Method for the production of a nanocrystalline molybdenum mixed oxide The invention relates to a
method for the production of a nanocrystalline molybdenum mixed oxide, the use of the molybdenum
mixed oxide as catalyst for chemical conversions as well as a catalyst which contains the molybdenum
mixed oxide. 10 Until now, molybdenum mixed oxides have been obtained in the state of the art by
precipitation methods, sol-gel methods or solid-state reactions. Molybdenum mixed oxides are used in
the state of the art as 15 catalyst for chemical conversions. Conversions of alkyl compounds or alkene
compounds to acrolein or derivatives thereof as well as a conversion of acrolein to acrylic acid may be
named here as examples. The molybdenum mixed oxide catalysts according to the state of the art
often do not 20 display a sufficient activity in these reactions. WO 2008/028681 and WO 2008/006565
Al disclose a methot€skede fnodietiorrofnahbery sillin e aretoxidds bramixdd hdetalboxides. There is
no indication in these documents that 25 specigl fianRpeystalline molybdenum mixed oxides which are
particularly well-suited as catalyst in particular for the conversion of acrolein to acrylic acid can be
produced with the method. 2 A crystalline molybdenum mixed oxide can be obtained only with
difficulty via convéfitioral theteds: ThrisS 6. AC Cénkivéiset ap - "THesstiictdal ‘genesis ofta complex
(MOVW)5014 oxide:slttrirg Harmal treatmeais.and itS ¥@doX oxide, the use of the

molybdenum mized oxide as catalyst for chemical conversions
&z well as a catalyst which contains the molybdenum mixed

oxide.

10 Until now, molyvbdenum mixed oxides have been obtained in the
state ¢f the art by precipitation methods, scl-gel methods or

solid-state reactlions.

Molybdenum mixed oxides are used in the state of the art as
15 catalyst for chemical conversions. Conversions of alkyl
compounds or alkens compounds to acrolein or derivatives
thereof as well as a conversion of acrolein to acrylic acid
may be named here as examples} The molybdernum ﬁixed oxilde
catalysts according to the stats of the art often do not

20 display a sufficient activity in these reactions.

WO 2008/028681 and WO 2008/00656% Al disclose a method for
the production of nranocrystalline metal oxides or mived meta
oxides. There is no indication in these documents that
25 special nanocrystalline molvbdenum mixed oxides which ars
particularly well-suited as catalyst in particular for the
conversion of acrolein to acrylic acid can be produced with

the method.



5 behaviour at elevated temperatures”, Materials Chemistry and Physics, 103 (2007), 295-304,
disclose that an M00.6870.23W0.090x mixed oxide obtained via spray drying has an amorphous
structure. This mixed oxide is present in the form of large aggregates approximately 5 pm in size. A
partially 10 nanocrystalline structure forms inside the aggregates due to subsequent calcining. A pure
crystalline phase with crystallites more than 1000 am in size forms only after prolonged thermal
treatment at approximately 440C. The production of @ nanocrystalline molybdenum mixed oxide can
15 thus be accomplished only with difficulty. It is clear from 0. Ovsiter et al., "Molybdenum oxide based
partial oxidation catalyst Part 3", journal of Molecular Catalysis A: Chemical 185 (2002), 291-303, that
“a molybdenum 20 mped axide: does: npbaisplay welserystallized pattictes afterdhesmhaltteatment. A

crystalline phas%ngwevgfﬂ%Japgfg to he obsegrved during a copvgrsion of a%glse’in toagrylic acid, i.e.

a crystallization first takes place during the oxidation reaction. Such a catalyst thus has a sufficient 25
activity only afteF &#¥rIBRGedeadtibr pericd®A disaivatiage GRS tolylsdendm HiXEd Bxides
described in the §tataiofthe arkisithusithata unifosreparticle sizesithe mofybdarrummiked oxides

cannot be obtaingg apd,a,coptrol.3Q.0fthe crystallization.Jn particular with regardita thegrystallite
size, is not possible. The BET sur %ﬁf% }are?%;@aémolgggegum mixed oxides describ%d in.the state of
| th

f
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the art is likewis& Thosfi§ tod Small. ‘A sSmalf particle size with'as — o =0 Hoo.ee¥o.zsWo.es0

mixed oxide obtained wvia spray drying has an amorphous
structure. This mixed oxide 1is present in the form of large
aggregates approximately 5 pm in size. A partially
10 nanocrystalline structure forms inside the aggregates due to
subsequent caleining. A pure crystalline phasse with
crystallites more than 1000 nmm in size forms only afier
prolonged thermal treatment at approximately 440°C. The
production of a mnanocrystalline molybdenunm nixed oxide can

15 thus be accomplished conly with difficuley.

It is clear from O. Ovsiter et al., “Molybdenum oxide hased
partial coxidation catalyst Part 37, Jeurnal of Melecular
Catalysis A: Chemical 185 (2002), 29%1-303, that a'maiybdenum
20 mixed oxide does not display well-crystallized particles
after thermal treatment. A crystalline phase, however, was
able to be observed during a conversion of acrolsin o
acrylic acid, i1.e. a crystallization first takes place during
the oxidation reaction. Such a catalyst thus has a sufficient

25 activity only after a prolonged reactlon period.

A disadvantage of the molybdenum mixed oxides described in
the state of the art is thus that a uniform pariticle size of
the molybdenum mixed oxides cannot be obtained and a control
30 of the crystallization, in particular with regard to the
crystallite size, 1s not possible. The BET surface area cf
the molvybdenum mixed oxides described in the state of the art

is likewise mostly too small. A small particle size with as



3 large as possible a BET surface area is desired, particular for catalytic uses. The object of the
present invention was thus the provision of 5 a nanocrystalline molybdenum mixed oxide which, in
catalytic conversions, in particular in a conversion of acrolein to acrylic acid, has an increased activity
and selectivity. The object is achieved by a method for the production of a 10 nanocrystalline
molybdenum mixed oxide, comprising the steps of a) the introduction of a solution, suspension or
slurry which contains a molybdenum starting 15 compound and at least one further metal-containing

© starting compound, selected from a tungsten-containing and/or vanadium-containing starting
compound, into a reaction chamber by means of a carrier fluid, 20b) a thermal treatment of the
solution, suspensigrer urrypybicthcentains tilermodyhdendm stagting compaiiid-and thenat least one
further metal-co%taag@iﬂdgﬁgegtiggrc%@p 1in gJLgatment zone by means of a pulsating flow ata
temperature of from 25200 to 500C, c) the formation of nanocrystaliine molybdenum mixed oxide,

d) the discharge of the nanocrystalline molybdenum mixed oxide obtained in steps b) and c) from the
30reactor. It wastsurprisingly fotind:that:aeaaiformrparicle sizesef the:xmalybdenum mixedwXides can

be obtained by the method, accordingtotheinventionand.agontiolofthgn: e, 1n catalytic
conversions, in particular in a conversion of acrolein to

acrylic acid, has an increased activity and selectivity.

The object 1is achieved by a method for the production of a

10 nanocrystalline molybdénum mixed oxide, comprising the steps

of

a) the introduction of a =solution, suspension or
siurry  which contains & molybdenum  starting
15 compound and at least one further metal-containing
starting  compound, selected from a tungsten-~
containing and/or vanadlium-containing starting
compound, into a reaction chamber by neans of a

carrizr fluid,

_ 20 by a thermal treatment of the solutlon, suspension or
slurry which contains the mnolvbdenum starting
compound and the at least one further metal-
containing starting compound in a treatment zone by
means of a pulsating flow at a temperature cof from

25 200 to 500°C,
c} the formation o¢f nanocrystalline molybdenum mixed
oxlde,
d) the discharge of the nanocrystalline molybgdenum
mixed oxide obtained in steps b) and ¢) from the
30 reactor.

It was surprisingly found that & uniform particle size of the
molybdenum mixed oxides <can be obtained by the method

according to the invention and a control of the



4 crystallization, in particular with regard to the crystallite size, is achieved. The BET surface area was
likewise able to be increased compared with the molybdenum mixed oxides known in the state of the
art. The molybdenum mixed oxide obtained accordingtto the invention is characterized by a crystallite
size in the range of from 5 nm to 450 nm. The catalytic activity of a catalyst containing the
molybdenum mixed oxide vbtaived decordingitouthernvertion: 4y pedticartihahetasescfla tonversion

of acrolein to agrylic acid, was, able to beriacrgased bysoughly:1% camparecbwitbkngui: ceaventional
catalysts. In a first aspect, there is provided a method for the production of a nanocrystalline

molybdenum nit<ed BRI Lo prEiRGThe stepdof A ThETHFSFTEISh BF & SBIUTdn: Stspeiraion or
slurry which containsea siglybdefiubistarting compound and at least one further metal-containing
starting compound, selected from a tungsten-containing and/or vanadium-containing starting
compound, into a reaction chamber by means of a carrier fluid, b) a thermal treatment of the solution,
suspension or Ry WibeKREHERSs e folyb &R stihg Copoltia"aRd tHE at f€dst GHE further
metal-containinghstatting:compatind Hradreatarerivz oae dyyerealisioka pulsating flove atartemperature
of from 200 to 5Q0¢, ¢) the farmatign of nanocrystalline molybdenum mixed oxide, d) the discharge of
the nanocrystalline molybdenum mixed oxide obtained in steps b) and c) from the reactor, 4a wherein
the molybdenum starting compound is a molybdate, the tungsten-containing starting compound is a
tungstate and the«vanaditeincontainiagtstattiyg confpound isca:vabhadate. kratsetoncsaspers, there is

provided a nangerysigline melybdanyip mixed axids Inat canisebiaingd bya methad ag efined
above, wherein its rystaﬁﬁle S|zeGTK|,es in the range of from 10 nm to 450 nm, and wherein it has a BET
surface area ofiffonP24b1FYhi2/g. iR athftd &856ct, Mheré isPHBVIIET e U_E of&a%vfoetystalline

molybdenum mixeq oxidesas defingd ahove as catalysideechemics! COMYEISIPNI S compared

with known conventional catalysts.

In a first aspect, there 1is provided a wmethod =£for the
production of a nanccrystalline molybdenum mixed oxide,

comprising the steps of

&) the introduction of a sclution, suspension or slurry
which contains a molybdenum starting compound and at
least one further metal-containing starting compound,
gelected from a tungsten-centaining and/or wvanadium-
containing starting compound, intce a reaction chamber
by means of a carrier fluid,

b) a thermal treatment of the solution, suspension or
glurry which contains the molybdenum starting
compound and the at least one further metal-
containing starting compound in a treatment zone by
means cof a pulsating flow at a temperature of Irom
200 to 500°C,

¢) the formation of nanocrystalline melybdenum mixed
oxide,

d) the discharge of the nanocrystalline mclybdenum mixed

oxide obtained in steps b) and c} from the reactor,



In a fourth aspect, there is provided the use as defined above for the conversion of acrolein to acrylic
acid. In a fifth aspect, there is provided a catalyst, containing the nanocrystalline molybdenum mixed
oxide as defined above. In a sixth aspect, there is pratdded a method for the conversion of acrolein to
acrylic acid, wherein a catalyst as defined above is used. 4b By the term "mixed oxide" is meant within
the meaning ofthelirventidrea nixetddxide thettcompdsesctwaondnare neetalsiahdzonstittbtes a single
chemical compeunddhat caphie expressedwith aformla, This isgto bedigtinguished agcardingly from
a pure (physical) mixture of several metal oxides. Preferably a molybdate, particularly preferably
ammonium heptaifdly bEafPRFARYdtate S8 UsEPas By Baenim %té’ﬁiﬂ@%d‘rﬁpound. However, it is
clear to a person skilled in the art in this field that other molybdates and molybdenum compounds

known in the state of the art.can aé%%ggtusecghlgr%rde{ fo oﬁpggi\pigégixeg oﬁggog}%ﬁqglgurther

metal-containing starting compound should be used. Tungstates and/or vanadates are preferred
further compouRtsYRESthg e the predért ifferitiofeFhefurtiet dtafng BompoliRd ZrAmafRium
metatungstate aadior=ammenidm mietavanadate is pasticulatly prefereedl A sombination-aithe two last
named is most preferied., fhgmolybdenym statting, sompoynd,and the, atleast ong. further,
metal-containing starting compounds are preferably used together as solution, suspension or slurry. It
is most preferréd iftietarti®ty e8nipddnds are present in solution, 5 in particular in agqueous solution.
If necessary, the solution can be heated in order to achieve a complete dissolution of the starting
compounds, in particular.in the case of poorly soluble starting compounds..The solution of the starting
compounds is a%Lvan"%agejzi)ﬂulsﬂ‘c/?i he:fft%‘};()jet%)E > BOgel%eln a ﬁarti%ﬁ?a\?ﬁ/%[%rgefe‘:%g emtbgéadimce)%t, a solution
of ammonium metatnystate L ArmotmiirReptamolbtkte tetkdydrate altd dnmRoribametanadate
is used in the method aecarding te the invention Rrient®. or during the introduction into the reaction
chamber, a solution, suspension or slurry which contains at least one additional metal salt can be
added to the solution,

In a fourth aspect, there is provided the use as defined above

for the conversion cof acrolein to acrylic acid.

In & fifth aspect, there is provided a catalyst, containing

the nanocrystaliline molybdenum mixed oxide as defined above.

In a s=ixth aspect, there 1is provided a method for the
conversion of acrolein to acrylic acid, wherein a catalyst as

defined above is used.



suspension or slurry which contains the molybdenum starting 20 compound and the at least one
further metal-containing starting compound. The at least one metal salt is preferably a copper salt or
an iron salt or a combination of a copper and an iron $8lt. 25 The addition of a solution, suspension or
slurry contain metal salt to the solution, suspension or slurry which contains the molybdenum starting
compound andBhetdatdleastondrfirther pretid-Containing startingicormpeunddsrings about:a doping of

the resulting molvhdenum mixgd,.4dde.with the 30 cergspardingmetal. Anfine adjustments for the
respective desired catalytic function of the molybdenum mixed oxide can thereby be achieved. 6 In a

particularly prefSF&d BMiGdinfert A58 utiBR b EmnTSRBRT He thltigStafe, SmmdHitRT <<
heptamolybdate ietranydratevdird afmhonigmometayaniadatesto swhich accoppersait solution is added,
is used in the method.aqearding. £a the inyention, sThe p.coppel-3alt ispreferably copper sulphate or
copper acetate. In a further particularly preferred embodiment, a solution of ammonium metatungstate,
ammonium heptamolybdate tetrahydrate and ammonium metavanadate, to which a copper-salt and
iron- 10 salt sokttiofeissadded, as used ibthe enethpdaccondinglty theiaventidniyThexceppensalt is
preferably copper sulRbale aLcoPRaacsiale 8pd tha ion,sahis prefaranip kan.piiale, Ayl as

surprisingly found that the method can be ‘carried out at relatively low temperatures of from 200 to.
500C, particulafRFBrefBfably it 250 toH56C, PattulRlyGpreférably 6368 to08es Hilferto,
preferred temperatuteis=of metelthan=700E hinteed Lip-te: £ 400G nwere> 20kkown, incthesstate of the art.

Quite particulaly surprisingly, i.ts\gg Alse found é@@t gg%c%%”i%gti%g process of the molybdenum

mixed oxide can be controlled in a targeted manner by the method according to the invention, in
particular the size of the crystallites and the pore-size 25 distribution of the corresponding
molybdenum mixedexides T hiscamfurtherxke asivaptageeuslydrflucneed bydtheresidence time in the
flame or by the teaclar.lemperature The. pangervstgline malybdenum mixed exids particles that form
are prevented from agglomerating by the pulsating

and/or vanadates are preferred further compounds according to

the present invention. The further starting compound ammonium
retatungstate and/or ammenium metavanadate is particularly
preferred. A combination of the two last named is most

preferred.



30 thermal treatment. Typically, the nanocrystalline particles are immediately transferred by the stream
of hot gas into a colder zone, where some of the molybdenum mixed oxide crystallites are obtained
with diameters of even less than 20 nm. 7 In the case of the thus-obtainable molybdenum mixed oxide
crystallites, this leads to clearly increased BET surface areas of > 1 m2/g, particularly preferably 2 to
10 m2/g and particularly preferably 3 to 7m2/g. The BET surface area is 5 determined using the
Brunauer, Emmett and Teller method according to DIN 66132. In the method according to the
invention, suspensions can be calcined within a very short period, typically within a few 10
milliseconds, at comparatively lower temperatures than are usual with methods of the state of the art,
without additionat-filtratioprandier drying steps:enwitheutthe additian of additional salvents: The
molybdenum mixed xide.aanperystalifes, hal form hawe. significaplly ngreased BT 13 syrface areas

and thus represent a molybdenum mixed oxide catalyst with increased reactivity, improved rate of

conversion and fABFOVEd setéctivify} i iRtticuB WRR T eard ¥ a édRVE¥sion’df adrblefracrylic acid.
20 The nearly idertitat residénce tknes of eviery molybdentun mixed oxide patticle i thedomogeneous

temperature field created by-the m&thgﬂlégﬁlglt_%iﬂ@@i%tre@g'A@@Mﬂ%&@%ﬁ@%&@&% with
narrow monomodal particle distribution. A device for carrying out the method according to the

. y (
invention in the 58 brBaudidit of stieh SIFEmbAarfanBER stalliHE RIEHT oftide pOWdERS i§ known for
example from DEh201 09892 A cgntikerthe.devicerdesteribédthere and the atethdd discidzed there,

the present method.does notzhewever reguirean upsteeamvaporatiqiy step in which:the;starting
material, i.e. thec30 rgg;ycpsd%rlumdsvtgr%g com ounéj J%Cpetac'geg to.an, evaporation temperature. 8 The
molybdenum starﬂlﬁpg compound and t e further s?ar‘:tiihg compougnds" from which the molybdenum
mixed oxidé§ according to the invention are produced are inserted directly via a carrier fluid, in
particular a carrief gag;sareferably an ferterred embodiment, a sclution of

ammonium metatungstare, ammonium heptamcolybdatre tetrahydrate
and ammonium metavanadats is used in the method according to

the invention.

Prior to or during the introduction into the reaction
chamber, a soclution, suspension or slurry which contains at
least one additional metal salt can be added to the solution,
sugpension or slurry which contains the molybdenum starting

20  compound and the at least one further metal-containing
starting compound. The at least one metal salt is preferably
& copper salt or an iron salt or a combination of a copper

and an iron salt.

[
|2}

The addition c¢f a sclution, suspension or slurry containing
metal salt to the solution, suspensilion or slurry which
contains the molybdenum starting compound and the at least
one further metal-containing starting compound brings about a
doping of the resulting molybdenum mixed oxide with the

30  corresponding metal., Any fine adjustments Ifor the respective
desired catalytic function of the molybdenum mixed oxide can

thereby be achieved.



5 carrier gas, such as for example nitrogen, etc., into so-called reaction chambers, i.e. into the
combustion chamber. Attached exhaust side to the reaction chamber is a resonance tube with a flow
cross-section which is clearly reduced compared with the reaction chamber The floor of the 10
combustion chamber is equipped with several valves for the entry of the combustion air into the
combustion chamber. The aerodynamic valves are fluidically and acoustically matched with the
combustion chamber and the resonance tube geometry such that the pressure waves, created in the
combustion 15 chamber, of the homogeneous "flameless" temperature field spread pulsating
predominantly in the resonance tube. A so-called Helmholtz resonator forms with pulsating flow with a
pulsation frequentcy=obbetieen=10 anc::56:Hzpreferablye386 101 k0 Hz.i20 Mdterial is typically fed

into the reaction.chamber eithet with.an.injector,or with a.suitable, wa-componentnazzle or in a

Schenk dispenser. 25 Preferably, the molybdenum star ing compound is |¥ntrodujced into the reaction
chamber in atorﬁﬁ%oa%?ﬂ?ﬁﬁﬁhmﬁ%ayéaﬁﬁgﬂﬁ 'a fine"distibatiSRER theYabiof Of the feafment zones is
guaranteed. 30&Afterthe thermdl mrixedeoxidesathat colder zonecoftthe theeatderfluidcand discharged

in treatment, the Hanoacrystalling melyhdenum o aresimmediately transferregd-itewa reaction
chamber, if possible by means of with the result that they can be separated the colder zone. The yield
of the method according to the invention is almost 100%, as all of the product that forms can be
discharged fromIthearéaetorer T3pically; thevmetRéa s Chrfideeaiana presitné oiBetiveen 5 15 and
40 bar. A subjeci:efdhednvention.issfurthermarnedha nanecrysmalline caelybdenumymixed oxide that can
be obtained bytgngg%Qg%kum metavanadate, to which a copper-salt and lron-
- 10 salt solution is added, is used in the method according to
the invention. The copper salt is preferably copper sulphate
or copper acetate and the lren salt is preferably ilron

nitrate.

15 It was surprisingly found that the method can be carried out
at relatively low temperatures of from 200 to 5006°C,
particularly preferably from 250 +to 450°C, particularly
preferably from 300 to 400°%C. Hitherto, preferred
temperatures of more than 700°C, indeed up to 1400°C, were

20 known in  the state of the art. Quite particularly
surprisingly, it was also found +that the crystalllization
process of the molvbdenum mixed oxide can be controlled in a
targeted manner by the method according te the inventioen, in
particular the size of the crystallites and the pore-size

2%  distribution of the corresponding molybdenum mixed oxides,
This «an further be advantageously influenced by  the
residence time in the flame or by the reactor Temperature.
The nanocrystalline melybdenum mixed oxide particles that
form are prevented from agglomerating by the pulsating

30 thermal treatment. Typically, the nanocrystalline particles
are immediately transferred by the stream of hot gas into a
colder zone, where some of the molybdenum mixed oxide
crystallites are obtained with diameters of even less than

20 nm.



according to the invention. It was found that the thus- 10 obtainable nanocrystalline molybdenum oxide
preferably has a crystallite size in the range of from 5 nm to 450 nu, preferably of from 10 nm to 400
nm, quite particularly preferably 15 to 250 run, which, as already stated above, can preferably be set
by the pulsation of the thermal treatment. 15 The particle size can be determined by XRD or TEM.
Furthermore, molybdenum oxide particles which have a 'BET surface area of preferably > 1 m2/g,
particularly preferably 2 to 10 m2/g and particularly pr7eferably 3 to 7 m2/g are 20 obtained by the
method according to the invention. The molybdenum mixed oxide obtained according to the invention
is exceptionally suitable for use as catalyst, for example in the catalytic conversion of acrolein to
acrylic 25 acid. Aerylig,acid-gspropeneis.acichbelongs ta the dinsaturated, carbexylig acidssAcrylic acid
s a colourless chemigal gompound, with 2 punoen, vinegary,odou, thal. egn be;mixed 30 with water
and is liquid at room temperature. Kcryllc acidhasa s rong corrosive action and’is flammable.
Large-scale indutarprafuction Tisifally kakés pracs by &apéestabbroxidation bf profsyleriewith the aid
of catalysts. In the fitsicstage, propyleneisicorveded wifly qir torpropenalsurface area is

5 determined wusing the Brunauer, Emmett and Teller method

according to DIN 66132,

In the method according to the invention, suspensiocns can be
calcined within a very short period, typically within a few

10 milliseconds, at comparatively lower temperatures than are
usual with methods of the state of the art, without additional
filtration and/or drying steps or without the addition of
additional solvents. The molybdenum mixed oxides
nanocrystallites that form have sgignificantly increased BET

15 surface dreas and thus represent a2 molybdenum mized oxide
catalyst  with increased reactivity, improved rate of
conversion and improved selectivity, in particular with regard

toe a conversion of acrolein to acrylic acid.

20 The nearly identical residence time of everv molybdenwn mixed
oxide particle in the homogeneous temperature field created by
the method results in an extremely homoganecus end product
with narrow monomodal particle distribution. A device for

~carrying out the method according %o the invention in the

25 producrion of such mwonomedal nanocrystalline metal oxids
powders is known for example from DE 101 0% §%2 Al. Unlike the
device described there and the method disclesed there, ths
present method does not, Thowever, reguire an upsiream
evaporation step in which the starting material, 1.e. the

30 molybdenum starting compound, 3is heated to an evaporation

Temperature.



10 (acrolein). The oxidation of propene’ to acrylic acid takes place in the second stage. Its main use is
polymerization to superabsorhent polymers (use e.g. in nappies), acrylate esters (which are in turn
used for the production of polymers) and as comonomers in the production of polymer dispersions.
The water-soluble polymerisates of acrylic acid are used as finishes and thickeners as well as coatings
for solid dosage forms and as ointment bases. Polyacrylic acid ethyl ester has proved its worth as
copolymerization partner for the 10 production of weather-proof elastomers. A subject of the invention
is thus also a catalyst which contains the molybdenum mixed oxide according to the invention. The
catalyst can be a supported or an unsupported 15 catalyst (bulk catalyst, extruded catalyst). In an
embodiment of thespresantitwention,thetialybdenummiixechoxidecart betpracessed-tagether with a

suitable binder t an, extridate (fablets, shaped hodies. hapeycamb bodies and 20 thedike). Any

binder that is familiar to a person skilled in the art and appears suitable, in particular S|ILc,ate materials,
aluminium oxide’ ZircHATT cOMPFoihdE WARITMGXIdE” 28 Walt as their mixi{ités2afht matérials such
as e.g. cement, Ehay; dilicdfalurdmai cabhdie usedcas bindersa25 Preferretehbihdersrarel mndng others,

pseudoboehnite-as.well ag silicequsrbindersesucheasgolloidal siliconoxide or silicasol. dp-preferred
developments of thg invention, the mglybdenym 30 mixgd oxide an fyiihermae be prpgessed
together with other

Attached exhaust side to the reaction chambery is8 a resonance

tube with a flow cross-section which is clearly reduced
compared with the reaction chamber. The flcor of <ths

10 combustion chamber is eguipped with several wvalwves for the
entry of the combusticn air into the combustion chamber. The
aerpdynamic valves are fluidically and acoustically matched
with the combustion chamber and the resonance tube geomeiry
such that the pressure waves, created in the combustion

15 <chamber, of the homogeneous “flameless” temperature fi@ld
spread pulsating predominantly in the resonance tube. A so-
called Helmheoltz resconator forms with pulsating flow with a
pulsation freguency of between 10 and 150 Hz, preferably 30 to
110 H=z.

20
Material is typically fed into the zreaction chamber either
with an injector or with a sultabls two-comporient nozzle or in

a Schenk dispenser.

25 Preferably, the molybdenum starting compound is dintroduced
into the reaction chamber in atomized form, with the result
that a fine distribution in the region of the treatment zones

is guaranteed.

30 After the thermal treztment, the nanocrystalline molybdenum
mixed oxides that form are Iimmediastely transferred inte a
coldér zone of the reaction chamber, if pessible by means of
the carrier fluid, with the result that they can be separated

and discharged in the cclder zone. The yield of the method



components, preferably with a binder, particularly preferably with an organic binder, for example
organic glues, polymers, resins or waxes, to.a washcoat which can be appliedtoa 11
metallicOrceramicsupport.Optionally,additional impregnating steps or calcining steps can take place.
Preferably, the molybdenum mixed oxide obtained according to the invention is present as coating on
a support. A preferred 5 support material is steatite, steatite spheres are particularly preferred. The
coating is preferably carried out in a fluidized bed coating device known per se to a person skilled in
the art. 10 A subject of the invention is also a method for the conversion of acrolein to acrylic acid,
wherein an above-defined catalyst is used. In the method, acrolein, preferably with oxygen, steam and
15 nitrogen, is passeddatn200:to 408C dveratbed: ofithe eatalyst acto¥ding 0 thelinvgntiome An

improvement with regand {9, acrelein conversion; rate, acrylic acid selectivify-and acrylic acid yield is
apparent in the method according to the invention compared with a method which has been carried out

20 with a catalyst according to the state of the art. The invention is described in more detail with
reference to the%@@wﬁgjemﬁbélrﬁ@ﬁﬁéﬁaﬁrﬂol@@Wmeﬁf@ur@s wiiek srenfotad e fegarded as
limitative. The devicerdsed garresponds

A subject of the invention ls furthermore the nanocrystalline
molybdenum mixed oxide that can be cbtained by the method
according to the invention. It was found that the thus-
10 obtainable nanocrystalline molyvbdenum oxide preferably has a
crystallite size in the range of from 5 nm to 450 om,
preferably of from 10 nm to 400 nm, gquite particularly
preferably 15 to 250 rm, which, as already stated above, can
preferably be set by the pulsation of the thermal treatment.

1% The particle size can be determined by ®RD or TEM.

Furthermore, molybdenum oxide particles which have a BET
surface area cof preferably > 1 m’/g, particularly preferably
2 to 10 m¥/g and particularly preferably 3 to 7 mf/g are

20 obtained by the method according to the invention.

The wmclybdenum mixed oxide obtained accerding to the
invention is exceptionally suitable for use as catalyst, for
example in the catalytic conversion of acrolein to acxrylic

25  acid.

Acrylic aclid or propencic acid belongs to the unsaturated
carboxylic acids. Bcrylic acid 13 a colourless chemical
compound, with a pungent, vinegary odour, that can be mixed
30 with water and is ligquid at room temperature. Acrylic acid has
a strong corrosive action and 1s flammable. Large-scale
industrial production usually takes place by a two-stage
oxidation of propylens with the aid of catalysts. In the first

stage, propylene is converted with air toe propenal



25 largely to the device described in DE 101 09 892 Al, with the difference that the device used for
carrying out the method according to the invention had no preliminary evaporator stage. 30 There are
shown in: 12 Figure 2the XRD spectrum of the doped mixed oxide according to the invention obtained
in Example 7 13 Embodiment examples: General 5 The essential advantages of the preparation with
the aid of the pulsation reactor are the reduction of the overall preparation time, the small outlay (only
the reactor is needed) and the fact that there is no drying and treatment of the product. The desired
BET surface areas, particle sizes and 10 also the crystallinity of the material can be varied in one step
by the pulsation reactor. - The following methods were varied for the preparation of the mixed oxides:
15 Example 1: Ma¥¥¥ M arniant Irteocsalations:were produeed forctheprogductionsid takes

place in the second stage. Its main use is polymerization 1o
superabsorbent polymers (use =e.g. 1n nappies), aczylat@
esters (which are in turn used for the production of polymers)
5 and as comonomers in the production of polymer dispersions.
The water-soluble polvmerisates of acrylic acid are used as
finishes and thickeners as well as coatings for solid dosage
forms and as ointment bases. Polyacrylig acid ethyl ester has
proved its worth as copolymerization partner for  the

10 production of weather-proof elastomers.

A subject of the dinvention is thus also a catalyst which
contains the molybdenum mixed oxide according to  the
invention. The catalyst can be a supported or an unsupported

15 catalyst (bulk catalyst, extruded catalyst).

In an embodiment of the present invention, the molybdenum
mixed oxide can be processed together with a suitable binder
o an extrudate ({tablets, shaped bodies, honeycomb bodies and
20 the like). Any binder that is familiar to a person skilled in
the art and appears suitable, in particular silicate
materials, aluminium oxide, zirconium c¢ompounds, titanium
oxide, as well as thelr wmixtures, and materials such as e.qg.
cement, clay, silica/alumina, can be uszed as binders.
25 Preferred binders are, among others, pseudoboshmite as well as
siliceous binders such as c¢olloidal silicon oxide or silica

seol.

In preferred developmsnts of the invention, the molyvbdenum
30 mixzed oxnide can furthermore be processed together with other
components, preferably with a binder, particularly preferably
with an organic bkindexr, for example organic glues, polymers,

resins or waxes, te a washcecat which can be applied to a



20 For solution 1, 18 1 dis . 1120 was placed in a steel drum and heated. 487.8 g ammonium
metatungstate was added and dissolved. Once 70C had been reached, 3300 g ammonium
heptamolybdate tetrahydrate and 546.6 g ammonium metavandadate were added. Once the
components had dissolved completely, 25 113.4 g antimony trioxide was added and the mixture stirred
for 1 hour at 95C. The solution was cooled to room temperature. Solution 2 was produced by
dissolving 466.8 g copper sulphate 30 in 2880 ml dist.,H20 at room temperature. The two solutions
were mixed at room temperature and stirred for approx. 1 h. A suspension formed. 14 The solution
was atomized in the pulsation reactor as follows: after a heating-Up period, conditional on the
equipment, of sexeral hiours, the suspenrsion was sprayed at differentaeactor temperatures (380, 360,

400C) 5 Air was;ysed as.catrier.gag. The BET syrface.areas of the obtained molybdenum mixed oxide

were between 1 and 4 m2/g. Example 2: MeWV variant 2 10 For the production, 11820 ml distilled
5.20 was mtrodtfcr@desxf%}flz gu?ﬁ‘nrﬂ%n}’&r‘ﬁeﬁ@&a‘i‘ﬁ&y%dé}t}élféefraﬂrﬁté“Wasaaft‘f&é&ﬁ‘%hls and
dissolved. Contingousstiatingwascarded=out durimgiénwhole productiontprotesssisrred

5  support material is steatite, steatite spheres are
particularly preferred. The coating is preferably carried out
in a fluidized bed coating device known per s& to a person

skilled in the art.

10 A subpiject of the invention 1s alzo a method for the conversion
of acrolein to acrylic acid, wherein an above-defined catalvst

is used.

In the method, acrelein, preferably with oxygen, steam and
15 nitrogen, is passed at 200 to 400°C over a bed of the catalyst
according to the invention. An imprevement with regard to
acroleiln conversion rate, acrylic acid selectivity and acrylic
acid yield is apparent in the method according to the
invention compared with a method which has bheen carried out

20 with a catalyst according to the state of the art.

The invention is described in more detail with reference to
the folleowing smbodiment examples and the figures, which are
not to be regarded as limitative. The device used corresponds
25 largely to the device described in DE 101 0% 8%2 Al, with the
difference that the device used for carrving out the nmethod
accerding to the invention had no preliminary evaporator

stage.
30 There are shown in:

Fligure 1 the HRD spectrum of the molybdenum mixed oxide

according to the invention obtained in Example 6



822524 g ammonium metatungstate was then added and dissolved. After subsequent heating to
approx. 80C, 585.6 g ammonium metavanadate was then added and the mixture heated further to
100C. This temperature was maintained for 5 hours, then the 20 solution was cooled to room
temperature. 444 g ammonium acetate was then added, also at room temperature. 25 Half of the 5 kg
batch was doped with iron and copp For this, 1.86 g copper acetate and 4.14 g ironate were dissolved
in 120 ml dist. H20 in each case and then added to the solution. 30 The solution was heated for 12 h
under reflux. A clear, orange-red solution formed. 15 This solution was atomized doped and undoped
into the pulsation reactor at 380C using air as carrier gas. A grey powder with BET surface areas of
3-4 m2/g formed::5Eample 3: MeW\Lrariaph 3:338R0 maldist; 1420 was:placetkima diumis3150.12 g
ammonium heptamolybdate tetrafycrate as aded fe bis: fenieated-and Igtyntilit had comletely
issolved. 10



822.24 g ammonium metatungstate was then added and dissolved. The mixture was then heated to
approx. 80C, then 585.6 g ammonium metavanadate was added and the mixture heated further to
100C. This temperature was maintained. for 5 hours and then 15 cooled to room temperature. After
cooling to room temperature, 444 g ammonium acetate was added. Continuous stirring was carried out
during the whole production process. 20 Doping: The batch was doped with iron and copper. For
this, 3.72 g copper acetate and 8.28 a iron nitrate were dissolved in 240 25 ml dist. H20 in each case
and then added to the solution. Atomization I- results:  The solution was atomized in normal air in
the pulsation 30 reactor. Solution with doping: Temperature:380C 16 Colour of the powder:grey/black.
BET:3.2 Embodiment examples:

General

5 The essential advantages of the preparation with the aid of
the ©pulsation reactor are the reduction of the overall
preparation time, the small outlay {(cnly the reactor is
negeded) and the fact that there is no drving and treatment of
the product. The desired BET surface areas, particle sizes and

10  &also the crystallinity of the material can be varied in cne

gtep by the pulsation reactor.

The fcllowing methods were variled for the preparation of the

mixed oxides:

15
Example 1: MoWV variant 1
Twe solutions were preduced for the production.
20  For solution 1, 18 1 dist. H,0 was placed in a steel drum and

heated. 487,& g ammonium metatungstate was added and
dissclved. Once 70°C had been reached, 3300 g ammonium
heptamolybdate tetrahydrate and 546.6 g ammonium metavandadate
were added. Once the components had dissclved completely,

25 113.4 g antimeony trioxide was added and the mixture stirred
for 1 hour at 85°C. The scolution was cooled to room

temperature.

Solution Z was produced by dissolving 466.8 g copper sulphate
30 in 2880 ml dist. H:0 at room temperature. The two solutions
were mixed at room temperature and stirred for approx. 1 h. A

suspension formed.



XRD:Displays main peak. at 22 Crystallite size:210 A Composition:W 14.7%Theoretical: 9.3% V
6.6%06.2% Mo 45.9%46.9% Fe < 220 ppm2.5% Cu 0.15%3.1% Powder from the filter bags
Temperature:380C Powder:grey/black BET:3.3 XRD:Displays main peak at 22 Crystallite size:201 A
Composition:W 14.6% V 6.7%

14

The golution was atomized in the pulsation reactor as
follows: after a heating-up period, conditicnal on the
agquipment, of several hours, the suspension was spraved at

different reactor temperatures (380, 380, 400°C).

Air was used as carrier gas. The BET surface areas of the

obtained molvbdenum mixed oxide were between 1 and 4 n/g.

Example Z2: MoWV variant 2

For the production, 11820 ml distilled H,0 was introduced.
3150.12 g ammonium heptamolybdate tetravdrate was added to
this and dissolved. Continuous stirring was carried out during
the whole production process,

15
822.24 ¢ ammonium metatunygstate was then added and dissolved,
After subseguent hesating to approx. B0°C, 385.6 ¢ ammonium
metavanadate was then added and the mixture heated further to
100°C. This temperature was maintained for 5 hours, then the

20  sclution wag cocled to room temperature.

444 g ammonium acetate was then added, alsc at room

temperature.

25 Helf of the 5 kg hatch was doped with iron and copper.

For this, 1.86 g copper acetate and 4.14 g iron nitrate wers
dissclved in 120 ml dist. H;0 in esach case and then added to
the sclution.

30
The solution was heated for 12 h under reflux. A clear,

oranga-red solution formed.



Mo 46.9% Fe 240 ppm Cu 2.2% Example 4: PloWV variant 4 Solution 1: 18 litres dist. H20 was placed
in a steel drum and 5 heated. 487.8 g ammonium metatungstate was added and dissolved. Once the
temperature had reached approx. 70C, 3300 g ammonium heptamolybdate tetraydrate and 546.6 g
ammonium metavandadate were added. Once the components had dissolved completely, 113.4 g
antimony trioxide was added and 10 the mixture stirred for 1 hour at 95C. The mixture was then cooled
to room temperature. Continuous stirring was carried Qut during the whole production process. 17
Solution 2: 466.8 g copper sulphate was dissolved in 2860 ml dist. H20 at room temperature. After
cooling solution 1, the two solutions were mixed and stirred for 1 hour. A black solution with fine white
particles formedrAtemizationsh results:-All atemizatiensawarecastied aut:withzzormal air in he

pulsation reactoy, Powder from. the, drum Temperature:380C Powderarey/black, ..,

powder with BET surface areas of 3-4 m?/g formed.
5 Example 3; MoWV variant 3

11820 ml dist. H,D was placed in a drum. 3150.12 g ammonium
heptamolybdéte tetrahydrate was added to this, then heated and

left until it had completely dissolved.

822.24 g ammonium metatungstate was then added and dissolved.
The mixture was then heated to approx.780°c, then 585.6 ¢
ammonium metavanadate was added and the mixture heated further
to 100°C., This temperature was maintainad for 5 hours and then

15 cooled to room temperature.

After cooling tc room temperature, 444 g ammonium acetate was
added. Continucus stirring weas carried out during the whole
production process.

20
Doping:

The batch was doped with iron and copper. For this, 3.72 g
copper acetate and B.28 g iron nitrate were dissolved in 240
25 mwl dist. H;0 in each case and then added to the sclution.

Atomization + results:

The solution was atomized in normal air in the pulsation

30  reactor.
Solution with doping:

Temperature: 380°C



BET:1.0 m2/g XRD:Displays main peak at 22 Crystallite size:207 A CompositionW 9.1%TheoreticaL

9.3% V 6.0%6.2% Mo 45.8%46.9% Sb 1.8%2.5% Cu 2.2%3.1% Powder from the filter bags

Temperature:380C Powder:grey/black BET:1.5 XRD:Displays main peak at 22 Crystallite size:197 A

Composition:W 9.2%Theoretical:9.3%

Coleour of the powder:
BET:

XRD:

Crystallite size:

Composition:

Powder from the filter bags

Temperature:
Powder:

BET:

XRD:

Crystallite size:

Composition:

Example 4: MoWV variant 4

i6

grey/black

3.2

Displevs main peak at 22

210 A

W l4.7% Theoretical:
V 6., 6%

Mo 45.8%

Fe < 220 ppm

Cu 0.15%

[ BN N R T e

N . oy o .

Lo S N

o e W o e
o

380°¢C

grey/black

3.3

Displays main psak at 22
201 A

W 14.6%

V o6.7%

Mo 46.9%

Fe 240 ppm

Cu 2.2%

Seclution 1: 18 litres dist. Hp0 was placed in a steel drum and

Ln

heated. 487.8 g ammonium metatungstate was added and

dissolved. Once the temperature had reached approx. 70°C,

3300 g ammonium heptamolybdate tetraydrate and 346.5 g

ammonium metavandadate were added. Once the components had

dissolved completely,

113.4 g antimony trioxide was added and

10 the mixture stirred for 1 hour at 95°C. The mixture was then

cooled to room temperature. Contilnuous stirring was carried

out during the whoie production process.



V 6.1%6.2% Mo 46.5%46.9% Sb 1.8%2.5% Cu 2.2%3.1% Example 5 (comparison example)
Example 5 was carried out according to US 6,124,499: 5 127 g copper(ll) acetate monohydrate (Cu
content 32.3 wt.-%) was dissolved in 2700 g water (solution 1). 860 g ammonium heptamolybdate
tetrahydrate (81.3 wt.-% Mo05), 143 g ammonium metavanadate (72.2 wt.- % V205) and 126 g
ammonium paratungstate heptahydrate (89.3 wt.-% WO02) were dissolved in succession in 15 5500 g
water at 95C (solution I1). Solution | was then stirred all at once into solution Il and the aqueous
mixture spray-dried at an outlet temperature of 110C. The obtained spray product was kneaded with
0.15 kg water per kg powder. 15 The kneaded matter was calcined in a convection oven in an
oxygen/nitrogensmixttrenThe axygen £ontept was: sehsuehdhat she L2 starting cencentration was 1.5

vol.-% at the oven gutlet. The knead
kept at 300C for 6 h. i

d
TR IS 30 Gt e

materig! was Zﬂg%t heateng 300 at arate of
0t St DR ol dr a6

QC/min and then
Jmin and kept at

400C for 1 h. The'BafilyS{thaBtheconiposifoAMOS2AAEWS. 261111608 ThePcaleRted active material
was ground dowsvia OibpmiebEG pme. white particles formed.

5

10

Atomization + results:

All atomizations were carried cut with normal air in the

pulsation reactor.

Powder from

Temperature:

Powder:
BET:

XRD:
Crystallite

Composition

Powder from

Temperature:

Powder:
BET:

XRD:
Crystallite

Composition:

the drum

the filter bags

size:

380°C

crey/black

1.0 m*/g

Displavs main peak at 22
207 A

W 9.1%
V 6.0%
Mo 45.8%
Sbh 1.8%

Cu 2.2%

380°C

grey/black

1.5

Displays main peak at 22
187 A

W 2.2%

V 6.1%
Mo 46.5%
Sb 1.8%
Cu 2.2%

Theoretical:

1= Y e
. B

Ly o

Theoretical:

(o3
Eassl © By
e o [Ce) oe o
[eied



25 Powder:grey/black BET:1.0 1112/9- XRD:Displays main peak at 22 Crystallite size:> 960 A 19
Example 6 (according to the invention) Solution 1: 5 18 litres dist. H20 was placed in a steel drum and
heated. 487.8 g ammonium metatungstate was added and dissolved. When the temperature had
reached approx. 7000, 3300 g ammonium heptamolybdate tetrahydrate and 546.6 g ammonium
metavandadate were added. Once the components had dissolved completely, 10 113.4 g antimony
trioxide was added and the mixture stirred for 1 h at 95C. The mixture was then allowed to cool.
Continuous stirring was carried out during the whole production process. Solution 2: 466.8-g copper
sulphate was dissolved in 2880 ml dist. H20 at room temperature. 20 After cooling solution 1, the two

solutions were mixed-ard stirea:for-1 fioueARlack solution with fine white particles formed.

Example 5 was carried out according to U8 6,124,498%:

5 127 g copper(Il) acetate monohydrate {Cu content 32.3 wt.-%)
was dissolved in 2700 g water {sclution I}, 860 g ammonium
heptamolybdate tetrahydrate {81.3 wt.-% Mo0,), 143 g ammonium
metavanadafe (72.2 wt.-% V0:} and 126 g ammonium paratungstats
heptahydrate {(89.3 wt.-% WO;) were dissolved in succession in

19 5500 g water at 95°C (sclution II). Solution T was then
stirred ali at once intec sclution II and the agueous mixture
spray-dried at an outlet temperature of 110°C. The obtained

spray product was kneaded with 0.15 kg water per kg powder.

1% The kneaded matter was calicined in a convection cven in an
oxygen/nitrogen mixture. The oxygen content was set such that
the O, starting concentration was 1.5 vol.-% at the cvan
cutlet. The kneaded material was first heated to 300°C at a
rate of 10°C/min and then kept at 300°C for 6 h. The mixture

20 was then heated to 400°C at a heating rate of 10°C/min and
kept at 400°C for 1 h. The catalyst had the composition
Moy VaWy 2Cuy 605

The calcined active material was ground down to 0.1 pm te 50

B
25

Powder: grey/black

BET: 1.0 m¥/g

XRD: Displays main peak at 22

Crystallite size: > 960 A



After atomization of the solution/suspension at 380C in the 25 pulsation reactor, a powder with the
following characteristics was obtained: Powder:grey/black BET:5- 7 m2/g 30XRD (see Figure
1):Displays main peak at 22 Crystallite size:207 A 20 Example 7 (according to the invention) 11820 ml
dist. M20 was placed in a vessel. 3150.12 g ammonium heptamolybdate tetrahydrate was added to
this vessel, then the 5 heating was started and continued until everything had completely dissolved.
822.24 g ammonium metatungstate was then added and the mixture was left until everything had
dissolved. The mixture was then 15 heated to approx. 80C, then 585.6 g ammonium metavanadate
was added and the mixture heated further to 100C. This temperature was maintained for 5 hours,

followed by coolingrigri@on teipperatisg. 45 After taelig thayoom temperature, 444 g ammonium
acetate was added. Continuous stirring was carried out during the whole production process.

Solution 1:

5 18 litres dist. H,0 was placed in a steel drum and heated.
487.8 g ammonium metatungstate was added and dissclved. When
the temperature had reachsd approx. 70°C, 3300 g ammonium
heptamolybdate tetrahydrate and 546.6 ¢ ammonium metavandadate
were added. Once ithe components had disscolved completely,

10 113.4 g antimony trioxide was added and the mixture stirred
for 1 h at $5°C., The mixture was then allowed to cool.
Continuous stirring was carried out during the whole

production process.
1% Sclution 2:

46¢.8 'g copper sulphate was dissclved in 28B0 ml dist. HE,0 at

room temperature.

20 After cocling solution 1, the two soclutions were mixed and
stirred for 1 hour. A black scluticn with fine white particles

formed.

After atomization of the solution/suspension at 380°C in the
25 pulsation reactor, a powder with the following characteristics

was ocbtained:

Powder: ' grev/black
RET: 5 - 7 m2/g
30 XRD (see Figure 1): Displays main pesak at 22

&

Crystallite size: 207 A



Doping: 25 The batch was doped witn and copper. For this, 3.72 g copper acetate and 8.28 g iron
nitrate were dissolved in 240 ml dist. H20 in each case and then added to the solution. 25 After
atomization of the solution at 380C in the pulsation reactor, a powder with the following characteristics
was obtained: Colour of the powder:grey/black 30SET:6 XRD (see Figure 2):Displays main peak at 22
Crystallite size:210 A 21 Example 8 (production of coated catalysts) A fluidized bed coating device
was used to carry out the coating. 5 The steatite sphg es were coated with the various mixed oxide
active materials from Examples 5 to 7 under the following conditions:

10

15

Example 7 {according to the invention)

11820 ml dist. H.0 was placed in a vessel. 3190.12 g ammonium
heptamolybdate tetrahydrate was added to this vessel, then the
heating was started and continued until evérything had

completely dissclved.

822.24 g ammonium metatungstate was then added and the mixture
was left until everything had dissolved. The mixture was then
heated to approx. 80°C, then 585.6 g ammonium metavanadate was
added and the mixture heated furthey to L00°C. This

temperature was maintained for 5 hours, followed by cooling to

room temperature.

After cooling to room temperature, 444 g ammonium acetate was
added. Continuous stirring was carried out during the whole

production process.

Doping:

The batch was doped with iron and copper. For this, 3.72 g
copper acetate and 8.28 g iron nitrate were dissolved in 240

ml dist. H,0 in sach case and then added to the solution.

After atomization of the soliution at 380°C in the pulsation

reactor, a powdar with the following characteristics was

obtained:
Colour of the powder: grey/black
BET: &
XRD {(see Figure 2): ' Displays main peak at 22

Crystallite size: 210 A



10 22.22 g of the powder was weighed into a measuring cylinder, made into a slurry with 500 ml dist.
H20. The resulting suspension was stirred intensively. 8.89 g binder was then added and the mixture
stirred for 1 h on a magnetic stirrer. The "coating" of the produced suspension took place on a 15
weighed-in sample of 80 g steatite spheres of (2 - 4 mm), wherein the active material charge was 20%
(50 g powder per 200 g steatite spheres). The catalyst was then dried in air at 110C. 20 Example 9
(determination of the catalytic performance data of the catalysts) 21 g catalyst(i.e. the above-described
coated steatite spheres), diluted with 350 g steatite spheres with a diameter 25 of 4.5 mm to avoid
hotspots, was poured into a 120-cm long reaction tube with an internal diameter of 24.8 rem to a
length of 105 cnEskhe reastigpicdae-whsHincZ licpadsaltbadiywdteh was able to be heated to
temperatures of up to 500C. In the catalyst bed there was a 3 mm protective tube with an 30
integrated thermocouple via which the catalyst temperature over the complete catalyst combination
was able to be displayed* 218 Gteihfiethe Catatytic péforitiifte tataSactdlevas Bt into the
gas phase by meaasiafza saturator. An air-inert gas mixture was passed through the saturator in such
a way and the thermostat temperature of the saturator set such that an 5 acrolein content of 5 vol.-%
in the feed gas resulted. The reactor feed consisted of a mixture of 7 vol.-% 0, 10 vol.-% steam and

. h stit Yo ; b 3
the remainder N2"The aeroleh ERAFGE Was 150 NEAH af iost 18 THE 48FSlefi #8RvarsidR rate and
the acrylic acid seléetivitywere déterndined ab-amaverage catalyst tenvserature of 250¢ i Thie results of
the tests with the eatalysts yvhich contain the active material according to the examples named in the
table are listed in Table 1. 15
10 22.22 g of the powder was weighed into a measuring cylinder,
made inte a slurry with 500 ml dist. H:C. The resulting
suspension was stirred intensively, 8.89 g binder was then
added and the mixture stirred for 1 h on a magnetic stirrer.
The “coating” of the produced suspension took place on a
15 weighed-in szample of 80 g steatite spheres of ({2 - 4 mm),
wherelin the active material charge was 20% ({50 g powder pex
200 g steatite spheres}. The catalyst was then dried in air at
110°¢C.

20 Exampie 9 (determination of the catalyvtic performance data of
the catalysts)

21 g catalyst {(i.e. the above-described coated steatits
spheres), diluted with 330 g steatite spheres with a diameter
25 of 4.5 mm to avoid hotspots, was poured inte a 120-cm long
reaction tube with an internal diameter of 24.8 mm to a length
of 105 cm. The reaction ftube was in s licquid salt bath which
was able to be heated to temperatures of up te 500°C. In the
catalyst bed there was a 3 mm protective tube with an
30  integrated thermocouple viz which the catalyst temperature
cver the complete catalyst combination was able to be

displayed.



Table 1 1 L. Example 5 (comparison example, state of the art) Example 6 (according to the invention)
Example 7 (according to the invention) Acrolein conversion rate 98.3 99.2 98.7 lAcrylic acid selectivity
I

To determine the catalytic performance data, acrolein was put
inte the gas phase by means of a saturator. An aiz-inert gas
mixture was passed through the saturator in such a way and the
thermostat temperature ¢f the saturator set such that an

5 acrolein content of 5 vol.-% in the feed gas resulted. The
reactor feed consisted of a mixture of 7 vol.~% O, 10 vel.-%
steam and the remainder W,. The acrolein charge was 150 N1/1h

at most.

10 The acrolein conversilon rate and the acrylic acid selectivity
were determined at an average catalyst temperature of 250°C.

The results of the tests with the catalysts which contain th

it

active material according to the examples named in the table

are listed in Table 1.

15
Table 1

Example 5 Example & Example 7
{comparison {according | (accoxding to
example, te the the
state of the | invention} | invention)
art) '

Berolein conversion rate 88.3 99.2 88.7

Acrylic acid selectivity | |95.1 95.3 85.8

Acrylic acid yield 3.5 84 .5 94.86

The ascertained results demonstrate an improvement of the

catalysts accerding to the invention with regard to acrolein
20 conversion rate, acrylic acid selectivity and acrylic acid

yvield compared with a catalyst according to the state of the

art.



95.1 95.3 95.8 Acrylic acid yield 93.594.5 94.6 The ascertained results demonstrate an improvement
of the catalysts according to the invention with regard to acrolein 20 conversion rate, acrylic acid
selectivity and acrylic acid yield compared with a %%talyst according to the state of the art. 23

Claims

1. Method for the production of a nanocrystalline molybdenum

mixed oxide, comprising the steps of

a) the introduction of a solution, suspension or slurry
which contains a molybdenum starting compound and at
least one further metal-containing starting compound,
selected from a tungsten-containing and/or vanadium-
containing starting compound, into a reaction chamber
by means of a carrier fluid,

b) a thermal treatment of the solution, suspension or
slurry which contains the wmolybdenum starting
compound and the at least one further metal-
containing starting compound in a treatment zone by
means of a pulsating flow at a temperature of from
200 to 500°C,

¢} the formation of nanocrystalline molybdenum mixed
oxide,

d) the discharge of the nanocrystalline molybdenum mixed
oxide obtained in steps b) and c¢) from the reactor,

wherein the molybdenum starting compound is a molybdate,
the tungsten-containing starting compound is a tungstate
and the vanadium-containing starting compound is a

vanadate.,

2. Method according to c¢laim 1, characterized in that the
molybdenum starting compound is ammonium heptamolybdate

tetrahydrate.

3. Method according to c¢laim 1 or 2, characterized in that
the at 1least one further metal-containing starting
compound ig ammonium metatungstate and/or ammonium

metavanadate.



Claims 1.Method for the production of a nanocrystalline molybdenum mixed oxide, comprising the
steps of a) the introduction of a solution, suspension or slurry which contains a molybdenum starting
compound and at least one further metal-containing starting compound, selected from a
tungsten-containing and/or vanadium-containing s%arting compound, into a reaction chamber by
means of a carrier fluid, b) a thermal treatment of the solution, suspension or slurry which contains the

molybdepum sfarting,sompaund and the at least ene further mefal-cgntaining startiog campaynd in a

treatment zone by means of a pulsating flow at a temperature of from 200 to 500C, c) the formation of
nanocrystallinetalybEeguranikedoxddalid the dischafge of the nanocrystalline molybdenum mixed
oxide obtained in steps b) and c) from the reactor, wherein the molybdenum starting compound is a
molybdate, the tungsten-containing starting compound is a tungstate and the vanadium-containing
starting Eompolfé 94 vaRgaael 2 ito PREcOHEiMg BiEim 1 tehatactefzea # gat aedmislybdenum

starting compoyid #s ammoniym heptagplyhgate telrahydiate.;3Methad-according A glaimplor 2,
characterized in that the at least one further metal-containing starting compound is ammonium
metatungstate AR BRfMSHiIGRIREtavanatiaté! F28 2, MERDEEEEOR-IING B ohe BT dhairfé 130 3,

characterized ipdhafithe sarrier Juidig@0as the solution, suspension or slurry

which contains the molybdenum starting compound and the at

least one further metal-containing starting compound.

5. Method according to claim 4, characterized in that the

metal salt is a copper and/or iron salt.

7. Nanocrystalline molybdenum mixed oxide that can be
obtained by a method according to one of claims 1 to 6,
wherein its crystallite size lies in the range of from
10 nm to 450 nm, and wherein it has a BET surface area of

from 1 to 10 m%/g.

8. Nanocrystalline molybdenum mixed oxide according to claim
7, characterized 1in that the molybdenum nmixed oxide is

doped.

9. Nanccrystalline mclybdenum mixed oxide according to claim
7 or 8, characterized in that the molybdenum mixed oxide is

doped with Cu and/or Fe.



5. Method according to one of claims 1 to 4, characterized-in that, prior to or during the introduction
into the reaction chamber, a solution, suspension or slurry of a metal salt is added to the solution,
suspension or slurry which contains the molybdenum starting compound and the at least one further
metal-containing starting compound. 6. Method actording to claim 4, characterized in that the metal
salt is a copper and/or iron salt. 7. Nanocrystalline molybdenum mixed oxide that can be obtained by a
method agcording. to gne_of clai , rein | tallite size lies in the.range of from 10 nm to
450 nm,i‘aﬁnd v(age%eir??hgs 1;}%@18gx%%%évggglagoﬁ%g%ét%nﬁn mrﬁ}gx%a N%}ﬁ%)gﬁ/stga Fn%rrc%%)? denum
mixed oxide@bedrtling torcldirmF, chamtistizetidn tiediethe eadlylbderignsiired oxide is doped. 9.
Nanocrystalline molybdenum mixed oxide according to claim 7 or 8, characterized in that the
molybdenum mixed oxide is doped with Cu and/or Fe. 25 10. Use of a nanocrystalline molybdenum
mixed otitle adésfrdirgrraldirmy oF8 aslcatalystForfchentiésd copversionso 10bseatedeling to claim
10 for thg&ogggg;ig% of agrglein to acrylic acid. 12. Catalyst, containing the nanocrystalline
molybdenum mixed oxide according to one of claims 7 to 9. 13. Catalyst according to claim 12,
characterized:-in that the molybdenum mixed oxide is present as coating on a support. 14. Catalyst
accordingto claigy 420543, charaglerized inthat the-catalystcomprises ahindarn 15 Method for the

conversion of acrolein to acrylic acid, wherein a catalyst according to one of claims 12 to 14 is used.
oxide according to one of claims 7 to 9.

13. Catalyst according to claim 12, characterized in that the

molybdenum mixed oxide is present as coating on a support.

14. Catalyst according to claim 12 or 13, characterized in

that the catalyst comprises a binder.

15. Method for the conversion of acrolein to acrylic acid,

wherein a catalyst according to one of c¢laims 12 to 14 is used.



