~·ired reaction tem­
perature before being fed to the catalyst ;··~barge. For this pur­
pose, a heating apparatus can be provided,~pstream of the actual 
oxidation reactor •. 

40 

If multitube fixed-bed reactors as are described, for example, in 
the documents DE-A 28 30 765, DE-A 22 01 52~ or US-A 3 147 084 
are eml?loyed, such an upstream heating appa:ratus can comprise, as 
a particularly simple example, a tube sect.:i.9n which contains no 

45 catalyst and is heated to the reaction temperature. This section 
can, however, also contain no tubes and ca~_ thus correspond to an 
(individual) tube having a cross section up.·to that of the reac-
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tor. Any partial thermal and/or oxidative dehydrogenation of·the 
propane to give propylene associated with-~uch preheating does 
not adversely affe¢t°the success of the pr9cess of the present 
invention. This also applies when the cori:~i:;ponding decomposition 

5 equilibria are established during such preheating. 

Multitube fixed-bed reactors suitable for the industrial process 
of the present invention comprise at least ::1, 000 individual 
tubes. In general; :they comprise not more than 50,000 individual 

10 tubes. A number of at least 5,000 or at lea~t 10,000 individual 
tubes is typical. ~be number of tubes acco~odated in the reac­
tion vessel is frequently from 15, 00.0 to 30·:,ooo. Such multi tube 
fixed-bed reactO.I:'S correspond in type to sh~ll-and-tube heat 
exchangers, ie. their simplest type of construction comprises a 

l5 generally cylindrical vessel in which a pititality of tubes (a 
tube bundle) corre~_ponding ·to the cooling tµbes of a shell-and­
tube heat exchanger is acconunodated in a cu,~tomarily vertical 
arrangement. Furthermore, heat exchange meg~:a are passed through 
the space surrounding the tubes in order·. tOY:dissipate the process 

20 heat. The tubes.ar~ -usually made of ferritic steel and typically 
have a wall thickness of from 1 to 3 mm. Th~ir internal diameter 
is generally from 20 to 30 mm. The tube length normally extends 
to a few meters (a tube length in the range/from 2 to 4 m is 
typical). The tub~s are normally homogeneoti.~1y distributed within 

25 the reactor. 

It is essential to the present invention t:bc~t, as described in 
Catalysis Today, 13 {1992), p. 676, tQ.e cat,Cl,lyst surface destroys 

30 
free radicals, whicl). is why the explosive tendency (keyword: 
free-radical chain reaction) in the process··,:of the present inven­
tion is most pronounced in the front end of the catalyst charged. 
In this respect, it is of particular importance that the use ac­
cording to the present invention of the . r~;a6iant propane as di­
luent surprisingly>reduces the explosive ,t~~dency of the reaction 

35 
starting mixture .·rnore than does the use of··~he of the inert di­
luent gases known per se, viz. Nv co, co:z~:;'~oble gas and/or H20. 
Also surprising is.the increased selectivi:tf'of acrolein forma­
tion obtained according to the present inveI1tion. 

40 
'' ~ . 

As already mentioned in the introduction, :th~ working pressure in 
the process of the present invention may eX:t~nd over a wide range 
(typically from 0.5 atm to 10 atm). The wor.Jd.ng pressure is ad­
vantageously from 1 to 3 atm, preferably frpm 1 to 2 atm. When 

45 multitube fixed-bed reactors are used, the total space velocity 
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in the process of the present invention is generally set to va­
lues of from 200 to 3500 standard 1/1/h. 

The acrolein formed can be separated in a manner known per se 
5 from the product gas mixture obtainable according to the present 

invention. Unreacted propane and any propylene formed can be re­
circulated to the oxidation stage (continuous procedure) and/or 
used further elsewhere (eg. combustion in thermal power stations 
to produce energy, synthesis gas or acetylene, etc.). In the case 

10 of recirculation to the oxidation stage, inert diluent gases such 
as C02, CO, H20, etc. formed as by-products in the oxidation stage 
are generally at least partially removed so that the composition 
of the reaction gas starting mixture remains as required accord­
ing to the present invention. 

15 

Another possible further use of the product gas mixture resulting 
from the process of the present invention is the catalytic gas­
phase oxidation known per se of the acrolein present therein to 

20 
give acrylic acid._ For this purpose, the product gas mixture ob­
tained according to the present invention can most simply be fed 
as such into an appropriate downstream gas-phase oxidation stage. 
It is advantageous according to the present invention that the 
unreacted propane present in the product gas mixture likewise 

25 
acts as diluent gas to lower the explosive tendency in such a 
subsequent gas-phase oxidation stage and increases the process 
safety in this region too. The simplest apparatus for carrying 
out this second oxidation stage is formed by an extension of the 
catalyst bed of the first oxidation stage. Another simple appar-

30 

35 

atus for carrying out the two oxidation stages is formed by a 
tube bundle reactor within which the-catalyst charge changes ap­
propriately along the individual tubes after the end of the first 
reaction step. However, the two oxidation stages can also be car­
ried out in two oxidation reactors connected in series (for the 
acrylic acid stage, appropriate tube bundle reactors can be used, 
as described for the acrolein stage; they are known in the prior 
art; cf., for example, DE-A 4 431 949 and literature cited there­
in;). In this case, the other reaction conditions, eg. the reac­
tion temperature, can also be optimally matched in a simple 

40 
manner. Advantageously, the molecular oxygen required in this 
case for the second oxidation stage is fed only to the second ox­
idation reactor. The amount of oxygen additionally fed in is pre­
ferably selected such that the feed gas mixture for the acrylic 
acid stage comprises an amount of 02. which is from at least stoi-

45 chiometric to about three times stoichiometric. The safety of the 
second oxidation stage (acrylic acid stage) can be additionally 
increased by removing water vapor and co2 formed as by-products in 
the first oxidation stage from the product gas mixture leaving 
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the first oxidatibn stage before it is tr~nsferred to the acrylic 
acid stage. Of course, it is also possible,/in .this respect to 
separate the acroi~in present either comp"i~tely or at least from 
part of the other: ·gas components ( eg. co, }#92, H20, Ni ) present in 

5 the product mixture before the latter is.~$4 to the second oxida­
tion stage. It is self evident that the product gas mixture can 
have its composition altered as desired by;'~xternal addition of 
gaseous components (eg. water vapor) before such further use for 
preparing acrylic acid. Propane and/or acrb.iein still present in 

10 the product gas mixture from such a downst±:.eam acrylic acid stage 
can likewise be separated off and recircula~ed to the acrolein 
and/or acrylic acid stage and/or passed to ;:anaother use elsewhere 
( eg. combustion in thermal power stations .:to produce energy, 
preparation of synthesis gas or acetylene, .. etc. ) • 

15 

The reaction temperature in such a downstream acrylic acid stage 
is advantageously :from 200 to 350°C, preferably from 230 to 330°C 
(an appropriate heat exchanger is advantag4!:!ously installed 
between the two oxidation stages). The multimetal oxide catalysts 

20.employed in such ~n acrylic acid stage are the multimetal oxides 
comprising Mo and v as main constituents to'be employed in a 
manner known per se. such suitable multimet(ll oxide catalysts are 
described, for example, in US-A 3 775 474, US-A 3 954 855, US-A 3 
893 951 and US-A 4 339 355. The multimetal 1oxide compositions of 

25 EP-A 427 508, DE-A 2 909 671, DE-C 3 151 805, DE-B 2 626 887 and 
DE-A 4 302 991 are also particularly suitable. 

Many of the multimetal oxide catalysts suj_table for the acrylic 

30 acid stage can be described by the general formula IV 

where the variables have the following meanings: 
35 

40 

xn is one or more_ alkali metals, 
x12 is one or more· alkaline earth metals, 
x1J is chromium, manganese, cerium and/or niobium, 
xi4 is antimony and/or bismuth, 
cis is silicon, aluminum, titanium and/or ·zirconium, 

a" is from 1 to 6 , 

b'" is from 0 . 2 to 4, 

c!" is from O • 5 to 6, 
45 

d 11 is from 0.2 tQ 6, 

e'" is from 0 to 2, 

(IV), 
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f" is from 0 to 3, 

g" is from 0 to 5, 

h.'11 is from 0 to 40, 

5 ~- is from 0 to 40 and 

ti" is a number which is determined by the valence and frequency 
of the elements different from oxygen. 

They are obtainable in a manner known per se (see, for example, 
10 DE-A 4 302 991) and are customarily used in unsupported form sha­

ped into spheres, rings or cylinders or else are used in the form 
of coated catalysts, ie. preshaped inert support bodies coated 
with the active composition. Of course they can also be employed 
as catalysts in powder form. 

15 

20 

25 

The source of the molecular oxygen required as oxidant in the 
process of the present invention can be, for example, air. How­
ever, since molecular oxygen occurs in air only in association 
with the inert gas N2 and it is advantageous according to the 
present invention to work without the presence of inert gases in 
the reaction gas mixture, the oxygen required for the process of 
the present invention is normally taken from a pure oxygen 
source. 

In the present document, conversion and selectivity are, unless 
otherwise indicated, defined as follows: 

30 Conversion C of pro-
Number of mol of 
propane reacted 

35 

40 

45 

pane on a single (mol-%) = 
pass 

Selectivity s of 
acrolein formation 
on a single pass 

Examples 

(mol-%) = 

Number of mol of 
propane used 

Number of mol of 
propane reacted to 
form acrolein 

Total number of mol 
of propane reacted 

x 100; 

A) Preparation of multimetal oxide compositions MI to MIII to be 
used as catalysts according to the present invention 
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413.3 g of bismuth nitrate pentanydrate. (Bi(N03 )3 D 
.···:· .. ·· . 

SH20; from Merck, Darmstadt) \IJE!fre dissolved in 400 ml 
of water at 25°c and acidif ied_i~~th 40 ml of concen­
trated nitric acid (65 % streI'lg'tJ;tby weight aqueous 
solution) to give an aqueous s9.l..~tion A. 

-:: 
':::··.:~\ 

In addition, first 79.31 g of ~onium heptamolybdate 
tetrahydrate (81.7 %"by weight'qf Mo03 ) and then 
65.29 g of ammonium metavanada't,~_:(75.2 % by weight of 
V20s) were dissolved in 800 ml of .water at 95°C. The 
resulting solution was cooled ~p· ·sooc and 47 ml of a 

'. ,. 

25 % strength by weight aqueous NH) solution were then 
added to give an aqueous soluti9nB having a pH of 10. 
Furthermore, 1. 7 g of silver ni;~rate were dissolved in 
5 ml of water to given an aquedui;; solution c. 

The aqueous solutions A and C w~~e then introduced in 
the specified order (while mairi£-~ining the temperature 
at 80°C) into the aqueous solution B at aooc while 
stirring vigorously, the result~pg aqueous suspension 
was stirred for 1 hour while ma~I)taining the tempera­
ture at sooc and subsequently e·~ra.porated slowly on a 
water bath at 80°C while stirri~g 'at atmospheric pres­
sure until a slurry-like consisiency was reached. The 
resulting mass was then dried fOJ; 16 hours at 120°C and 
1 atm and finally broken up into· ·catalyst pecursor par­
ticles having a number averagen.laximum diameter of 
5 mm. The latter were finally c~icined for 6 hours at 
520°C in air and milled to give:ilctive·composition par­
ticles having a number average ciiameter of 150 µm. 

The stoichiometry.of the active composition particles 
was: 

Bio, as Vo, 54Moo, 45Ago, 01 Ox· 

MII: 181.9 g of vanadium pentoxide fV2Ps, > 99 % by weight 
from Merck, Darmstadt) were int~'64uced while stirring 

40 into a mixture of 850 ml of wat~'~ and 230. 5 g of 85 % 

strength by weight aqueous phosp~c;>+ic acid (H3P04). The 
resulting aqueous suspension wa.~',:refluxed for 5 hours 
at l00°c at atmospheric pressur~·;\,~hile stirring and 

45 
subsequently evaporated at atmtis~~eric pressure on a 
water bath at 80°C until a slurry;;.;like consistency was 
reached. The resulting mass was:dried at 12ooc at at­
mospheric pressure for 16 hours'~~d finally broken up 

··· .. ··.· 
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into c~talyst precursor particlE!s having a number aver­
age ma!kimum diameter of 5 mm. ':t'~e latter were finally 
calcined for 3 hours at soo0 c n1.~ air and crushed to 
give active composition particl~s having a number aver­
age ma~imum diameter of from 1 to 2 mm. 

The stoichiometry of the active composition particles 
was: VOP04. 

MIII: 500 g of H3PM012040-hydrate (SO % by weight of Mo, from 
Merck, Darmstadt) were dissolved in 1000 ml of water at 
2soc. 327"0.6 g of an aqueous Bi(N03)3 solution (11.1 % 
by wei~ht of Bi, acidified to pH = 0.3 with HN03) were 
added dropwise over a period of 15 minutes while stir­
ring to the first solution. The resulting aqueous sus­
pension was evaporated at atmospheric pressure on a 
water bath at 70°C while stirring until a slurry-like 
consistency was reached. The mass. thus obtained was 
then dried for 16 hours at 120°c and atmospheric pres­
sure and finally broken up into catalyst precursor par­
ticles having a number average maximum diameter of from 
5 to 6 mm. These were calcined in air, first for 
4.5 hours at 460°c and then for 2 hours at 52ooc, and 
crushed to give active composition particles having a 
number average diameter of from 1 to 2 mm. 

The stoichiometry of the active composition particles 
was: BiaPM0120x. 

B) Catalytic gas-phase oxidation of propane using the multimetal 
oxide compositions MI to MIII as catalysts 

El: In a V2A steel reaction tube having an internal diam­
eter of 17 mm (wall thickness: 2 mm), a length of 25 cm 
and fitted with a thermocouple sheath having an exter­
nal diameter of 3 mm running centrally along the entire 
tube, an active composition charge comprising 2 g of 
the_ active composition particles MI and 10 g of stea­
tite spheres (2 mm diameter, for diluting the active 
composition) was placed on a fine support mesh of V2A 
steel which closed off the reaction tube. The reaction 
tube itself was surrounded along its entire length by a 
salt bath at 450°c. 6 standard l/h of reaction gas 
starting mixture at 2soc was fed into the reaction tube 
from the opposite end to the support mesh. The product 
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16 
gas mixture leaving the tube w~s analyzed on-line by 
gas chromatography. < 

Depending on the composition z of the reaction gas 
starting mixture, the following results were obtained: 

z •, 

" 

N2 Propane 02 C02 s (aero-
(% by (% by (% by ,, le in, (% by 

volume) volume) volume) volume)' mol%) 

- 33 67 - 5 

- 50 50 - 6 

- 75 25 - "'.• 
8 

- 80 20 - 9 

10 45 45 - 8 

- 45 45 10 8 

It is surprising that the selectivity of acrolein 
formation increases with an increasing proportion of 
propane in the feed gas mixture. 

As El, but the active compositio~ charge comprised a 
mixture of 4 g of the active composition particles MII 
and 20 g of the steatite spheres. In addition, the feed 
rate of the propane/02 reaction. :gas starting mixture 
was 20 standard l/h and the salt bath temperature was 
480°C. 

The results obtained are: 

Z. 

Propane (% 02 S (aero~ 
by volume) (% by vol- lein, mol%:) 

ume) ·.·: 

67 33 6 . -~ ~: : ': 

80 -20 9 

As El, but the active compositi.on charge consisted ex­
clusively of 4 g of the active· composition particles 
III. 

The results achieved are: 
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.· ·z 

. :.· :-

(acr();;; Propane · '. ·· · 02 s 
(% by vol-' (% by vol- lein, mol%) 

ume) ume) 
5 

67 .;. 33 5 

80 20 8 

C) Examination of the explosive tendency of various reaction gas 
10 starting mixtures 

The experimentswere carried out in a closed, spherical 5 1 high­
pressure vessel made of stainless steel. The gas mixture was made 
up in the initially evacuated high-pressure vessel by means of 

15 the partial pressure method. After a mixing time of 10 min by 
means of a magnetic stirrer, an attempt was made to ignite the 
gas mixture (in each case at a .pressure of 2 atm and an initial 
temperature T) by .means of a platinum wire heated to melting. 

20 Any self-propagating reaction front (explosion) triggered in this 
way was detected ~y.means of the rise over time of the internal 
pressure in the vessel (measured using a piezoelectric pressure 
sensor) and by means of the increase in the temperature in the 
vessel. 

25 

30 

35 

40 

45 

The following results were obtained 
(+: explosion; -: no explosion) 

Composition of gas mixture 

a) 59 % by volume of propane 
41 % by volume of 02 

b) 59 % by volume of propane 
41 % by volume of 02 

c) 61.5 % by volume of propane 
38.5 % by volume of 02 

d) 61.5 % by volume of propane 
38.5 % by volume of 02 

e) 59.0 % by volume of propane 
38.5 % by volume of 02 
2.5 % by volume of N2 

f) 59.0 % by volume of propane 
38.5 % by volume of 02 
2.5 % by volume of N2 

g) 59.0 % by voluil\e of propane 
38.5 % by vol um~ of 02 
2.5 % by volume of C02 

Initial tempera- Explosion? 
ture T 
s 2ooc -
> 2ooc + 

s 120°c -

> 120°C + 

s 41oc -

> 41°C + 

:S 50°C -
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Composition of gas mixture 

h) 59.0 % by volume of propane 
38.5 % by volu~e of 02 

s -2.5 % by volume of c62 

10 

i) 59. o % by voluxne of propane 
38.5 % by voluµie of 02 
2.5 % by volilme of He 

j) 59.0 % by volume of propane 
38.5 % by volume of 02 
2.5 % by vol~me of He 

k) 65.5 % by volume of propane 
34.5 % by volum~ of 02 

l) 65.5 % by volume of propane 
34.5 % by voluilte of 02 

15 m} 67. 5 % by volume of propane 
32.5 % by volume of 02 

n) 67.5 % by volume of propane 
32.5 % by volu~e of 02 

o) 65.5 % by volume of propane 
20 32.5 % by voltime of 02 

25 

2.0 % by volume of N2 

p) 65. 5 % by volume of propane 
32.5 % by volume of 02 
2.0 % by volume of N2 

Initial tempera­
. ture T 

,·· ... ·::-;-:: .--.::. 

> lQOC 

s 26QOC 

> 260°C 

> 22ooc 

Explosion? 

+ 

+ 

+ 

+ 

+ 

The results demonstrate that, starting from a particular gas mix­
ture consisting of only molecular oxygen and propane (having a 
proportion of prop~ne of at least about 60 % by volume), addition 
of propane has a significantly greater effect in reducing the ex-

30 plosive tendency of· the gas mixture than does an addition of an 
inert diluent gas. 

In summary, the above examples thus demonstrate without doubt 
that for the industrial heterogeneously, catalyzed gas-phase ox-

35 idation of propane with molecular oxygen, the reactant propane is 
surprisingly by far the most favorable diluent gas. 

40 

45 

: _, 
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We claim: 

5 1. A process for the industrial heterogeneously catalyzed gas­
phase oxidation of propane to acrolein in an oxidation reac­
tor which is fed with a gas mixture comprising, apart from 
propane and molecular oxygen as oxidant, at most one inert 
diluent gas, wherein the feed gas mixture comprises more than 
70 % by volume of propane and at least 5 % by volume of mol­
ecular oxygen. 

10 

15 

20 

25 

2. A process as claimed in claim 1, wherein the feed gas mixture 
comprises at least 75 % by volume of propane. 

3. A process as claimed in claim 1, wherein the feed gas mixture 
comprises at least 80 % by volume of propane. 

4. A process as claimed in claim l, wherein the feed gas mixture 
comprises at least 85 % by volume of propane. 

5. A process as claimed in claim l, wherein the feed gas mixture 
comprises at least 90 % by volume of propane. 

6. A process as claimed in claim l, wherein the feed gas mixture 
comprises 95 % by volume of propane. 

7. A process as claimed in any of claims 1 to 5, wherein the 
30 feed gas mixture comprises at least 10 % by volume of molecu­

lar oxygen. 

35 

40 

45 

8. 

9. 

A process as claimed in any of claims 1 to 4, wherein the 
feed gas mixture comprises at least 15 % by volume of molecu­
lar oxygen. 

A process as claimed in any of claims 1 to 3, wherein the 
feed gas mixture comprises at least 20 % by volume of molecu­
lar oxygen. 

10. A process as claimed in claim l or 2, wherein the feed gas 
mixture comprises at least 25 % by volume of molecular oxy­
gen. 
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THlS SHEET HAS BEEN 
. ; f\EPLACED 

11. A process as ·ci?timed in claim 1, wher~'.;Ln the feed gas mixture 
comprises <30 % by volume .. ~f molecula¥. oxygen • 

. : ' . . ·~." . ·-

12. 

. :.~_.;.;._~·· . 
. ,_. ... 

• .. : 

A process a~.claimed in any of claims) to 10, wherein the 
inert diluent-gas which may be concolllitantly used is N2 , co, 
co2 , a nobei gas and/or water vapor. 

13. A process as claimed in any of claims.I to 12, wherein the 
catalyst used is a multimetal oxide composition of the gen­
eral formula I. 

15 where 

20 

25 

30 

35 

40 

xi = v, Nb, .Ta, Cr, w, Ga, Ce and/or ta, ... : . 
·.". 

x2 = Li, Na,- K, Rb, Cs, Cu, Ag, Au, Pd and/or Pt, 

x3 = Sn, Pb, Sb, Bi, Te, Fe, Co and/or Ni, 

x4 = Si, Al, Ti and/or Zr, 

a = 0 - 2, ·} .with the proviso thatthe sum of 

d = 0 2, . a and .d is at least 0.-20; 
b = 0 1.5,} with the proviso that 'the sum of 

c = 0 10, . b and c is at least 0. l; 

e = O 0~5, 

f = 0 

g = 0 

o.s, 
20_ and 

h = a number different from zero whic.h is determined by the 
valence and frequency of the elements different from 
oxygen in I. 

14. A process as claimed in any of claims 1. to 12, wherein the 
catalyst used is a multimetal oxide composition of the gen­
eral formula II 

·-·:: 

· .. ,. 

where 

45 xs = v, Nb, _Ce,. Ta, Fe, Ga and/or P, 

x6 = Ag, Li, Na, K, Rb, Cs, Tl, Pd, P't:r Au, cu, Pb and/or 
Te, 

ili1i1Huinr 
---·---- --- --- --------

l lllllll llllll 11111 lll\l·lNlll 
* C L M S * 
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15. 

16. 

17. 

18. 

19. 

X7 = Si, 

a' = 0.2 

b' = 0.3 

c' = 0 

d' = 0 

e' = 0 

Al, Ti 
;.._. 2, 

1.5, 

2, 

0.5 

20 and 

21 
and/or Zr, 

THIS S~:~ET HAS BEEN 
··REPLACED 
.. , ··. 

f' = a number different from zero which is determined by the 
valence and frequency of the et¢ments different from 
oxygen in II. 

A process as claimed in claim 14, wherein xs = v, Nb and/or 
Ce. 

A process as claimed in claim 14, wherein xs = v, Nb or a 
mixture thereof. 

A process as claimed in any of claims 14 to 16, wherein x6 = 
Ag, Li and/or Na. 

A process as claimed in any of claims 14 to 17, wherein c' = 
0.2 - 1. 

A process as claimed in any of claims 14 to 18, wherein d' = 
0.001 - 0.1. 

20. A process as claimed in any of claims i to 12, wherein the 
30 catalyst used is a multimetal oxide composition of the gen­

eral formula III 

(III), 

35 
where 

xs = v, Nb, Ta, Cr, Mo and/ or W,: · 

40 

· Ullllll 111111 ·1111111111111111 
* C 'L M S * 

45 
:-: 
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x9 = 
22 

THIS SHEET HAS BEEN 
.REPLACED 

Sn, Sb, Bi, Te, Fe, Co, Ni, Cu, La and/or Ce, 
xio = Li, Na, K, Rb and/or Cs, 

a" = 
b" = 

c" = 
d" = 

1 10, 

0 0.5, 

O 0.5 and 

a number different from zero which is determined by the 
valence and frequency of the elements different from 
oxygen in III. 

21. A process as claimed in claim 20, wherei.n xs = V, Nb and/or 
Ta. 

15 22. A process as claimed in claim 20 or 21, wherein X9 = Sn, Sb, 
Bi and/or Te. 

20 

23. A process as claimed in any of claims 1 to 22, wherein the 
working pressure is from 0.5 to 10 atm. 

24. A process as claimed in claim 23, wherein the working pres­
sure is from 1 to 3 atm. 

25 25. A process as claimed in claim 23, wherein the working pres­
sure is from 1 to 2 atm. 

30 

26. A process as claimed in any of claims 1 to 25 carried out in 
a fluidized catalyst bed. 

27. A process as claimed in any of claims 1 to 25 carried out in 
a multitube fixed-bed reactor. 

28. A process as claimed in any of claims 1 to 27 carried out at 
35 from 350 to 650°c. 

29. A process as claimed in claim 28 carried out at from 400 to 
55ooc. 

40 
30. A process as claimed in claim 28 carried out at from 425 to 

475°c. 

31. A process as claimed in any of claims 1 to 30, wherein the 
45 reaction gas mixture is preheated to the reaction temperature 

before being fed to the catalyst charge. 
------------···. --------·------------······---··------· ... 

---·-------------- ---· ----- ----

\\11\11\ \\\I\\ 111\\ \\1\1 \t\'I\ 
* C L M S 
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32. A process as claimed in any of claims 1 to 31 which is car­

ried out continuously, with unreacted propane and/or propene 
. ~;-.;, .. ~\ . . <~ ~- <:: 

33. 

34. 

35. 

present in the product gas mixture bE!liig separated off and 
returned to the gas-phase oxidation. 

An industri.al process for preparing acrylic acid, wherein an 
acrolein-containing product gas mixture is first produced by 
a process as claimed in .any of claims 1 to 31 and the acro­
lein present therein is subsequently further oxidized in a 
second oxidation st~ge to give acrylic acid. 

A process as claimed in claim 33, wherein the acrolein-con­
taining product gas mixture produced by a process as claimed 
in any of claims 1 to 31 is fed as such, ie. without prior 
removal of substances, to the second oxidation stage for pre­
paring acrylic acid. 

A process as claimed in claim 34 which is carried out con­
tinuously, with unreacted propane and/or propene present in 
the acrylic acid-containing product gas mixture being separ­
ated off and returned ·to the gas-phase oxidation and/or 
passed to another use elsewhere. 

-·-···----·---··- ----------------·-
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