PF58843 1 Process for regeneration of a catalyst bed deactivated in the
context of pksgaeserogeneously catal yzed partial dehydrogenation of a

. hydrocarbon Description 5 The present invention relates to a process for

regenerating a catal yst bed deactivated in the course of a heterogeneously
catal yzed partial dehydrogenation of a Hydrocarbon to be dehydrogenated to
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25 Dehydrogenated hydrocarbons thus comprise in particular acyclic and cyclic aliphatic

hydrocarbons having one or more C,C double bonds in the molecule.

Examples of such aliphatic dehydrogenated hydrocarbons are:propene, iscbutene,
ethylene, 1-butene, 2-butene and butadiene, and also all pentenes. In other words, the

30 dehydrogenated hydrocarbons include in particular the monounsaturated linear
hydrocarbons (n-alkenes) or branched aliphatic hydrocarbons (e. g. isoalkenes), and
also the cycloalkenes.

In addition, the dehydrogenated hydrocarbons shall also comprise the alkapolyenes

- 35  (e.g. dienes and trienes) which comprise more than one carbon-carbon double bond in
the molecule. Dehydrogenated hydrocarbons should, though, also comprise
hydrocarbon compounds which are obtainable proceeding from alkyl aromatics such as
ethylbenzene or isopropylbenzene by dehydrogenating the alkyl substituents. These
are, for example, compounds such as styrene or a-methylstyrene.

40

Quite generally, dehydrogenated hydrocarbons are valuable starting compounds for
the synthesis of, for example, functionalized, free-radically polymerizable compounds
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40 In principle the processes for preparing dehydrogenated hydrocarbons by
het er ogeneously catal yzed partial dehydrogenation of at |east one

hydr ocar boin particdarPthoBgi8 48 sgatements made in this document apply to Ce- to Cs-alkanes

25  as hydrocarbons to be dehydrogenated and very particularty to Cs- to Cs-alkanes as
hydrocarbons to be dehydrogenated. In other words, hydrocarbons-to be
dehydrogenated in this document are in particular ethane, propane, n-butane and
isobutane, but also 1-butene and 2-butene and also all pentanes.

30  In particular, all statements made in this document apply to propane as the
hydrocarbon to be dehydrogenated and propylene as the resulting dehydrogenated
hydrocarbon, and also to catalysts to be used for this heterogeneously catalyzed
dehydrogenation.

35  Processes for preparing dehydrogenated hydrocarbons are common knowledge (c.f.,
for example, WO 03/076370, DE-A 10 2004 032 129, EP-A 731 077, WO 01/96271,
WO 01/96270, DE-A 103 16 039, WO 03/011804, WO 00/10961, EP-A 799 169, DE-
A 102 45 585 and also German applications 10 2005 061 626, 10 2006 017 623 and
10 2006 035 718 and DE 102006024901.1).

40
In principle the processes for preparing dehydrogenated hydrocarbons by
heterogeneously catalyzed partial dehydrogenation of at least one hydrocarbon to be
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increasing operating time, in order {(under otherwise unchanged dehydrogenation
30 conditions) to maintain the dehydrogenation conversion in single pass of the reaction
gas mixture through the reaction chamber. Among other reasons, this is typically
because there is deposition of carbons and/or high-boiling hydrocarbons on the outer
and inner surface of the catalysts used, which blocks access to the active sites of the
- catalysts, which is normally balanced out from a conversion point of view by increasing
35 the effectiveness of the active sites of the catalysts which remain accessible in each
case by increasing the temperature. '

WO 01/96008 discloses the interruption of the heterogeneously catalyzed
dehydrogenation from time to time in order to remove aforementioned deposits by

40 passing a regeneration gas which comprises molecular oxygen and inert gas but no
hydrocarbon at elevated temperature through the catalyst bed, which oxidizes the
deposits to carbon oxides. A disadvantage of the teaching of WO 01/96008 is that the



PF 58843 4 regeneration gas according to the teaching of WO 01/96008
conprises Pwaggygcul ar oxygen over the entire regeneration tinme. The
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5% by vol une and PF 58843 5 _

25 Moreover, the deactivation behavior of the regenerated catalyst bed should essentially

not differ from the deactivation behavior of the freshly charged catalyst bed. This is
generally not the case in the prior art processes.

Accordingly, a process has been found for regenerating a catalyst bed deactivated in

30 the course of a heterogeneously catalyzed partial dehydrogenation of a hydrocarbon to
be dehydrogenated to a dehydrogenated hydrocarbon, which comprises, over a period
t, the passage of a regeneration gas comprising molecular oxygen and inert gas but no
hydrocarbon at elevated temperature through the deactivated catalyst bed with the
proviso that the total content G* of carbon oxides in the regeneration gas passed

35  through the catalyst bed, when it exits from the catalyst bed, is at least temporarily
greater in the course of the regeneration over the period t than the corresponding
content GE, in each case expressed in % by volume of the regeneration gas volume, of

" the same regeneration gas passed through the catalyst bed when it enters the catalyst

bed, and the difference AG = GA - GE passes through a maximum value AG™* by the

40  end of the regeneration process, wherein

a)  0.2% by volume £ AGmax < 5% by volume and



b). the content of nol ecul ar oxygen in the regeneration gas to be passed
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dehydrogenated catalyst bed is only < 75% by weight (preferably = 50% by Weight,
more preferably < 25% by weight, better < 10% by weight, even better < 5% by weight,

30 or = 1% by weight and most preferably < 0.1% by weight, or 0% by weight) of the
deposited carbon-comprising constituents present therein at the start of the process (in
each case calculated as weight of carbon present in these constituents). |

The increase in the regeneration gas content of molecular oxygen required at least

35 three times in accordance with the invention within the period t can be effected, for
example, as a single abrupt increase in each case. However, if can also be
implemented as a series of smaller abrupt increases and/or else in the form of
continuous increase. When an increase of 2% by volume is achieved in the course of a
continuous increase in the regeneration gas content of molecular oxygen, the

40  requirement for a single inventive increase in the regeneration gas content of molecular
oxygen is thus fulfilled.
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Wit o ebieasnd TR IRKS, Gt BFIeRSS Tohed SE el Bphel Sten PR iy
cases 35 Oettgoatinasteiphitienes3y atleagring fiyest he content of nol ecul ar oxygen in
the regeneration gas to be conducted through the catalyst bed will, in the

course of races i t i pvention, thus var n the range
From o. 2504 e Ff e eesg Wi il B KT Rhh S ung iR E¥nt " ho "ot coul ar
oxygen conprdesieragon eerdiianst Aorapgenaches eaip(fpr expmrleboes belew threvalexieh i vat ed
cat al yst bed1ehppavditv@epr ocess according to the invention is perforned is,
appropr‘z'gat ely, froman application point of view, from200 to 700C,
preferably 300 to 600C, nore preferably 400 to 600C, even nore preferably
420 to S550CAHtany BiR faverablg fartbeproggspasardingiodhs inyentirtwhan the coatephef
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volume, preferably < 10% by volume, more preferably < 5% by volume, even more
25 preferably < 3% by volume and even better < 2% by volume or = 1% by volume.
Normally, the content of molecular oxygen in the regeneration gas to be conducted
through the catalyst bed on commencement of the process according to the invention
will, however, be 2 0.25% by volume, usually 2 0.5% by volume and in many cases 2
0.75% by volume. '
30
Frequently, the content of molecular oxygen in the regeneration gas to be conducted
through the catalyst bed will, in the course of the process according to the invention
thus vary in the range from 0.25% by volume to 21% by volume.

35 ° The temperature of the molecular oxygen comprising regeneration gas on entry thereof
into the deactivated catalyst bed when the process according to the invention is
performed is, appropriately, from an application point of view, from 200 to 700°C,
preferably 300 to 600°C, more preferably 400 to 600°C, even more preferably 420 to
550°C or from 440 to 470°C.

40 _ _
Advantageously, according to the invention the process according to the invention
should be performed in such a way that the temperaturé of the regeneration gas on exit
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30 Ioadlng of the catalyst bed with reaction gas. For other requirements of the process
according to the invention, both pure inert material beds and inert dilutions are counted
as belonging to the catalyst bed.

The loading may also be based only on one constituent of the regeneration gas or only

35 on one censtituent of the reaction gas. In that case, it is the amount of this constituent
in [ (STP)/{I'h) (or, for short: 1 (STP)/Ih, or even shorter: h™"), which is conducted
through one liter of the catalyst bed per hour.

Advantageously in accordance with the invention, icadings of the catalyst bed with
40  regeneration gas which are = 500 | (STP)/I-h will be employed in the regeneration
process according to the invention. High loadings of the catalyst bed with regeneration
gas generally cause an increased proportion of inert gas in the regeneration gas: Such- - -
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according to the invention (within the period t).

30 Inother words, for exampie, the process according to the invention is commenced
initially with moderate loading in order to increase it gradually up to a maximum value
in the course of the regeneration process. Proceeding from this, the loading of the
catalyst bed with regeneration gas is then lowered again.

35  Typical starting loadings may, for example, be from 4000 to 8000 | (STP)/i-h. Typical
maximum loadings may, for example, be from 7000 to 11 000 | (STP)/I-h. Typical end
Ioadlngs may, for example be from 500 to 4000 | (STP)/I-h. At comparatlvely low
contents of carbon-comprising deposits in the deactivated catalyst bed, it is possible for
aforementioned values also to be, for example; from 400 to 600 | (STP)/I-h (start), from

40 1000 to 30001 (STP)Y/I-h (maximum) and from 500 to 2000 | (STP)/-h (end).
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In this document, an inert gas (for the inventive regeneration or heterogeneously
catalyzed partial dehydrogenation) is understood to mean gases other than molecular
oxygen and other than hydrocarbons which, as a constituent of regeneration gas or
reaction gas in the course of the regenerating or dehydrogenating flow through the

35  fixed catalyst bed, remain chemically unchanged to an extent of at least 95 mol%,
preferably to an extent of at least 97 mol% and more preferably to an extent of at least
99 mol% (each constituent of the inert gas taken alone) (under the particular
regeneration or dehydrogenation conditions). Examples of inert gases suitable in
accordance with the invention (inert diluent gases) are (both for the case of

40 regeneration and the case of heterogeneocusly catalyzed partial dehydrogenation) Na,
He, Ne, Ar and H,O and, with the restriction already addressed, CO., and also mixtures
of two or more of these gases. An inert gas very particularly preferred in accordance
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. definition also applies thus to the reaction gases of other, 5 for exanple
het er ogeneousl y catal yzed, gas phase reactions. Over |ong sections of the
regeneration process according to the i ention, the regeneration gas
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regenerated with regeneration gas is desired, the proportion of regeneration

gas rQBDVWolh@F\%r‘as'tE? r%;;%%%:glﬁ aé"’bJ( ndzﬁérﬁw&ﬂg. §%e4 t@ e e{ﬁ%éﬁé’d gt an

o N Sy egile B vt Do P 0 LS el on i i 1 )
i s nor nal | jrastighf basedrin the regederatlbm gbalanme flowtrategaitingtitoen theestalysébedir op
gg{ ; er efl | FhalyihR, R{Pg{@ﬁg@ffgﬁﬁ%@&ﬁ%%%%é R fromL A 5P vo:umebhﬁoﬁase of
r ecorr%;fesm § 86% bé(l"?@"l?z oﬂgorﬁ%éP‘tégl%eaW %Inﬂrﬂ%%eay%ec{)tp the Fe%&foél'”?%torrpr essor.
The oxf§enasdauprdernehted iviih alffigientrgaguised ds the atygen sourbe (forexamgieaieat i on gas
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content of molecular oxygen desired for the regeneration gas. A volume of
regeneration gas exiting from the catalyst bed essentially corresponding to this
supplementary amount can be removed before the recycling of the regeneration gas
30 and disposed of (for example combustion in a flare or in a burner for the purposes of
energy generation). When a reduction in the loading of the catalyst bed to be
regenerated with regeneration gas is desired, the proportion of regeneration gas
removed before its recycling wilt correspondingly be selected at an increasingly greater
level. '
35
For the purpose of recycling the regeneration gas to the catalyst bed inlet, a fan
(preferably a radial fan) is normally sufficient in order to balance out again the pressure
drop suffered in the course of passage through the catalyst bed. In the case of catalyst
beds which cause a particularly high pressure drop, the recompression can also be
40  undertaken with the aid of a radial compressor. The oxygen source additionally
required to obtain the new regeneration gas is generally available from other sources
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. -Appropri at el roman application point of view, the regeneration gas which
exits from 5 the catal yst bed to be regenerated and normally has an

el evated tenperature will be conductedithrough an appropriate heat

exchanger iy ididgrly Br%%&ur@xl‘fg?&gﬁne}% [ BBuat] SRS aBR Pl Ted o

the cataly bed 1 ﬁ@n Tedrs ormer cools and
the | atter Mistureytepoeseraie grstobsde eIdance temperature. Typically, the
indirect heat exchange is effected before the reconpression. In the case
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oxygen in the r atlon s ta condquct

al so be selPatt Bﬁ‘g t%%ﬂ‘t'téﬂw ﬁ? a|‘flocf 8ER ?%rsewﬁ‘g)éﬁa”‘% ﬁor}iji“Fte% cour se
of the regéhrﬁemenemtlm"r@weﬂs according to the invention. For exanpl e, it
woul d al so be possible to use pure nol ecul ar oxygen as the regeneration gas
toward the end of .the regeneration pro ccording.to the.invention. For
emaons. 55 AR e A IREOSREN B 8, R GRRaEE BethBRut Dot B dE ven | i ne
regenerlat i oecogessedfor ﬂ"@cﬁYQ@é‘ﬂ@QjOftﬂ%ﬁWM high temrerstatespie@dditiPnaliyor mal Iy not
exceed t hatcodibd Fbf exanfsky, anbaerReuskyor if a&@@@éﬂ:ﬁaﬁ@r\&bb@dw suAdevhep, the CO

content of t e t | yst bed,
cven i tnd BB sOERERTIR silbregih, Vind oo ORSE misa d iFaBR b8

regener at i 6emgssl, amr@pmai@yda@%qomrlc%wh th 'F'Verﬁ@kbefg%&lf;ec%m?ﬁélon preferably
5 2% by volune, nore preferably :9 1 % by volune, and nost preferably < 0.1
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concentrat | on g e Inventive
obj ecti ves |fﬁU9*hWe@§E3ét§i %@ﬁym&@r%% ove theespatent P§m0leﬁ@aea>m9§ﬁt of the
const i t uentrsaioinithe colras of the régag@sstion prduess axdotdisg tnttle inehmuFar oxygen in

the regener, %m@e RRBUINED b pRRIGRI k5. fARBYaL: Beoh 8 pdyabanspusl v 0

accordance wt vol une,
pr ef er abl y 92s tqyasdghe endqf thg eg@‘l}@ﬁt"ﬁ’oﬁ’@ciﬁsﬁéﬁ?@ﬁl@lﬁo the 'OV@L”“%”(F;PW@)@% and at
40 bes©50%obyconomitnabiRF, th88dBtedibf molecular oxygen in the regeneration gas to be

conducted through the catalyst bed wili normally not exceed that of air.

Advantageously in accordance with the invention, the CO content of the regeneration
gas to be conducted through the catalyst bed, even in the above-described cycle gas
30 method, on entry of the regeneration gas into the catalyst bed, will be £ 3% by volume,
preferably £ 2% by volume, more preferably < 1% by volume, and most preferably
< 0.1% by volume or £ 0.05% by volume. This is not least because elevated CO
concentrations in the regeneration gas appear to act against the inventive objectives in
an exceptional manner.
35
Quite generally, the content of the constituents other than inert gas, carbon oxides and
molecular oxygen in the regeneration gas when it enters the catalyst bed is,
advantageously in accordance with the invention, < 2% by volume, better < 1% by
volume, preferably = 0.5% by volume, even more preferably < 0.1% by volume and at
40 best 0% by volume.



In princi plzj Q’S regeneration gas can be sucked through the.catalyst bed to
] regener‘:’t@ff3 n the process according to the invention. In this case, the
morklng pressure in the regeneration process according to the invention is

bel ow at nospheric pressure. Preferenceqps given in accordance with the
invention to working pressures in 5 the course of the regeneration process
accor di ng t%prlwl@,rrgerﬁqeaﬁrw @S egnebe ?wﬁrﬁfitftfeughﬂbesara'ysg%ﬂr@rt@or y from1l to
6 bar, and r@@r@rgb@@h&h@bi@eﬁmﬁduﬁg focthd invantionb bviis ke herkiigg pr essur e.
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wor Ki ng pressures a eqQus | evated parti essures.
The procesS &G gl @ref’%e %tﬂé"qnd BRtareANe Vit ine H‘HP% PP praring H@S%‘é@%"bf
deact i vat edne cafrsd gfdhe begdsenation brogess ammoatimpibdbe thventiohi whittharerfieac 8 iton
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chanbers ther maII envi r onnent reactors and
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in the cas@'BPSRIEY %PW@%{W@ ’b%&eéﬁ%{o ﬁlé%@ WRLieéﬁ UV E‘Srﬂtrodat ed in
i sot her mal superatmaospbefreworkogldrgsscoesf adyantadeousboartables o(evatddl paritadCr ol of t he
t enper at ur g, dd3 fdae reacti on chanber by heat exchange with heat carriers
conduct Sd outside the reaction chanber) (in each case the catalyst bed is
present in the reaction chanber). 20 At this point, it should be enphasized
that, in tHéemegeserstardng fir e dsenbatiesditaige bothtimthe dane efidéastiyatetie

E ﬁgpg;]?'; g;?a!a st B&dsGaticH Xr%tac@@rqniéﬁﬁlfgg;r?@rh %eer§§&l&h'(ﬁbhﬂ5erd&?§drﬁl%trcf e | 361312\,\/
he Fogeae aebaATH e el e PRt g B e g habEs.
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virtue o e C atal ys e

di sposed i atﬁ%]%go%qlﬁrgr[ hIe %Eigbgﬁamﬁﬁr 6&%8?%%9§W§3%gﬁtocar€?§ernaI heat
carrier m@@ﬁqtﬁﬁboqt%d%@edéﬁﬁ@ﬂéba@bﬁlﬁ &5 senkicasf e calsiyebiberbis presentin .

di f f er ence theioaetim dhaesmbegnper ature of the regeneration gas on entry 30 into
the catal yst bed TE, and the tenperature of the sane regeneration gas on
exit from the cat aI yst bed, TA i.e. TA-TE, in the process according to the

i nvent 28n £ #is eoint, Espewd Be |eg1qhasrg%th@hg‘ethgfreggmeaqtsogtprqygag aE@r¢ieg et i vat ed
whi ch are chvept@ethd tempdiaalratn the caehet bed prefgalsly eQﬁEﬁﬁa[lyﬁ&Ietsefosfaﬂ%@ﬁw

preferably %—er‘]‘t%glge gég@-@%gredéffﬂfr&reﬁﬂﬁéﬁ it gé]sarmoeme icQtaﬁ(Eﬁl?é with the

i nvention |s about In the process
accor di ng Fﬁﬁ@ﬁ@t'PﬂﬁéﬁpﬁwsﬁlﬁW% el%r@ésrs bed rq@@er&%%&raﬂ sif thegessyof 2

fluidized catablsyisdd toda. referefratealhichiin dispesaddans adiabbiic r’fehetor itmgent i on, . t he
catal ysk gg& %@T :ﬁ% i§ ﬁsmg?érﬁél#s%%‘é%wﬁtﬂ‘é%f {Metela éﬂéﬁcrwb‘f%ﬂegaor e fixed

cat al yst heretore apply in

particul ar thecasgof ﬁ@at‘?‘é’% &ft d rgpqqegéraargg,pg]eyg@ "B%‘Ei?" therdemparaie CiBepr ocedur e
i s of part iegighret heatlcavin oredivinehas tolbe dudbtacbtarresporidindie fi xed catal yst bed is
? 50 I and <_ 10 000 n8, generally < 5000 n8 and usuaIIy < 1000 nB or <_
500 nB or < gﬁs rue es eciallg/ enhthefrx
Converse y, the difference etween the temperature of the regeneration gas on entry
30 into the catalyst bed TE, and the temperature of the same regeneration gas on exit from
the catalyst bed, TA, i.e. TA-TE, in the process according to the invention should, _
especially in the case of catalyst beds to be reactivated which are disposed in adiabatic
reactors, be < 250°C, better < 150°C, preferably = 100°C. A TA-TE difference favorable
in accordance with the invention is about 50°C.
- 35 _ _
-In principle, the catalyst bed in the process according to the invention may be either a
fixed catalyst bed or a fluidized catalyst bed. Preferably in accordance with the
invention, the catalyst bed {o be regenerated in accordance with the invention is a fixed
catalyst bed (all statements in this patent application therefore apply in particular in the
40 case of a fixed catalyst bed). The inventive procedure is of particular relevance when
the bed volume of the fixed catalyst bed is =2 50 | and < 10 000 m3, generally £ 5000 m3
-and usually < 1000 m? or < 500 m? or £ 50 m3. This is true especially when the fixed



_ reactionc

- di vide

PF 58843 1% n%%tﬁl yst bed is disposed in an adiabatic reactor or its

g This is caused not |east by the fact that the heat
capacity of the reactor material |oses an increasing anount of inportance
and influence with increasing bed volumgof the fixed cat aI yst bed. 5 The

necessity of form artia enat i on of a carbon to be
dehydrogen&f" E)%‘{ @g‘%?a?cg 4%9#8%#‘8& S FRAFHRC \}% SEHPTh in the
sol i d st atnet leastdmibethchihat the Heatcapshiiy Oftther&mtwm@gahblseaan (rcreasingge  of
CH c0Wpetaﬂﬁ)unkbfnﬁﬁbﬁ@{debnwIﬁfmehé@wnﬁlncﬁéa@,waﬁa veluntd Gtaké ebd(Etagtage of
CQO. Ogngg to the selective catalysts, in the case of a heterogeneously
catal yzed hydr ogenati on of a hydrocarbon to be dehydrogenated (e.g.
propaneﬁ the dehydrogenated hydrocarbon (e.g. propylene) is fornmed wth

i tﬂﬁrleased Sﬁb%&éééithﬁf péﬁbrmtn@aetp&ﬁéi%ehwo EbE bba h d}bceﬂﬁmtﬁ) met hane,
et hyl ene an

(Y nts. The
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dehydr ogen&tat®is caased hythe faei s thendehydrogenationd eleavame aférHi ermpaise of

het er ogeneinstivallg aitaltharath dehwdieas enrkingNsedldaeof Cheyy  het er ogeneously

cat al yéﬁd oxydehydr ogenati ons, these known dehydrogenation .catalysts can be
roughly into two groups, ecifically into those which are oxidic

in nature (V6R] dhmsRlecterGtalYats, (’JB({O hg<cagn @f ahetgragenaenthosataisdedand i nto t hose

whi ch  consglieRjdrogertioh 8B hydrocarb®t @l bedeggaiogesatéd (e.gprepapibal fornm on a

general |y I silicon
di oxi de, t?éhﬂdrﬁ%é%%d %@r%mg@gz FFOWIQHE)QE ‘Fdrﬁfaéhgﬁth @ér#é(;@eﬁ E%V or cerium
oxi de) suppHtease. pypepdics for grxamplggpethaife eylenrand efsor s Of'i@?ﬁIO@W% a
conpar dbi vebypaaitivey nmﬁcalan(duots exanple an element fromthe group conprising
Cu, Ag, Au, Zn, Cd Hg and the elenents of the-third transition group (e.g.
Ru, Rh, Pd,_ Os r or an el enent fromthe platinum rou for 30
exarrpl e pl gp?ﬁ%ﬁﬁ“&Fﬂﬁ'PBPr??&P? a9 torthe Inyepiiant heorBriovaed far ¢ ts thus

i ncl ude, f dehydzxganatien cathlysie knbwe in theppoi e, on the (generally oxidic)

catal yst support, one or nore elenents selected fromthe group consisting

of elenents of transjtion group d and ropriate, one or
nore f th%ﬁ’r Ieéﬁﬁﬁf’th%t%ro@ ?%’SW&HWB JQB%B %ﬁgn%?t}‘ﬂbtﬁg’gf el enents of
mai n gr oup heteargknebdysiy catalgiad @tydgnsinggenbtionsnttiead kngwvit Hehyideogehativrdes, mai n
35 group | hétaly%ﬂ%hw@dnﬂﬁétproﬁ?}q Iir|t6‘twcﬁt_ﬁﬁ'ohﬁ?|s eaﬁ&a}‘lﬁi\’r@&ﬁﬁﬁé WhRhafE b¥ific

el enents are

nobl e net al'r‘sn%'lgrgffi%&ﬁ?@ﬂ% CBEH“HEH%H{ g’ﬁ'l%uf)?)ndaﬁontﬁﬂ?r e{m&ﬁb;ynggfe
met al i s usenbigiof ahleasiang dalgaleavsiva- (mn alenemtehfemn) oraglgendrallyaixidietfal s 40
whi ch §5OWeké‘rﬁplé'zﬁ&&{lurﬁgild%fdet B @xﬂ@tsﬁrﬂcon 8ié§ﬂeatﬁarﬁ@mw dH Sn, may be
present. Possllb Pa eur%rg?(%te andpor cenum tOQI e)’su oﬁh[n enera[1 amasto
i nfl uence {17&" 3?:‘"8 o 8 PP Y

one of the deposited metals is a comparatively nobie metal (for example an element

from the group comprising Cu, Ag, Au, Zn, Cd, Hg and the elements of the third

transition group (e.g. Ru, Rh, Pd, Os, Ir, Pt), or an element from the platinum group, for

30 example platinum and/or palladium). The aforementioned catalysts thus include, for

example, those which comprise, on the (generally oxidic) catalyst support, one or more

elements selected from the group consisting of elements of transition group VIII and/or

VI, and if appropriate, one or more further elements selected from the group consisting

of elements of main group | and Il, transition group Il including the lanthanides, main

35 group lll, rhenium, zinc and tin.

Suitable dehydrogenation-active elements are in particular metals of transition group
VIll, preferably the noble metals platinum and palladium, more preferably platinum.,
When a noble metal is used as the dehydrogenation-active element, additional metals
40  which slow the sintering of the noble metal, such as Re andfor Sn, may be present.
Possible further elements include those which are known to influence the acidity of the
catalyst surface-or-can stabilize noble metals against sintering. Such further elements



. elements P

cat al yst sgﬁsﬁggr can stabilize noble netal s against sintering. Such further
14 are elenents of main group | and |1, specifically Li,

Na, K, Rb, Cs, My, Ca, Sr and Ba and also elenents of transition group II1,

especially Y and La, including the |antfanides: Zn has al so been found to

be effective. Inste of a no ta is also
Dosei bl o 1 676 ABMOnER aiin oo Lafs Tesbarbaly NG RRb: ER M ks apf 82
especi al | y asd alsp@itroents of trasisitiod gneun (it espseiafy ‘é@@dﬂ_aolncfudlegéfm Lahty@tﬂdsmpport :
go;fthe Pe%%a@;alsbme‘én féiﬂﬁilta'fbetesffe&th/% tn%aafo%nesm@tm&aqdr B RIdDN 39 ), |tt be 4
| erentl o [0) n X1 a SUS an
as "netall ?cgg% [’Bé%%ﬁggh)%{ﬁ ieéwtagnn ?tgv% m“%ﬁ‘é ogﬁg%%%oﬁ M{P ?é%éagllgyaccor di ng
to the 5nv@hvtqrmwm0§ mallpslenyypl m@@mr@seﬁbonme WW&@MF%‘WGG@@% gkthis whi ch
% i 8'7 §cl Oﬁﬁdjméhtﬂﬁe/(’wdﬁfo?&ﬁ@nt@ﬁ&j%? %rmm% OiffRa8ted frgﬁ oﬁemg&%QmEP- A
99/ 29420, %&Q@%‘?@TW%@Q #26@?% %@?@%P?@S,éﬁﬁ% 117 146, DE-A
19937196, rEueneEloR PIEsss essonding wbe pugntiangs this@ppbeabierte alwo 01/ 83405 and WO
94/ 29021 amdhglrsgeniation @eﬁtial%tsatfrﬁchcérb@%cio@ecﬁ heBSE-A TPZCOBEIBESZ18TING IS true |

especi ahl y oifRHd 19eR (i8hygioaenabh ph Easabyshs, grﬁvw@ Aot dragt i vated in

t he course eneOuE?s\c}/ é | ons descri bed in
t hese docuﬁe7r$@s371oEP1ﬁ/ Y428 81@@23@ A&t Aﬁ’h’icb%?ﬂ Mt to the
above, useftw ,8TAE, ER-A 11 D46, RACTESZ 0365 IDE-S abad yiosd USox g @zbyds agenat i ons

are cssent i Ly SrelHoiotBalos 3 NS LS B El s e Bt i Sudhif e 20 (For

exanpl e t hosé osphat e (they
" may additi GREMSNR O 'Féré’eﬁPB?ﬁW@r‘@')en thege m@rﬁé?%ﬁtioﬁﬁafﬂl REEBr di ng to
t he i ndént ideactivatet lintheambdrsei of itz hqtersagemeajmlslg chtalyzaet ldehpdtygetajidnogenat i on

catal ysts WRiGRedifindisdoQsshtd, Bf oé&&&@ﬂ%@ delfydiodent®dy, 371, 25 CN-A
1073893, Catalysis Letters 23 (1994 103-106, W~ Zhang, Gaodeng Xuexi ao

Huaxue Xuebao, 14 (1993) 566, Z. Huang, Shi yon Huagong, 21 (1992) 592, WO
97/ 36849, DEednthtﬁEIilm%ovlsScl%fG ,CaBRYsEHBr halSrofeBs @B, @BdyzeDE- A 19530454,

ggb'-%g 3410%8@1 ydrog Qrﬁaéi@ﬁ% ﬁlle.\’éés@nﬁaw exé@@véﬁ@@até 3 Whichlare @ ofidib Ay s S 167
20 & oy g oS besect] oYBl Biiisl. T pate £y Vo v opioRbiale shes

Cataly
14-18, US-N%@B@OQ@@COWWQUJW@HBEI ysis A: General, 100 (1993), 111-130,
J. of Cat al ysis 148, 56-67 (1994), V. Cortes Corberan and S Vic Bellon

(Ed ), Eevel o nrt]s in_Selecti vg}tg)qdatl on hﬁ( @%g | s[%)l ci ence
3050 e RO P st AR IOy Pyl a
Gr assel i, oadehydnpamatloncmalywrwm@yar@rmsqbosad lrLSh@lﬁ@C("Eaﬂf)? U81597788537§evu er
Sci ences 35CREN - 107@933@5tdljsusqrettbrs %69493657 %86, w Dihahg 1@5
19837519, % )’(A‘el)% e?b751£ 1§ &32 ﬁl % i_ﬁj? %09 38312 and DE- A
19753817. RCE 1S ggp % o WA H’é’g 6% Kg ion catalysts
have been V‘éfé&&%%@l &F-Ar 9? dolibs 386212R6, 6@% &0 & 1988C45¢z ed
oxydehydr oggnauizanss4, s catdet 167, 56G:669 (ROTBNsICatalsib Y eT,arersEans to be
dehydr ogend{s%) Topics in Catalysis 3 (1996) 265-275, US-A 5,086,032, Catalysis Letters 10
30 (1991), 181-192, Ind. Eng. Chem. Res. 1996, 35, 14-18, US-A 4,255,284, Applied
Catalysis A: General, 100 (1993), 111-130, J. of Catalysis 148, 56-87 (1994), V. Cortés
Corberan and S. Vic Bellon (Ed.), New Developments in Selective Oxidation Il, 1994,
Elsevier Science B.V., S. 305-313, 3 World Congress on Oxidation Catalysis, R.K.
Grasselli, 5.T. Oyama, A.M. Gaffney and J.E. Lyons (Ed.), 1997, Elsevier Science
35 B.V.,S.375fforin DE-A 19837520, DE-A 19837517, DE-A 19837519,
DE-A 19837518, EP-A 938 463, EP-A 167 109, DE-A 19838312 and DE-A 19753817.
This. is especially true when these oXydehydrogenation catalysts have been
deactivated in the course of the heterogeneously catalyzed oxydehydrogenations,
. described in these documents, of hydrocarbons to be dehydrogenated.
40



40 PF 58843 15 Including the oxidic oxydehydrogenation catalysts, the
overal | vapreigaqgf known dehydrogenation catal ysts can thus be divided
. overall into "oxidic dehydrogenation catalysts” and into "nmetallic
dehydrogenation catal ysts". 5 In the case of the oxidi cdehydrogenation
catal ysts, the inventive regeneration wid| generally be ended when AG in
* the course ﬁ?gfﬁ yf - af | i i oxi dati on
pot enti al gﬁ,]flue- ﬁ;1'? %ﬁg{dﬁeoﬁ?%@gb%@gtﬁ]@éa‘?féé}%gh%?ﬁgﬁ%‘gﬂ%tybfg@?gbwe of the
Fegener at | SAMEARIAHEN CAHAVESCaD Jus M AaRIONGTRIHNIcH BXHIC e g GHoRp at ed
content otatastl ahdintoigegaliic dehydhmeneipenetalystgn gas) through the catal yst
bed to be 10 regenerated, tends essentially toward zero. In order to have
increased reliabili regarding this pojnt.ig tine,. it is appropriate from
o appt Poalt B 5 At e o Gitalemy T oetabn aibsmha hEFrive tedsPe BOARL | fe o
time as th@eneginks andesnwhpasAGi inlthe trairsd ofmessageoifithiatdgenerptieregas with passes
through th%éﬁ%lie%s‘f%%id@t% dckéttiaPka MRitethk HjRedt Gonkithpifled ePtBRIcAEPERINGE! C

t t h . . der,. th 5

DL et ool R B b TSR0t o8 SR o SR el ke e,
be eff ect etimolecalasbxygee imthamegeneyation gas) tbfough pheeeaialye-hedttabai ng val ve at
the ougypet rddeRBtatéd) Gerid8@acttialyddaRd k&ro. Inbrderdd ARVEINBRASE reliddliRyopri atel y.
opened further for .thi.s .purpose _or increasindly.closed again reestablish
Che wor ki nerurabg e PoiB R Ut & arBlor i B 5P SRR BOmE i lal g (o
check, t hethewvakingdressgtedimm dmedo timeas the roseerstivn aagyaith Bermighest ncr eased
3' ihggt ly aaghgjbﬂiorp@uem@ ﬁmegwowPeeéta% BRN@dreampReren g&bar of he

e rogen S S e i
car %onégon%lrjgl)és??tr?g&hg%%%é '? %ﬁg%{g?’éﬁ%gﬁﬁg@ﬁﬁ%%ﬁ%ﬁﬁg‘%ﬁ heg é?'tetggsnp again in
the réexi GRTRAUISEIHNY AFAY CRE!YEEPR/EP 8gemat MR Cea0a| rEIes. E#eD®ase of an
O])fi dihc Zﬁ deboted e simbleonatidr dly Yisdans iof a peistrerretihing vdivalatehé ontidti@npur pose
of the he e
entrance t Spepapt Mithls SfainGde iy SbaRERALA PeneduAhBCE: Y dipald'c
oxi dat i on FbEraesiaply\@ased poaiaIte Jeastablighfingfasking Brésfi¢eyval ue whi ch corr esponds
to the entrance tenperature of the reaction gas for the heterogeneously

t al d j ; i - kN, and
catal yaged 9aRUAR0HI0 TaSLnd RG MBIHARSH oRhE tletidon B@gn@%@%tr@n and

then thé regeneration i _ e e ~ the
cor r espondfGH§NEEAER %%g%i'hge BEeaasd sitgntly aug € 6an paEhegkee e ﬁgd@ﬁé'@ti on can

al so be endgdwmgem)atﬁeweb@(ﬁrogmaﬁﬁwrmatalysemnsbaﬂidlty batth &deeddgdimef t\ha! ue of .
zero. In tRb$oRA3/prdhd BOMES TR é!&ﬁ&ﬂ&l&&hé@ﬂ?rﬁgézed@ggent% ahGRFR 1S maxi mum

possi bl e extent, use 1S neverthel ess. ma t agequsness of the

P vent ve FOBEAI e a3 Ht QA oPCAOTGEIEbER i TBrcaor GWOPREC. consi der at i on
of t he26vedahydregematon catalystbislagtin, ready foaysdiier tyepruoprseat e n accor dance with
the invent h%r&@g?ﬁ%&ﬁ c%h?alyib‘éedb‘hy&%géﬁcﬁﬁﬂ.e!h%thé?'ﬂvd?@st, Wl bt P nSpeStupas

essenti al | at he val ue of “zero, and to.resuyne {he heterogeneously
catalysod HonAckGRRPEIeRARs Hh D Pgnes nesed OERIG BoTie! P ABobHR ured and
dehydr ogenatijusted to the value which corresponds to the entrance temperature of the reaction
gas for the heterogeneously catalyzed dehydrogenation started up again after the
30 regeneration, and then the regeneration gas stream will be shut down and replaced by

the corresponding reaction gas stream.

Of course, the inventive regeneration can also be ended actually before AG has
essentially attained the value of zero. In this case, although the regeneration does not

35  reach its maximum possible extent, use is nevertheless made of the
advantageousness of the inventive procedure. Especially from the point of view of a
consideration of the overall economic viébiiity, it may be éppropriate in accordance with
the invention to end the inventive regeneration actually before AG has essentially
attained the value of zero, and to resume the heterogeneously catalyzed

40 dehydrogenation early. In the interplay of time consumed and dehydrogenation
performance, the economic optimum may quite possibly be at a partial regeneration
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30
In the regeneration process according to the invention, there is thus not only an
elimination of the carbon-comprising deposits mentioned. Instead, at least a portion of
the metal which causes the catalytic dehydrogenating action is also converted o an
oxidic form. In the oxidic form, though, an increased interaction with the support again
35 arises, which results in a desired redispersion. When, therefore, in the process
according to the invention, even when a AG of essentially zero has been attained,
regeneration gas with the highest oxidation potential is still allowed to act in the
inventive manner on the deactivated metal catalyst, this promotes the above-described
redispersion. Reference is therefore also made to the redispersion phase within the
40  inventive regeneration process in the case of its application {o deactivated metaliic
~ dehydrogenation catalysts. With increasing redispersion time, the desired redispersion
generally increases. In a typical manner from an application peint of view, the



40 inventive regeneration process in the case of its application.to
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30 content of such a reducing gas should be 2 1% by volume, preferably = 3% by volume

~and more preferably = 5% by volume,

Advantageously in accordance with the invention, such reducing gases used should be
gas mixtures which comprise at least 40% by volume (preferably from 40 to 60% by

35  volume) of molecular hydrogen and, as the remainder, essentially inert gas. Suitable

- - Inert gas constituents of the reducing gas are in particular Ar, He, Ne, Nz and H20.

Appropriately from an application point of view, the inert gas used in the reducing gas
is molecular nitrogen and/or steam. The sole use of molecular nitfrogen is preferred.
Freguently, however, reducing gases are used which, as well as nitrogen, comprise up

40  to 5% by volume, or up to 3% by volume, or up to 1% by volume, of steam as an inert
diluent gas. This is the case not least when the reducing gas, as already indicated for
the inventive regeneration gas, is circulated. Such a cycle method is appropriate in



10 In addition
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will generally be below standard pressure. However, this working pressure is preferably

30 also above atmospheric pressure in the reducing operation, when the reducing gas is
also forced through the catalyst bed. Typical working pressures in the inventive
reducing operation vary from 1 to 10 bar, preferably from 1 to 6 bar and more

preferably from 1 to 3 bar above atmospheric pressure.

35  Otherwise, the statements made for the cycle gas mode of the inventive regeneration
gas apply to the cycle gas mode of the reducing gas. The reducing operation will be
ended essentially when the content of steam in the reducing gas (expressed in % by
volume) on exit from the catalyst bed, in comparison to the same content on entry of
the reducing gas into the redispersed catalyst bed, is essentially no longer increased.

40 o
To complete the reduction, the temperature of the reducing gas on entry thereof into
the catalyst bed will be adjusted to the value which corresponds to that temperature



the catal yst bed will be adjusted to the val ue which corresponds to that

tenperature PF 58843 19 that the reaction gas will have when the
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. deactivated netallic dehydrogenati on catal yst has ended. This preheats the
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25  In general, a deactivated dehydrogenation catalyst bed to be regenerated in

accordance with the invention will, based on its weight (not including pure inert material
beds) have from 0.5 or 1 to 10% by weight of constituents comprising carbon deposited
therein (expressed as proportion by weight of the elemental carbon present therein).
Especially when a metallic dehydrogenation catalyst is used and the reaction gas

30  mixture used for the heterogeneously catalyzed paftiai dehydrogenation comprises
added external moiecular hydrogen and generally steam, the loss of the degree of
metallic spread may even already cause a significant deactivation of the catalyst even
without exorbitant coking (the effect of the lower degree of spread can dominate the

- effect of coking).

35
Otherwise, it has been found to be appropriate, before the startup of the regeneration
process according to the invention and after the interruption of the heterogeneously
catalyzed dehydrogenation which leads to the deactivation of the catalyst bed, to
initially fiush the catalyst bed with inert gas (for example N2, H20 and/or noble gases).

40  This achieves the effect that, firstly, the catalyst bed, before the commencement of the
inventive regeneration, is freed of reactants and products which are still present in the
catalyst bed and may disrupt the regeneration process according to the invention.



40. This achieves the effect that, firstly, the catal yst bed, before the
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. products which are still present in the catalyst bed and nay di srupt the
regeneration process according to the invention. PF 58843 20 Secondly, with
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30 amounts of regeneration gas have to be circulated at the start of the regeneration
process according to the invention, whereas the amount of regeneration gas that has to
be circulated toward the end of the regeneration process according to the invention is
only comparatively small. In other words, for efficient performance of the process
according to the invention, a radial fan is thus required which is capable of delivering

35  either large or small amounts of cycle gas. For this purpose, advantageous radial fans
from an application point-of view have been found to be those which have two different
drive motors with different power (one large, high-performance and one small, lower-
performance). The other of the two in each case runs idle. Alternatively, it is also
possible to use a drive motor with frequency converter.

40 | |
Since the catalyst bed, preferably in accordance with the invention, is a fixed catalyst
bed, a dehydrogenation catalyst in this document shall be understood to mean in |
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30 These dehydrogenation catalysts include, for example, those of German application
No. 102005044916, butin barticular the metallic dehydrogenation catalysts of DE-A
19937170, especially those according to example 1, example 2, example 3 and
exampie 4 of this document.

35 These are metallic dehydrogenation catalysts which comprise from 10 to 99.9% by
weight of zirconium dioxide and from O to 60% by weight of aluminum oxide, siicon
dioxide and/or titanium dioxide as the support material, and, in elemental form and in a
total amount of from 0.1 to 10% by weight, at least one element from the amount
comprising the first and the second main group and the elements of the third transition

40  group other than lanthanum, at least one element of the eighth transition group (in each
case of the periodic table of the elements) and lanthanum and/or tin, with the proviso
that the sum of the percentages by weight is 100% by weight.
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Especially in the case of heterogeneously catalyzed partial dehydrogenations other

30 than heterogeneously catalyzed partial oxydehydrogenations (in this document, these
are the nonoxidative and the oxidative conventional heterogenecusly catalyzed partial
dehydrogenations}, useful geometries for a fixed catalyst bed are: catalyst extrudates
(diameter typically from 0.1 or 1 to 10 mm, preferably from 1.5 to 5 mm; length typically
from 1 to 20 mm, preferably from 3 to 10 mm); tablets (preferabiy the same dimensions

35 as for the extrudates) and/or catalyst rings (external diameter and length in each case
typically from 2 to 30 mm or to 10 mm, wall thickness appropriately from 1 to 10 ram, or
to 5 mm, or to 3 mm). These geometries are in principle also useful as geometries for
any shaped inner bodies additionally used to dilute the fixed catalyst bed.

40  In general, the dehydrogenation catalysts (especially the metallic dehydrogenation
catalysts and, among these, especially those recommended in DE-A 19937107
- (especially the exemplary catalysts of this DE-A)), which are suitable for oxidative and
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30 What is characteristic of a conventional partial heterogeneously catalyzed -
dehydrogenation of hydrocarbons to be dehydrogenated (e.g. propane) is {(as already
stated), that the dehydrogenation step proceeds endothermically. This means that the
heat (energy) required for the establishment of the required reaction temperature has
to be supplied either to the reaction gas beforehand and/or in the course of the

35 heterogeneously catalyzed dehydrogenation.

in other words, based on single pass of the reaction gas mixture comprising the
hydrocarbon to be dehydrogenated through the catalyst bed, the reaction chamber
comprising the catalyst bed can be configured iscthermally by controlled heat

40  exchange with, for example fluid (i.e. liquid or gaseous) heat carriers conducted outside
the reaction chamber enclosed by a shell (externally controlled temperature profile).
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hydrocarbon to be dehydrogenated (e.g. the propane) and is to be passed over the
catalyst surface at elevated temperature for the conventional heterogeneously
catalyzed dehydrogenation can be diluted with steam. Carbon which is deposited is
continuously partly eliminated again under the resulting conditions by the prlncnp[e of
35  coal gasification.

A certain suppression of the formation of carbon deposits (and hence a prolonging of
the catalyst iifetime (operating time of a heterogeneously catalyzed partial
dehydrogenation between two regenerations of the catalyst bed)) is also possible by

40  adding molecular hydrogen to the hydrocarbon to be dehydrogenated conventionally
under heterogeneous catalysis (e.g. propane) before it is conducted over the
dehydrogenation catalyst at elevated temperature.
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30  dehydrogenation of a hydrocarbon to be dehydrogenated (e.g. propane) with a
comparatively low conversion as described in single pass through the catalyst bed
disposed in the particular reaction chamber are all catalysts disclosed as suitable in
this document with regard to such a dehydrogenation, in particular those disclosed by
way of example, and mixtures thereof with geometric shaped bodies which are inert

35  with regard to the conventional heterogeneously catalyzed dehydrogenation.

A conventional heterogenecusly catalyzed hydrocérbon (e.g. propane)
dehydrogenation can be operatéd at catalyst loadings (based on the total amount of
catalyst used), both with starting gas and with hydro'carbon to be dehydrogenated
40  present therein (e.g. propane) of from 100 to 10 000 h', frequently from 300 to
5000 h, i.e. in many cases from 500 to 3000 h, either at low (e.g. £ 30 mol%, or



dehydr ogen?,té_.i%g;r1 an be operated at catal yst | oadings (based on the total
anount of a gst used), both with starting gas and with hydrocarbon to be
dehydr ogenat ed 40 present therein (e.g. propane) of from 100 to 10 000 h-1,
frequently from300 to 5000 h-1, i.e. @& many cases from 500 to 3000 h-1,

either at |la e, 9. <,.30 mol % ar PF_ 58843 26 < 2 | % or 5 15 nol % or
ot i an (25 mapSir See BB ohbuRon RO R Ry SEe ORI IRbed (0. o
propane). Aebghegmziaah@lg. baipanegeneousl y cat al yzed dehydr ogenati on of at
| east one 5 hydrocarbon to be dehydrogenated (e.g. propane) can be

inplemented in a particular elega ner, (bot h at hydr ogenati on
conver si ong“iﬂnv‘in_t ogafI??g?r%er}ﬁougz%ggﬁy&gﬁ%ﬁ)@;{ggegfna%ofn%ﬁ@% A% > 30 mol % (e.g.
40 nol % ohy&ocabbngo bé delydsgegeied(egcpriopana) isanbeimple®gotedan tpadiedier eact i on
donydr ogen gt oA Shdih Bl BN Sioh g o B D 20molle o be

y | . u ) y ,
for Cexanpiels PRthaRes oo Bl udf Br 2d relteey P e as B S 3 o' o
The catal yst beds are preferably arranged in radial or axial succession.
tAlOlor opri at @lu)th E:js%@e@ﬁe&ﬁi@h icﬁ?hbé’r&borrﬁﬁiist@é m@fe r;]ﬁiaﬁw.ae E:Qt@iffg‘i Efé%ﬁcl taﬁaﬁ{zﬁwﬁfe bted
ype i §.€e in.such a.staged reaction chapher n.the.sinples
Lane, | TRe PeOufacpuR brrRuf st e n et RO, Dot LIS ful Br *gmps
of concent exemplg| fremrited0, aprraiately frar 4 tedk bhiorisahemtsde 6. Hoaestalyst badsi s al so
possi bl e t @re prefaige afr By calh vaddl ofapisl duecédanl ABSlobAdtelyTRDEE applicaReENt S

et ion, 1 ROB: BARR The ruclliou ot FRERIBE s bEISHRT n fch &l o duBoe RS P e on

gas (startichgngels), on its way fromone catal yst bed to the next catalyst
bed, igs5subjected to internmediate heating in the staged reaction chanber by

passing it Mo ' | L r [ it
t hrough 25 Ir?%%esgnﬁgéattcgggf\?ﬁ?ﬁg?p{dt%gsr’%%gg% ?%n%égggg%?ﬂﬁ%gﬁ th%x%rﬁgﬁa?g?g%l at es
heat ed wi t R fAcentya SWindrigy| Grids Meth Feraliar charplar diipve e it IKalsoRASAIPISAR i n t he
st aged r eaatraoge thbamhelar gsps inthereactn opebat _kegtheatdadneaml thy of atother,

sufficient hg, Q&ﬁﬁgﬁﬁ%?%t%@@%@ﬁ%b%%‘ees&ﬂom%9 ?ﬁé’ﬁ@@@eﬁg&;ﬁﬁff&ons) of

O
< 50 mol % or <_ a especi al'ly when usi
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enbodi ments, to conduct the starting gas into the reaction chanber preheated
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favorable for the lifetime o I xed catal yst™ beds bet ween
regenerati 8A%% 1t is even nore beneficial to performa conventional
het er ogeneously catal yzed

When the process according to the invention in the staged reaction chamber is
otherwise operated adiabatically, it is sufficient for dehydrogenation conversions (e.g.
30  propane conversions) of £ 50 mol%, or £ 40 mol%, or £ 30 mol%, especially when
using the catalysts described in DE-A 199 37 107, especially of the exemplary
embodiments, to conduct the starting gas into the reaction chamber preheated to a
temperature of from 400 or 450 to 550°C (preferably from 400 to 500°C) and to keep it
at least within this temperature range within the staged reaction chamber. This means
35 that the overall conventional dehydrogenation can thus be realized, at least with fresh
catalysts, at comparatively moderate temperatures, which is found to be particularly
favorable for the lifetime of the fixed catalyst beds between two regenerations.

It is even more beneficial to perform a conventional heterogeneously catalyzed

40  dehydrogenation in the staged reactor described (as likewise already addressed)
essentially autothermally, i.e. to perform the intermediate heating outlined above by a
direct route (autothermal method).
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30 A subsequent combustion, performed as described, of molecular hydrogen formed in
the course of the dehydrogenation converts a nonoxidative conventional
heterogeneously catalyzed dehydrogenation to an oxidative conventicnal
heterogeneously catalyzed dehydrogenation in the context of the present application.

35 Ingeneral, oxygen feeding as described above should be undertaken such that the
- oxygen content of the reaction gas, based on the amount of hydrocarbon to be
dehydrogenated and dehydrogenated hydrocarbon (e.g. propane and propylene)
present therein, is from 0.01 or 0.5 to 30% by volume. The oxygen sources may be
~ either pure molecular oxygen or oxygen diluted with inert gas, for example CO, COx,
40 - Nz, noble gases, but in particular also air. An alternative oxygen source may be
nitrogen oxide. The resulting combustion gases generally have additional diluting
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conduct ed thr ough at | east one catal yst bed disposed in the reaction
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‘ process for continuous conventional oxidative heterogeneously catalyzed partial
dehydrogenation of hydrocarbon to be dehydrogenated (e.g. in propane) over at least
one catalyst bed disposed in a reaction chamber, in which
30
at least one starting gas stream comprising at least one hydrocarbon to be
dehydrogenated (e.g. propane), molecular oxygen, molecular hydrogen and, if
appropriate, steam is fed continuously to the reaction chamber,
- in the reaction chamber, the at least one hydrocarbon to be dehydrogenated is
35 conducted through at least one catalyst bed disposed in the reaction chamber,
over which molecular hydrogen and, at least partially, at least one
dehydrogenated hydrocarbon (e.g. propylene) are formed by conventional
heterogeneously catalyzed dehydrogenation,
- further gas comprising molecular oxygen is added if appropriate to the reaction
40 gas on its way through the reaction chamber after it has entered the inventive
reaction chamber,



- further gas conprising nolecular oxygen is added if appropriate to the
reaction 4 ggaason its way through the reaction chanber after it has

. entered the inventive reaction chanber, PF 58843 29 - the nolecul ar oxygen
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of £.90% by volume, usually < 80% by volume and often < 70% by volume. The above

data apply especially in the case of propane as the hydrocarbon to be dehydrogenated

25 and propylene as the dehydrogenated hydrociarbon. Of course, they also apply when
isobutane is the hydrocarbon to be dehydrogenated and isobutene is the

dehydrogenated hydrocarbon. In addition, it (the starting gas stream) may, for example

comprise:
30 a) N2 and H»O;

by N2, O and H0;

c) Nz, Oz H:0 and Hz;

d) Nz, Oz, H:0, Hz and COy;

e) N, Op, H:0, Hz, COz and CO.
35

In the case of an oxidative conventional heterogeneously catalyzed partial
dehydrogenation of a hydrocarbon to be dehydrogenated, the oxygen source used may
be pure molecular oxygen, air or other mixtures of molecular oxygen and inert gas.

40 The increasing deactivation of the catalyst bed which éccompanies increasing
operating time of a conventional partial heterogeneously catalyzed dehydrogenation of
a hydrocarbon to be dehydrogenated can be counteracted especially as described in



40 The incrﬁa %a?‘g deactivation of the catal yst bed which acconpanies -
_increasing o% ting time of a conventional partial heterogeneously
catal yzed dehydrogenati on of a hydrocarbon .to be dehydrogenated can be
counteracted especially as described in3®PF 58843 30 DE-A 10 2006 035 718
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30  catalyst bed in flow direction, the regeneration is continued with the regeneration of the
second-to-last catalyst bed in flow direction, etc. In other words, the regeneration gas is
then fed between the third-to-last catalyst bed in flow direction and the second-to-last
catalyst bed in flow direction, and conducted first through the second-to-last catalyst
bed in flow direction and, flowing out of this, through the last catalyst bed in flow
35 direction, etc. In an entirely corresponding manner, it is also possible for the catalyst
beds which catalyze the dehydrogenation and are distributed between a series
connection of different dehydrogenation reactors to be regenerated in accordance with
the invention. However, it will be appreciated that catalyst beds present in different
dehydrogenation reactors (irrespective of their connection) may also be regenerated in
40  accordance with the invention independently of one another and simultaneously. -
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“however, be < 200, typically < 150 and usually < 100.

A heterogeneously catalyzed oxydehydrogenation which causes the deactivation of the
catalyst bed to be regenerated in accordance with the invention and precedes the
35  inventive regeneration can in principle be performed as described, for example in the
documents US-A 4,788,371, CN-A 1073893, Catalysis Letters 23 (1994), 103-106, W.
Zhang, Gaodéng Xuexiao Huaxue Xuebao, 14 (1993) 566, Z. Huang, Shiyou Huagong,
21(1992) 592, WO 97/36849, DE-A 197 53 817, US-A 3,862,256, US-A 3,887,631,
"DE-A 195 30 454, US-A 4,341,664, J. of Catalysis 167, 560-569 (1997), J. of Catalysis
40 167, 550-559 (1997), Topics in Catalysis 3 (1996) 265-275, US 5,086,032, Catalysis
Letters 10 (1991), 181-192, Ind. Eng. Chem. Res. 1996, 35, 14-18, US 4,255,284,
Applied Catalysis A: General, 100 (1993), 111-130, J. of Catalysis 148, 56-67 (1994),



40. 167, 550-559 (1997), Topics in Catalysis 3 (1996) 265-275, US 5,086, 032,
Catal ysi s deghs 10 (1991), 181-192, Ind. Eng. Chem Res. 1996, 35, 14-18,

- US 4,255,284, Applied Catalysis A Ceneral, 100 (1993), 111-130, J. of
Catal ysis 148, 56-67 (1994), PF 58843 32 V. Cortes Corberan and S. Vic
Bellon (Ed.), New Devel opnents in Sel ecd2ve Oxidation 11, 1994, El sevier
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compositions or catalysts A (referred to in this document as multimetal oxide
compositions !1) of DE-A-197 53 817 and the catalysts of DE-A 19838312, the
30 multimetal oxide compositions or catalysts A mentioned as preferred in the first
document being very particularly favorable. Thus, useful active compositions for a
heterogeneously catalyzed oxydehydrogenation of a hydrocarbon {o be

dehydrogenated include multimetal oxide compositions of the general formula 11
35 M1asMo+.6M2:0y (1
where

M' = Co, Ni, Mg, Zn, Mn and/or Cu,
40 MZ=W,V, Te, Nb, P, Cr, Fe, Sb, Ce, Sn and/or La,
a=0.5-1.5,
- b=0-0.5,



40 M =W V, Te, Nbo, P, C, Fe, Sb, Ce, Sn and/or La, a = 0.5-1.5, b =
0-0.5, PF 58843 33 and x = a nunber which is determ ned by the val ency and
frequency ofF 4dmaael enents in (111) 5 other than oxygen. They can be

- prepared and shaped as described in DE-A 102 45 585. For a heterogeneously

catal yzed oxydehydrogenation of, for exanple, propane, the 10 reaction

t enper ature when using fresh catal ysts 8% preferably in the range from 200
to 600C, especially in the range from 250 to 500C, nore preferably in the
range from 350 to 440C. The working pressure is preferably in the range
from0.5 t&"%0 bar, in particular from1 to 10 bar, nore preferably from1
to 5 bar. Working pressures above | bar, for exanple from1l1l.5 to 10 bar,
have been faupdyfhBelfhiBRfsidetdthfiddbykhe 2EAGY endyofdR&Blelentd iNGIII)
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2:1to 6:1 or to 5:1. In general, the propylene selectivity decreases with rising propane

conversion. Preference is therefore given to performing the propane to propylene

reaction in such a way that relatively low conversions with propane are achieved at

30 high selectivities for propylene. More preferably, the conversion of propane is in the

range from 5 to 40 mol%, frequently in the range from 10 to 30 mol%. In this context,

the term “propane conversion” means the proportion of propane fed in which is

converted in single pass of the reaction gas through the tube. In general, the selectivity

of propylene formation is from 50 to 98 or to 99 mol%, more preferably from 80 to 98 or

35 99 mal%, the term “selectivity” referring to the moles of propylene obtained per mole of
propane converted, expressed as a molar percentage. in the reaction tube, the reaction

temperature generally passes through a maximum.

In general, the starting gas stream used in a heterogeneously catalyzed propane
40  oxydehydrogenation comprises from 5 to 95 mol% of propane {based on 100 mol% of
“starting gas). In addition to propane (or another hydrocarbon to be oxydehydrogenated)
and oxygen, the starting gas for the heterogeneously catalyzed oxydehydrogenation



starting gas). In addition to propane (or another hydr ocarbon to be
oxydehydr ogersgsad) and oxygen, the starting gas for the heterogeneously

- catal yzed oxydehydrogenation PF 58843 34 may al so conprise further,

especially inert, constituents such as carbon dioxide, carbon nmonoxide,
ni trogen, noble gases, other hydrocarbo¥s, for exanpl e secondary
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of acrylic aC|d from 0.05 (or 0) to 2 mol% of acetic acid, from 0.01 {or 0) to 0.05 mol%
of formaldehyde, from 1 to 5 mol% of oxygen, from 0.1 to 10 mol% of further _

30 abovementioned constituents, and also as the remainder, essentially propane, based in
each case on 100% product gas.

Heterogeneously catalyzed oxydehydrogenations of hydrocarbons to be
dehydrogenated other than propane can be performed in accordance with the invention
35 in a manner corresponding to that described above for the oxydehydrogenation of
propane. Possible such hydrocarbons to be oxydehydrogenated include in particular
butane (to butene (in particular isobutane to isobUtene) and/or butadiene) and butenes
* (to butadiene).

40  Frequently, the oxidative or nonoxidative heterogeneously catalyzed dehydrogenation
of the hydrocarbon to be dehydrogenated will be followed by a process for
heterogeneously catalyzed partial oxidation of dehydrogenated hydrocarbon generated



of'-th'e hydﬁcwgn to be dehydrogenated will be followed by a pr ocess for
~ het erogene atal yzed partial oxidation of dehydrogenated hydrocarbon
generated PF 58843 35 therein (e.g. propylene to acrolein and/or acrylic
acid), preferably acconpanied by hydroggrbon to be dehydrogenated which has
not been converted in the  dehydrogenatio ane as an, inert gas
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acid or a proganes td Hﬁr@@ﬁﬂ!ea@t%e@xﬁi@ﬂ&@@é&@?|a\hd4ﬁ'§@éﬁ5@fdg%ﬂatehydr ocarbon to

be deh t 15

i t h&%ﬁﬂLﬁ%aﬁn%g?r?)sé?%awﬁa»ﬁ%éeﬁg%esnﬁvﬁ SEiTatRes By Re e Eliedttd 2 ©F
downst r eamsslegtieaiatergoenanesip catehzgd partiph sanpitesp ogidaiinn with melsduier owen m xt ure
B (e.g. aesgivelapréduchgéymixeura® sbmiising thé Ko okiBefic0irbdvit) |tlar€?é€p||‘d€i(r@£V9d and

at | east a parLl gy GONRIESLILUNGRINE L] ORRTANS 0, b8 JEhyel ovenat ed

(e.g. prop oxygen and, if
appropri at @ydr@ﬁ@r@ﬁm beaehy@e?ge@a 4R 8t BOPAYRIEHE £XBRAS e lanspygsn. &) fr om

t he rensi niongithesivtloeivegas dehydidyenatitidegarusngeny pop@gndlydr ocar bon to be
dehydrogenated (e.g. propane) and nolecul ar oxygen, with or w thout
unconverted dehydrogenated hydrocar bon . g. |l ene) wll be recycled as
partial oxiHaCPHASESAN ee@aet'ngrﬁoae@hera@wmdagfe%ﬁ%w QFPGLHCtESS BVEHSI R as a
const i t uente.of adrbleinsiractyiit geidas sshixaaa}herstiipwill bbeetiovytarapstnedst amottion f or

exanpl e, an, hQ@# hN@on%QHé/oeﬁs}dnS’%o tb%&%%ﬁ%%?ﬁﬁét ugecg csf?& gfa%”fl al

dehydro enat | rtial

ene
oxi dat ?8n |an'E°IRQ?teo‘FnCBBB‘?§ﬂ %9?‘3£ RYBELRR, Jrappﬁbpgé}eypp%oné{& or to a
m xt ure t helebydrogdriated3@ydedcarkidnn(g.ggpepgleneldmm de r'ematrinm msndaltga\sevhich

dehydr 0genghinflsdBhos ARl Hrrobgibo 13 FPkEnydrdr8RRgE Lt s: Propyl ene

? 0to 20 or eguen , i n man
ases 0t o TESIeF Do Ly Cowlbpts UBaRY g%@wﬁéogeéa eﬂ?wﬁr%r q8{ad0 o 0 28
(or to 0. 4propyenapwil beasesled asopaitid) Sxidbiiamryelatdag itiotine GelG@pegbyatioroffarme, CO,

>_ 0 t9520e9émg|%a§aéd’hsﬁﬁ8:¥t cﬁ%?ees?a@ngﬁgs"”stréénﬁque”t! y 0 to 2% by vol une,
Propane 5 to preferably 20 to 40% by vol une, N trogen 20 or 30 to 80,

preferably 50 to 70% by volunme, 40 Oxygen ? 0 to 5, preferably 1.0 to 2. 0%
by vol unme, When the dehydrogenation is, for example, an oxidative conventional heterogeneously

catalyzed partial dehydrogenation of propane to propylene, and the subsequent partial
oxidation is that of propylene to acrolein or to acrylic acid or to a mixture thereof, the

30 starting gas stream fed to the oxidative dehydrogenation may comprise, for example,
as essential contents:

Propylene = 0to 20 or to 10, frequently 0 to 6% by volume,

Acrolein = (0 to 1, in many cases 0 to 0.5, frequently 0 to 0.25% by volume
35 Acrylicacid =0 to 0.25 (or to 0.4), in many cases 0 to 0.05, frequently 0 toc 0.03% by
volume, _
COx = 01to 20 orto 5, in many cases 0 to 3, frequently 0 to 2% by volume,

Propane 5 to 50, preferably 20 to 40% by volume,
Nitrogen 20 or 30 to 80, preferably 50 to 70% by volume,
40 Oxygen - 2 0to 5, preferably 1.0 to 2.0% by volume,
H20 2 0 to 20, preferably 5.0 to 10.0% by volume, and
H: > 0, frequently = 0.01, often 2 0.05 to 10, preferably 1 to 5% by volume.



H20 ? 0 to 20, preferably 5.0 to 10.0% by volune, and H2 ? 0, frequently Z
0.01, oftempp%daqQ5 to 10, preferably 1 to 5% by volune. PF 58843 36 Acetic
. acid may al so be present in snmall amounts (approximately conparable to the
possi ble acrylic acid contents). 5 The constituents in the starting gas
stream fed to the dehydrogenation which3®riginate fromthe partial
oxidation of the dehydrogenated hydrocarbon are capable in turn of
contributing to the deactivation of the catalyst (catalyst bed) used in the
dehydr ogendCrmacitRaY BEgditeats b $ngtareuniz Ehripately conparanseietien is,
however,  fossible thoryhieac Cemtentele i N t hese cases too. 10 For exanpl e,
descriptions of such nultistage processes can be found in the docunents
DE- A 10_200Q6 029 790, DE-A 10 2006 035 71 -A 10 2005 022 798, DE 10 2006
024 9015 ,Ofgﬁ-cﬂ”%ée“&%'%@?taﬁégﬂaﬁGEe@!B f%fg@,tPE -A’Ndi‘?ﬂ%b@w igh gBginatepe. A 10
2004 032 129 thEpArthDoadicn ©f B eGizbydDieratdadhrB0ErBd0arekbpaldls irtigrmAofl0 2005

009 891, Depfbholh 1%/ backRiify b holdfat b bodRodBErd 33 13 573, VO
01/ 96270, 10 §) 9 A 102 19 68 009 885, DE-A 10

-A 1 . DE- -A 10 200
2005 052 955’,1%8&9%3?1"@“-%%655%%‘?“}@?,Pf‘?@sééﬁ‘%ﬁ 99 & &B@Vﬁnﬁwsz@‘%%@,ﬂ DE- A 22
13 573, US{@intéd b6 rfective in thesprasmstapt cited in these docunents. 20 The
advant ggeousness of the regeneration process according to the invention is

t hought to _be based pn the fact that .the different carbon-rjch species which
ore- Scont r FRUPEIPEALSainigrs AcsichOdiseie SherSPecen BRlPad b SoRiErE: he
(fixed) ca&E-4d 2000029 rTiQEJJ{éF_-ﬁo‘lﬁ)r%@BdI%t?Hé, Beacil 2695 027 Efh effectivel y be
burnt of f @rafuadde/04sHACETH-KAbY 461179, SEOCAFS4DEE5 DHIA 10r29089298090r ding to

benavi or oPrAddPARe2 g B A AT EYAR ok 1 Bhosdid T, TR ' Lent on
essent /181 | PEIBEE 2085 089 BE brDE-AGIb2t He2 ide BELA V4T 14 Wehd61.670.0E-AHE 13 eshl y
charged caba e (eeb270PREH 10118 03B DA 1DRamE38, be-ALEY 2t0hedoess) t wo

regenerat i # i ) r nples 1.
vorki ng ex i diziontEs S2 e HSd AR B AR R PRI B AT
dehydr ogen&EBR2 18R BolS i ¥ &idand! the pder arigiled (s thespdesaneiiteel of DI N
materials nunber 1.4841) of length 2070 mm of wall thickness 1 mm and of

intern di r s f h by the
roncti 20 gatoarnteitutdor HRSe bt rBARS AL Bfa 1o PRERGIROUE Y al yot
base made &foughidodshased an Hedast thatdhe diferept earben-geh FRRYESWECH 3%er end of the
t ubul ar r eaeritobytogusegfalcbeitlatitve any ereaddpositedash arebih dhey/@iked)edtd\aobsd st i ng
of three p I i - : i i i QUL K
L L s T

successmn). The process according to the invention is also notable in particular in that

25  the deactivation behavior of the catalyst bed regenerated in accordance with the
invention essentially does not differ from the deactivation behavior of the freshiy
charged catalyst bed. Operating times of from 30 to 100 h between two regenerations

are_typical.
30  Working example and comparative examples
L. Working example

a) Description of the dehydrogenation reactor
35 _
© - The dehydrogenation reactor used was a steel tube (stainless steel of DIN materials
number 1.4841) of length 2070 mm, of wall thickness 1 mm and of internal diameter
36.4 mm. The tubuiar reactor was flowed through by the reaction gas mixture stream
from the-top downward. A 115 mm-high catalyst base made of the same stainless steel
40 projected into the lower end of the tubular reactor, and supported the overall fixed
catalyst bed (consisting of three partial fixed catalyst beds of approximately identical
bulk density) in a structured manner from the top downward as follows:



PF 58843 37 790 mm bed length of (inert) steatite spheres (dianeter 4-5 nm
of C 220 stpaidghg from Ceraniec (internal heating bed); 195 mm bed | ength

. of dehydrogenation catalyst (Pt/Sn alloy which had been 5 pronoted with the
elements Cs, Kand is in oxidic formand which had been applied to the
outer and inner surface of Zra2 Si 2 nd%ed oxi de support extrudates (nean
| ength (Gaussian distribution in the range from 3 mmto 12 mmw th maxi num
at approx. _ 6 nm): 6 dianeter: 2 nmm in the elenmental staichiometry (mass
ati 0 i nci 480 A suppeRd Ipnother peer sl erirasdismsie 22f 2ron 8622 SPes 7. 1
(catal yst precursor foegarahien(intamd Betting &dedlpn to the active catalyst as in

L T DR PRI e

of C 220 steat’ 0
the af oPementi oned d@ﬁ?@?%‘%‘hﬁ%ﬁ&ﬁ?%%ﬂt% s'?,g‘” & Inepigie fPrmeangl eatite
spheres (dianeter 4-Beamgppiiéd © 220Ukt and imner Surtace oCEIGMIBO; Mb@S axidebed
l'ength of the afore”@]Hpr'éﬁf#u&’eﬁ@é’gﬁ %@#th%@a&ﬂa@d@t%uti%ﬂ iMRebssLd gaat h_of
H- 0 - 220

steatite spheres (di ﬁmat er % o5- 2, ?j,t eat | te’%é.o f{o‘m Cer anilec;
and 210 mm bed | engt HT5t 1200 WEN BEKIEIER at 3RPLRe PLERMY, S5nmyfliagetes. 200
steatite from Ceranffeun) idbmvaembetal sivichinaletrh dasdsrgtibedludingesuppedl t ube was

enpty. 1025 The tubul gy, ,&GACE0CsWRS (255 LS54 (ItAgst bYecut Qi pidbardlidhpose of a
preheating zone, for t”i? of t he 40
t

he. | en r nost t eating bed
Prom the Cop_ donnvar 819 FOVERE- Ot eeiE aribEt BB ramPIR Aok s Az 1 Ehel 19 made
of copper (thickness8®h; shell = 25 mm) which ensure equal distribution of

the anmount 194 niigat  SpRPEhGH of WRLEAE WRE@s fligabiel 43 hin) 8Pcheatediiyirdans of a
heati ng band conpl et%é rrounding them A winding of thernoelectric

insul ation materi al FEsent ar ound ‘the heating band. From the bottom
upwar d 1bedPdmmg | ukad isegtbwf theaferemenijenediebudrogenation patalst t ubul ar

react or wag4s pser t edsdddengthlopBigbiite 8bhdies Qiambicn i rhim® oPai2ne stfatitdwdmal | y

i nsulating half- 35 égr%h_h%c(thi ckness of one half-shell = 25 nm nade of
MPS- Super G from M crothermin Germany, which were nounted offset by 90
relative t 398N anot brstlengthef thesaiergmentionadzdehydwaenagionsatalvsh t urn sur r ounded

by a cylindoingal shebdd lefgtatodsiebiite Sphéreeldidrasieen 5ad.5 nhh)eoTEl-220 stedfi8 nm
~interngp diameter = f;@.ﬁ mT&L QHpd which a radiative oven (length = 1600

mm) was arranged for € purpose of trace heati n%. In this way, the 40 heat
flux from eheMEmyi r RRAEARRIN Gt Blebtie speres (Hrmetghd-Sane) aliv-28P steqtafed@ti on
tube into the envi rOsamTecwas m ni m zed al ong the adi abatic zone.

Above the internal heating bed, the steel tube was empty.
25
The tubular reactor was inserted externally, for the purpose of a preheating zone, for
the length of the uppermost 400 mm of the heating bed from the top downward (toward
the catalyst base), into two half-shells made of copper (thickness of shell = 25 mm)
which ensure equal distribution of the amount of heat supplied, which were electrically
30 heated by means of a heating band completely surrcunding them. A winding of
thermoelectric insulation material was present around the heating band.

From the bottom upward (begiknning just below the catalyst base surface), the tubular
reactor was inserted for a length of 1530 mm into two pairs of thermally insulating half-

35 shells (thickness of one half-shell = 25 mm) made of MPS-Super G from Microtherm in
Germany, which were mounted offset by 90° relative to one ancother. The insulating
half-shells were in turn surrounded by a cylindrical shell of stainless steel (external
diameter = 168 mm, internal diameter = 154 mm), around which a radiative oven

_ {length = 1600 mm) was arranged for the purpose of trace heating. In this way, the

40  heat flux from the environment into the reaction tube and out of the reaction tube into

the environment was minimized along the adiabatic zone.



PE 58843 38 1In addition, a 2500 nmlong thernowel|l (external dianmeter = 6
mm i nternaF shgageter = 4 nmm) was introduced into the mddle (center) of
the reaction tube, into which a nmultiple thernoelenent (a total of 14
measur enent points every 8 cmfromthe | ower reactor end upward, thickness
3.2 MM was introduced. 5 In addition, 8&o |ance pairs had been introduced
into the tybyk ﬁor[)%%bgrmm%tﬁ@ﬂomqext%smlémgfesadtsqﬁﬁh lnﬁ@rﬂaltd‘zﬁnétﬁpm ar

reactor fromt er rom t e lances of one
pair were &4BR W@ﬁﬂl‘i@&é‘&?dgﬂ Oa{EI%HF‘%CEE H@B%@e?f e, &5 E’e 4Rig W r""fﬂ ®rnal reactor
wal | i n suchuliplsvdngrmbelementey totelraf 1|écfs$asutﬂmw1t|pnlntsrm/em 8l dindrdoe thegewerl 0 .

ther movel | 1g804or dhi@ipAAld, 1f8GTes 39ahin) R4 intlodgcddibe cross section. Projected
into a _tubular cross-sectional pl ane the two pairs were opposite one

anot her Yon a tube di anet er. The ext er nal d! aneter of a | ance rra_nuf actured
f rom st ai nlleseditiare &bo hcdpairs et mendnhtsoduged ito thedgndantasctar. Operpairdad it s

i nt ernal dlb@efmr%dm @toltﬁe mEUIaTFb%ctdr%Bithe%f;ttérﬁ%nh%@tﬁepﬁalﬂﬂﬁnIﬂ?é r was
di fferent | ance

5
a1 1 - edop-dRE TR B ot st AR Ry péiRon FREFSwahal o o
pur poses tmwt@rlmgrretabter welhisrsuchaceyithatdhehwergqesiipned indhe eigshe betweRe openi ng

of thaofi rtﬁém@wah }éﬁdi mtérﬁélf?'éadtér'v)/alll dﬂ/ef trRwLIeE ERes Esdtionarsroplcreeto2) nm b]geymd
enl ng o e

the first R “:lﬁ{ Xf al %ﬁt |nflowd|trect|on The

acconpanyi PR e T aRE et s REeis e PR GUE HE B Pb AR e BT e s econd
partial fi démaien ahggxteﬁ@ﬂdlametqr@hﬁ tEmcgimasefachiied Tae staivlpsngfeelfof O second
anal ysi s I i ridid-hlrhbérn 484ﬂvwai;l3$ﬁh1nﬁ)9nd'\@§|nﬁérﬁ&%m&&m@Wﬂﬂﬁl THee second

parti al é:f%tt??fttﬁé Ya%%:laé)gfq)ner}?f wga}@ cﬁlﬂférgﬁtt hf?gdaiglgeefer%e(?mr{?&qufonet&?he

accorrpanyl ng erin mof the third
partialldfi i‘é@l'&ﬂﬁ@%ﬁ%lﬁﬂ%@ﬁ'i lﬁ SECoRARH: @é@f‘?ﬁ?ﬁon g&s m%@rﬁéﬁé%‘ﬂﬂmdfaﬁr@ feubul ar
reactor, aazptigsh plpbeeothrdughgbdothdP@naannfdach edsebithiantepsit. Tee opphiages ( of

C-220 St ealyd fof £ OMLIEATIER iy ﬁa@aﬁé&.anﬁ,aétpr%%m@%ygﬁoﬁgem ahgpt er

The reaction cfg1 rehea her ei S entrance
t enper at ur dixe @%aiV%trt@dtfrmﬂfewereqt@a&ftﬁos%ﬁwgsq ?%‘?ﬁlﬂﬁ@)"?g mel&agilanes! | y. For
t hi s pur pog2l) wabeldtedt 8d mnubestre@st citind esondiparial iedDabiysibed indlcsv nunber

1. 4841*20V"a|d|ireétr6' C#ﬁ@géeorﬁwﬁfofﬁfg@nsécﬁﬁﬁﬁﬂ%gﬂg%n%gL tu?ﬂoéglrérftlgﬁ)uatl ? was, gat ed

el ectri cal coI | ars

I m
applied ar 8&%“@@‘?’!"0’2‘?%@1‘1 p H’é@‘b‘?ﬂ%}S’St@@F{ OB oHiFeRRENEW ofpet ween
heat er and trﬁaﬂndompanﬁagtmatermg%rm:ec(ZSIm)pA/asﬂrlmdewOrmmnmstuéara of therthied | y heat ed

st ai nl ess ﬁ%ﬁ@ flkHQ%téﬂ?Béq‘inlfbbmﬁ disdli@ted with customary thermal insulation

‘materials stai nl ess st ee DIN materi al s nunber 1.4841, external
diameter 14 mm internal 35 dianmeter 10 mm length 300 nm). b) Begi nning of
t he | 02§- t elpstresre pathedubu|@peadcdn, agtdel tubetod)ength 1306 Mmetfidedgidinseatiey

catal yzed Bfdiblor of@em BEIRE b Xorah TRE ARANGILAL5 THE) AUETRLKeE A Bhkaler Ded Was

T eam supghe ssadign 9%%\3339?%%&%%%@%@%@% 2R SHREAGF 1EPude

the tubular reactor and simultaneously mixed ideally. For this purpose, the heater tube
(stainless sieel of DIN materials number 1.4841, wall thickness 3.6 mm, internal

30 diameter 53.1 mm) was heated electrically at a midpoint length of 1200 mm by means
of heating collars applied around it from Horst, Heidelberg, Germany. The connection
between heater and tubular reactor was accomplished by means of a thermally heated
stainless steel tube thermally insulated with customary thermal insulation materials
(stainless steel of DIN materials number 1.4841, external diameter 14 mm, internal

35 diameter 10 mm, length 300 mm).

b) Beginning of the long-term operation (operating time to) of the heterogeneously
catalyzed partial dehydrogenation of propane '

40 The overall catalyst bed was charged with fresh dehydrogenation catalyst. The reaction
gas mixture stream supplied to the overall fixed catalyst bed was a mixture of crude
propane, steam and partial oxidation cycle gas of a heterogeneously catalyzed two-



pr.opane, steam and partial oxidation cycle gas of a heterogeneously

catal yzed ppsgBE358843 39 stage partial oxidation of the propyl ene obtained -
. in the dehydrogenation to acrylic acid. The constituents other than propane
and propyl ene were renoved fromthe product gas m xture of the

dehydr ogenati on as described in conparaid ve exanple | of German application

10 2005 013143 9ahisl SRSAIR'Sr YR/ HESMEIRI St Snd® ARG bk RRIAGorNd diriclakia. The S
partial ox tion o gr grylaene to acr%llc acid was |1 gg se effed(cytge as
descri bed iTA® CERRUHERT ?IB i (03 PORaADAKOPHPYERS WL repyed HRR RATIRS to the
formation gés tivgunpar theadehydrogematioorascigstrévegdrs compardtecexanede If of Germam

bt ai nog | aPARSRIE Ko DU RS L1 esBR DAt e et (iBpE My sk T

ouppl 1o BedntiEARh B Piondte oAl el IRepise epiae ARaior Pt

evapor at or Gegnameppiicatiar 108305 AIGri39% hedame kpplicsde theffornmsionehther partialt he

tubul ar reaghstion cybRe=Reating of the heater was controlled in such a way
that the reaction'gas mxture 15 stream passed fromthe evaporator into the

heater left it with a tenperature of about 400C. The reaction gas mxture
st r eam was Asltleacribed duCeedean appfication H0UAEAY3/088cthereacind ghe aiddrefsineatmer i n

the ItOr Q‘bei'iWaQ%b?aﬂﬂﬁ ih B8 re@@éor%tﬁﬂ'irvftﬁ g@_bhyw%&%&ﬂeaﬂﬁbburtmm EH?SU;EM@HL ar ;
reactor. In_each case a 0 r i C ag a erature o
vec on encrIeiE e Bt nitlebehs dacaMeh ot el o B EnidiE RS er | g

| ances ZI g&orfigrrgd likedhatiof the heates ethattibidanreasodf to = 1 h, the process
operation attained its (quasi-)steady operating state essentially for the

first tinme._ The n t the r td. ' e ied to the
tubul ar _redff Egat%gléf%;ea@ea?%ow o(;solné3r ?@er?l 'ggf"gﬁa? ﬂg}/ﬁals{ EWO%%%@{H%;@QQF%W based
on gas 12 hr &tigans gesgsehroaniieysyregratop Mite themater lefl iSwith aferapriaturoica@ioubnt s of
the refic]Ei a00GaTheTredcioe gad medure\shream vea\h&gcdrid@ctet b thesiboBcreatdr t B: rd
partia i i i I r i table 1.
PF 58843 46%5?&%@#‘%&{ g’e‘g%b%-h%!“% %ﬁ}ﬁ%ﬁ !i'ﬁ i‘,”?llfﬁi?”ﬁﬁﬁgﬁ/l&ﬁgﬂd@h‘? M'It 00
r CA M N Niubulgrieagtaenimgaciocasenpiout @ | §TPIR afair which had 3 temperatune of 25°C

on entry into the particular lance were metered in via the metering lances Zi and ZII.

20  After an operating time of to = 1 h, the process operation attained its (quasi-)steady
operating state essentially for the first time.

The contents of the reaction gas mixture stream supplied to the tubular reactor (all gas
-composition data in this document are always based on gas chromatography analysis)

25 of 2807 1 (STP)/h and the contents of the reaction gas mixture stream when leaving the
first, second and third partial fixed catalyst bed in flow direction were as reported in
table 1.
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58843 42 As the reaction gas m xture s42 eam passes through the overall

cat alyst b f of t anount
of hydr %gép%réa%ﬁ %é)s ™ tLhe 8&‘&‘ Ra%seg% g@ rﬁ q{vg]‘ah%a%ﬁe@ %Oér og%nat ed

to dehydr ogdfat Bet %@ldq:%frtb%molamtar@amow&hkcrqﬁﬁwﬂmﬁrt@ﬂ tphe first partial

fixed Cat aldyﬁydrb@hateﬁd presanit therein tagrichiRirogertated © dedpdroganttednydrbedrben.second
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At the operating time to, the numerical values of G, A, B and C were as follows:

10 _ - A=12 mol%,
B = 5.4 mol%,
C = 1.8 mol%, and
G = 19.2 moi%,

15 based in each case on HC.

The temperature T4 of the reaction gas mixture stream in flow direction immediately

beyond the internal heating bed in the tubular reactor at the operating time t, was

408°C. The air streams MI and MIl metered in via ZI and Zil at the operating fime
20  were in each case approx. 33 1 (STP)/h.

c) Performance of the long-term operation of the heterogeneously catalyzed partial
dehydrogenation of propane

25 In order to counteract deactivation of the overall fixed catalyst bed which accompanies
increasing operating time, both T4 and Ml (= M1 in figure 1) and Ml (= M2 in figure 1)
were raised gradually with-increasing operating time as shown in figure 1 (by the raised
data points) (left-hand ordinate = T4 in °C; right-hand ordinate = air flow rate in
I (STP)/h; the zero point was placed at ty; the abscissa shows t in h). In this manner, it

30  was possible to keep the value for G stable within the interval G = 19.2 £ 0.2 mol%
over the operating time interval 0 h =ty <t € 50 h. The resulting profile against time
(the abscissa shows t in h) of the raised conversion proportions A, B, C (mol% of HC
as the ordinate) in the operating time interval is shown by figure 2.

'35  The resulting profile of the temperature of the reaction gas mixture stream just beyond
the inlet (the maximum temperature in the partial bed, reference numeral 1), in the
middie (reference numeral 2} and at the outlet (referénce numeral 3) of the first partial
fixed catalyst bed in flow direction against time is shown (by the raised measurements)
in figure 3 (the abscissa again shows tin h, the zero point was placed at t, and the

40 ordinate shows T in °C), as is the profile of the temperature of the reaction gas mixture
stream just beyond the inlet (the maximum temperature in the partiat bed, reference
numeral 4), in the middle (reference numeral 5} and at the outlet (reference numeral 6)
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retaining the other regeneration conditions, the composition and the magnitude of the
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© 30 period t;
Timet | Regeneration gas Air stream content Nitrogen stream content
(min) stream (1 (STP)/h) (1 (STP)/h)
(I (STP)/h) '

5 4145 215 3930

9 4253 323 3930

7 4360 430 3930

2 4468 538 3930

4 4576 646 3930

4 4791 | 861t o 3930

5 5006 ' 1076 3930

6 5545 1615 1 3930




above at nospheric pressure.
retaining control
ret ai ned oygrsgsqperi od of 10 h. Subsequently,
(STP)/h of a m xture of 3930 I (

pressure-

- repl aced by 4102 |

val ve.

t he

ni trogen stream was
STP)/ h of nitrogen

The exit pressure was controlled by neans of a
20 The aforenentioned conditions were

streamand 172 | (STP)/h of air. The te]ﬂ)erature of this regeneration gas
streamwas |i kew se adjusted to 450C i | ow direction i nmedi ately beyond

the intef 'T?ﬂlwe Pedfﬁe'agn@f?on Jae exit Aﬁ}rs%%éwo%n%fntt he N%@&?éﬁédn@@oﬁ@ﬁt
at the outl et  of t he tubul ar .5 bar

a t
pressure. | TRE) af ors ReHt i oned conglletiﬁégipmfe r et ai ne@?%fh?ang;pl gcrjl gf

m n. Then) whil e| (I(ETB)Mi ng t he ot her regeneration [conditions, the
conposi ti¢op and ft q§457agn| tude of themg egeneratl on g@@ost ream wer e changed
in the seqgyenceir tbetow+n——ea per-i-otd—t——Hre—t
Regener atildn gas f&rg’qj stream conten ent _(mn) stream (I
(STP)/h) (& (STPYBR§9 (I (STP)/h) -5 2983 323 3930 7 4360
430 3930 4468 %2%023930 4 4576

0—PF58843-44

BFk 53930 5 5006 1076
3930 6 5545161453930 i {
content Ni£rogen|269tam content (nilf15stream (I (STH/Bh) (I (STP)/h) I(I
(STP)/ h) 434845 L@153 3230 3 4307 1.661_5 2692 2 3769 315 2154 4 3230 |1615
91 16151076 3 2153161 * - the

, ~ rection |m'md|me|y
‘beyond the i nt er naI heat| ng bed was adj usted to 550C and, while retaining
this teWeB@bsecﬁrenﬂW%éit@m@Edt@b(bmm éﬁ@aﬁmg;ystmgmmﬁ flb\h@wéﬁgﬁneratl on gas

5 stream aﬂ? S, é e) wer e
changed in 'Hég'gteyﬂ’eé’ | ﬁ{e?rhalg é}%\% b%ﬁ(%‘%c ngpcc Bﬁcg“ oé
retaining thls temperature the composition and the magnltude of the regeneratlon gas
5 stream and the exit pressure P (bar above atmospheric pressure) were changed in the
sequence listed below in each case for a period t

St ream

24

a UU

.;II S€ | Of
Rﬁlr ogen stream
4645 215 3930 9

pqajsfoQSU 4 4/91

t Dnnnnnr

Time t ‘Regeneration Air stream Nitrogen stream | P
gas stream content content
{min) (1 {STP)/h) (I'(STP)/h) {1 (STPYh} (bar gauge)
156 1615 1615 0 3.5
11 0 0 0 0
9 108 108 . 0 0
114 1615 1615 0 3.5
10 1615 1615 0 0
170 1615 1615 0 3.5
5 1615 1615 0 0
180 1615 1615 0 3.5
10 1615 1615 0 0
170 1615 1615 0 3.5
10 1615 1615 0 0
170 1615 1615 0 3.5
10 1615 1615 0 0
170 1615 1615 0 3.5
10 1615 1615 0 0
170 1615 1615 0 3.5
10 1615 1615 0 0
165 1615 1615 0 3.5
10 1615 1615 0 0
175 1615 1615 0 35
10 1615 1615 0 0




T| me t Reg%%e on Air stream Nitrogen stream P gas stream content content
o (mn) (I I%qaq%’ I (STP)/h) (I (STP)/h) (bar gauge) 156 1615 1615 0 3.5 .
100 0O 9 108 108 0 0 114 1615 1615 0 3.5 10 1615 1615 0 0O 170 1615

1615 0 3.5 5 1615 1615 0 O 180 1615 145 0 3.5 10 1615 1615 0 O 170 1615

1615 0 3.L' 1n ’IR’IE ’IR’IE n n 17{'\ ’IR’IIZ ’IR’IIZ 0 Q IZ ’I{'\ ’IR’IF 1615 0 n 170
1615 1615 dimes 10 1Ragenemtiong §Airskeame1s 18¥Bogerssteam §P1615 1615 0 0

165 1615 1615 0 3.5 | g43 st&dm 1615cOn@nt 175 161mnimt5 0 3.5 10 1615 1615 0 0
PF 58843 4 me t %rp;e)f tion gﬂs eam Ni strea g strieam
cont ent ccgfng]..t Qi “R‘? . (é@P}/.. ﬁlé( @ﬁj‘/h) (E \u..,,. @{.a g@%} 160
1615 1615 |d%8. 5 10 1118 1615 0 016150 1615 1645 0 3.5 103%615 1615 0 0
170 1615 1805 0 3.5 | 1151615 1615161%€ 170 1616 1615 0 3.50 10 1615 1615 0 O
180 1615 bH,a 0 3.5 116UI5J.bJ.b Lbi:>1g1g 1280 J.boLb 16150 2 35

10 1615 1615 0 0

170 1615 1615 0 3.5

10 1615 1615 0 0

170 1615 1615 0 3.5

10 _ 1615 1615 0 0

180 1615 1615 0 35

10 1615 1615 0 0

1280 1615 1615 0 2

5 1615 1615 0 0

During the last 5 minutes, the temperature of the regeneration gas stream in flow
direction immediately beyond the internal heating bed was adjusted to 450°C.

5 Then, as the reducing gas, a mixture of 10.8 g/h of H,O, 430 | (STP)/h of nitrogen and
430 1 (STP)/h of hydrogen (purity > 99.9% by volume)'was obtained in the evaporator.
The temperature of the reducing gas stream was adjusted to 450°C in flow direction
immediately beyond the internal heating bed. The reducing gas was conducted through
the tubular reactor with an exit pressure of 2 bar above atmospheric pressure over a '
10  period of 45 minutes.

During the last 5 minutes, the temperature of the reducing gas stream in flow direction
immediately beyond the internal heating bed was adjusted to 410°C.

15 The dehydrogenation was then restarted in an identical manner. After an operating
time of approx. 1 h, the (quasi~)steady operating state had been reestablished. Under
the original operating' conditions, the original value for G was attained again. The
deactivation behavior of the regenerated catalyst bed corresponded to that of the
freshly charged cétalyst bed. During the overall regeneration process, the temperature

20 in the tubular reactor was at values of < 590°C throughout. The profile of the content of
COz (1) and CO (2) in % by volume in the regeneration gas leaving the tubular reactor -
as the ordinate as a function of the regeneration time in minutes as the abscissa is
shown by figure 4 (t = 10 min = start of the supply of regeneration gas). The tofal
content of carbon oxides in the regeneration gas leaving the tubular reactor was below

25 2% by volume over the entire regeneration time. '
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After the dehydrogenation had been restarted, the original value for G was yet to be
attained again under the original operating conditions in the steady operating state.

30 Instead, only a G* (at the operating time fo) of 16.7 mol% was achieved. The
regenerated catalyst bed was deactivated more rapidly than in the case of the freshly
charged catalyst bed.

US Provisional Patent Application No. 60/8883686, filed February 6, 2007, is

35 incorporated in the present application by literature reference.
With regard to the abovementioned teachings, numerous changes and deviations from
the present invention are possible.
It can therefore be assumed that the invention, within the scope of the appended
claims, can be implemented differently than specifically described herein.
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3.  The process according to claim 1, wherein 0.2% by volume £ AGmMx < 3% by
volume.
a4 The process according to any of claims 1 to 3, wherein the oxygen content of the
regeneration gas to be passed through the catalyst bed is increased by at least
10% by volume in fotal within the period t.

35 5.  The process according to any of claims 1 to 3, wherein the oxygen content of the
regeneration gas to be passed through the catalyst bed is increased by at least
14% by volume in total within the period t.

6.  The process according to any of claims 1 fo 5, wherein the content of molecular
40 . oxygen in the regeneration gas to be passed through the catalyst bed on
‘ commencement of the process is < 5% by volume.



val ume. 25 2. The process according to claim11, wherein 0.2% by vol unes .
AGrax <_ 4¥rbygsqyol une. 3. The process according to claim1, wherein 0.2% by
- volume AGmax < 3% by volunme. 30 4. The process according to any of clains 1

to 3, wherein the oxygen content of the regeneration gas to be passed '
through the catalyst bed is increased b4 at |east - 10% by volune in total
within the-peri ; i - j to 3,
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catal yst bed i YRR HSGIBIEralion aagde eP@%WhWBUW?%a’Y%tb&F*% thin the
period t. 6. Thempreoceasntat thermocrestiosaflybpfolahains 1 to 5, wherein the
content of nolecular 40 oxygen in the regeneration gas to be passed through
the catal yst bed on comencenent of the process is 5 5% by volunme. PF 58843
48 7. TheSprodBE SrLEEDRLAOMENY 9 AMPF 610RS Aitorg, Whergindhe mﬁ%ﬁ%%it%mw@’w&%ﬁtem of
nmol ecul ar  oxygecurtimg Wittén tregemed air the cgadyst bed) dapadserethetigheasgh t he cat al yst
bed on comengsgiby ol ThGnigh 865 ed if i HAIRY HERIHIR coprsdof R P OCESS

according to any, of clalns to 7, erein t I ghest tenperature T
occurring wt hihétefqgé’”ﬁwﬁ%??]f?'y?dtWY\E{IQ?%Y({}QQG%B%‘% 55@6“?5%? tﬁﬁe hi ghest
t enper at ur e TrEzadthaidn addloaicatelgstibrdt fudiiscthe dblipaingomdditiont he course of the
het er oggneously catal yzed partial dehydrogenati on which causes the
deactivation of the catalyst bg(g Hle<i ) ';gue follow ng condition: 10
0. 5Tmax5T51. 5Tmax 9. The proc 2 dCerbrAP 6 any of clains 1 to 8, wherein
~the loading B of the catalyst bed with regeneration gas is 15 1000 |
(STP)/1h 59B <1hdQ@rd280s hedoritg foldhy of Blaind1€ tP8 GRFSin AhE WAdd banany of
claims 1 to 8, V\/n rein t.H1e IoadltncgbgB af the catalyst bed Wwith regeneration
gas is 20 3000 af’vg%/w' E9CEBUFGI® | (STP)/1h. 11. The process
accordii;mg to any of clains 1 to 10, wherein the |oading B of the catalyst
bed with regeneration gas 1@8%eSTH)NHOLER £ oK EFPM/MALhin the period 25 t.
12. The process according to any of clains 1 to 11, wherein the regeneration
gas conprises N2 and/or H20 as inert gas.

10. The process according to any of claims 1 to 8, wherein the loading B of the

catalyst bed with regeneration gas is

20
3000 1 (STP)/I*h < B < 20 000 | (STP)/ish.
11.  The process according to any of claims 1 to 10, wherein the loading B of the
catalyst bed with regeneration gas passes through a maximum within the period
25 t.

12.  The process according to any of claims 1 to 11, wherein the regeneration gas
comprises Nz and/or H20 as inert gas. '

30 13. The process according to any of claims 1 to 12, wherein at least a portion of the
regeneration gas exiting from the catalyst bed is circulated and reused as a
constituent of regeneration gas to be conducted freshly through the catalyst bed.

14. The process according to claim 13, wherein the content of CO in the
35 regeneration gas to be conducted freshly through the catalyst bed is < 3% by
volume. '

15. The process aceording to any of claims 1 to 14, which is performed at a working
pressure of from 1 to 10 bar above atmospheric pressure. -
40 ‘
16. The process according to any of claims 1 o 15, wherein the difference TA- TE
between the temperature of the regeneration gas on entry into the catalyst bed,



3Q 13. The process according to any of clains 1 to 12, wherein at |east a
portion of pwggagegeneration gas exiting fromthe catalyst bed is circul ated
and reused as a constituent of regeneration gas to be conducted freshly

t hrough the catal yst bed. 14. The process according to claim 13, wherein the
content of -COin the 35 regeneration ga#49to be conducted freshly through the
catal yst bed i s5, 3% L r.di t cl ai ns
110 14, whi ch Tseinpemuatiffor (idsuhlieRtRRRRT oE R e BRBKE, 7' 2 Ve
at nospheric pr é@@uf”é.‘s #850°6- The process according to any of clains 1 to 15,
wherein the difference TA- TE between the tenperature of the regeneration
gas on entnpy | g PE,: rature of
t he sane r_gg'eng{_rh gtpﬁﬁ%sggégdénlﬁggjﬂ?fg%”?ﬁgz%%gté’g?' @elfgn t@@eg?tﬁgg’ﬁe?ﬂ? 250C. 17.
The progess accf'é?‘?ﬁﬂ@lygfd’egny of claims 1 to 16, wherein the catalyst bed is
a b5 fixed catalyst bed. 18. The process according to claim 17, wherein the

bed vol ume 4 e fokedq %c{réﬂgg ?& claih?ﬁ,g\%fgéﬁmdﬂew%e il éa?%lgéhe

process accordi ng,to any alns 1t ei n the catal yst
conpri ses cat albf8i%s aHil 8f EJRNEMof at | east one netal deposited on an
oxidic support. 20. The process according to claim18, wherein the at |east

| _ kgt of, , , Zn, Cd,
o, Ru. O 9pa TTaroges? 2eprl gy Bing 205 18 IR tnpataloel: P G e 1
to 10, wher ei nPRENEeR cAgts Whighicensiehol gbleet! ong mASLEPABIA] @0 FLRET6r . 20 22,

A process for puppating acrolein and/or acrylic acid by heterogeneously
catal yzed partial gas phase oxidation of propylene, conprising, as a first

reaction ag a het erogeneously catalyzed partial dehydrogenation of
om0 2000 e batess RS A 1 YA b anerah I & it eSO B BRl gt he
cat al y4b bed f rfiom theignamipt eonsisting &\Cua Agr Aueds Cac tigr Buigh tRy, &sylr@hdditains 1 to
21.
21. The process according to any of claims 1 to 19, wherein the catalyst bed is
disposed in an adiabatic reactor.

20 22. A process for preparing acrolein and/or acrylic acid by heterogeneously
catalyzed partial gas phase oxidation of propylene, comprising, as a first reaction
stage, a heterogeneously catalyzed partial dehydrogenation of propane to
propylene on a catalyst bed, which comprises regenerating the catalyst bed from
time to time by a process according to any of claims 1 to 21.



